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WELL TESTING IN TWO-PHASE-GEOTHERMAL WELLS 

by Alain C. Gringarten, flernber SPE-Alf1E, B.R.G.H . 

.---------------------______________ .. ____ ·---· ·--- -- ----------------
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ABSTRACT ··-----
rhis papt>r dealS with the' por.si"t?ility of us'ing)' 

Usual oil well t.ransient prcssure testing mt!'lh(lá6 

in' ho!_v_ater we~.l-~. 1!~t;-~:- f1.ashing ·óccun in. t~e .~t!lJ
~Ore;, Hultiple rate anatY'sis tE'chniques have been 
successfully app1ied to available data on a well dril
lPd by B.R.G.H. in lhe fornrer French Territory of 
Afars and Issas. Practica! recommendations concer-
ning such tests are also included, 

INTKOllUCTION 

Well establi shed pressure transient analysis 
teclmiques are routinely used in oil and gas wells 
for the determination of reservoir paramet~rs 1 • 2 . 
In r~ceut years, improvements· in these techniques 
ha-ve allowed a better understanding of complex resE:r
voir and well behavior, as in the presence of skin, 
wellbore .s~ora'ge3, or f.r~ctures'+. 

Only recently have these methods been d¡.¡)J ied 
to g~othermal systems. For a number of ycars, 
geothermal well testing vas based on empírica} meth
odss, that, although useful for estimating geother
mal field production potential, gave limited knowl
edge on the reservoir itself. 

Pressure transient techniques have bPen applied 
successfully in vapor dominated geothenDal rcher
voirs 6, 7• It was found that gas well aÍlalysis IIIP.th
ods apply to stcam.wells and that wellhead mt·asun·
mt.>nts were generally adcquate for analysis, thu~ 
eliminating the need for downhole instrumt:ntation. 

tn~:~ater ~omina1:ed systcms, _on the contrar:i .. 
(ta_nsient well tesliug can be far inore ct·:r.plE!"· 
cfcp~·nding. Upol? whethcr two-:phase flow dcvt: 1 op~:; 
Vith flashing in the wellbore or in the ÍoiDJaLÍr:>r.'.i 
Usual oi 1 well m~thods ha ve al re~dy be en sh•1wn 1 o 
apply when no flashing dcvel0psfl. On tht: uliu:r 
hand, 'they apparently cannot be used 1o1hen fl.:~shing 

occurs in,the forrnation9, very little infonJ.ation 
lo.'as available undt recently on tllc CJ.se of hnt w<.~
ter wells in which flashing occurs at som~ depth in 
the wellbore. This is mainly due to the diffi,·ulty 

of Lottom hol,. drHa catht-ring, that often Cl'Sults 
in wt·t:h.mical da:H.tg.e of th~ mLlS1Jdng ch:vifcs be-
' au_se of the hi gh tt·mpt-ralurt'S involvcd, and of the 
high productiun rates of boi 1 ~og gt-CithL!rmal Ouids. 

A two rate. flow test, Ct•nductt·d on one well 
in the Cerro Prieto field la·as u~c~ntly pn·~:~-~ted 
by Rivera and R¿¡mey 10 • Thf data "''Ht' satisfanori
ly interprl'led by means of mndel~ suggcsted hy 
Russe1 11 , Selim 1 ~. and Odeh a11d Jones1l,I'-.J 

____ fo- the_a_uthor~!il<.n~··vleé!rr, nO otliCI c·Jo~r..pJ(· cf 
f'ransicot test in .a two-ph.as~.: 1o1ell. has bt·~.:a ¡;ul.J_; 
ti shed. in.~ tl1e 1 i lcz.atúreJ Uupub 1 i slr~d r. .1 t ~, ho1o. .... 
ever, were availablc from a well drillPd ¡n-197S 
by B.R.G.H. in the French Ttrritor) of Af .• rs' and 
.Issas (now Rt•public of Djihouti). 

Analysis of thcse data, -..·hi..,.·h inc.lurl,· pn•ssurc 
build-up as wt-11 as two rate flo,_. tPsts is prc:"" 
~o>ntcd hcn·aftt:r. 

ASAL WELL 
'" ----·-·-

The A~al rift, lot:atPd 80 km ~ot·st of" Djibouti,is 
one of che active "rifts-in rift 11 structures of 
the Afar d~Jirt-ssion, a trausition betlolt·cn the Culf 
of Aden and the Rt-d Sea ridges. 

Attent ion \ooas drawn to thb. zone ht·r·ausc o! 
the presenc:e of a t;raben ~~ r tJCrUre, and of G'-''''J.cw
i~al particul~rities of various hot springs. 
l'wo we1ls '-~t'T~ Jrill~d on the S-'.' n:.ugin of the 
rift, al }f.)~ati~IOS cJWS.~Il wainly (;or.:¡ t:t-('lj('lgica} 
t .·nsiderat ions. TI1e fi rst holp (A::.ill 1) r.·.:i.:-hl'd a 
hot \o'at(:r L···utt".trmal Tl'S~·rvoir, th~;- Sl.'t·ond, one 
~ilHW,'I~·r .Hoi.J)', ,_.ilS dry, 

Both .... t·lls f(l¡,mJ, from t<,P to bt•tton::, a r•·cf'nt 
l;asaltic ~e:rit·s', l!rt:n a tldd, rhy,•litir vulranic 
:,t·rit·s, ;:wd. iin.tlly _.n old t•·rtunic, tilt1~d, 
b;t~a·ltic ~~·rit-~-. 1oircre tia· Tt'!>t·rvnir is l;•r.att•d. 
111~ fint Wt>ll 1o0as dril_lt·J to a'd•pth of 1130 m', 
~o~ht:rt- h,:avy mud lo!:st•s o¡rult·d, · ... ·hilr ttw ~~·•··nd 
wt•ll rt·ach1·d 1)50 m •. An i~¡·••rt:1nt u.:;r.J;d fJult 
a¡J¡Jears _to st:¡1aratc the t~o ~rlts. 

A sch,•matic of Asal 1 ...,·.:·lllh·ad is ¡.r •. !.{ntcd 
in figure f. l11t!' \Jí'IJ C<hJIJ :)t- prnJuc~d t-i:hcr, 
vt•rtically tbrough a 6" tuht.• or ia,ri.'.1m:ally 

--------· - .. ------------ ------- .... ______ --- -- -----------. -
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through a ~alibrat~d pip~. Four ~i~c& wcre avail-· 
ab1e (n.amely, 6", 4", 2" and 1") which' wt:re used to 
control the"wel1 flow rate. In addition, a 2" 
stainless steel tubing was lowered into the ~ell
bore to a depth o! 650 m, for wireline tempefature 
and pr~ssure mcasurerucnts with bourdon-tube type 

g_;tuge_s. _ ~- t:?e. :'~''. C:.~~ld~ ~o_e·ini-ri_~11)! __ s_tart bJ 
itseH. tJie ~ame._ ~:~~~ng_!;'ás,.!!~~4 . .1!!r.i'.'~u~;.V8.tl;l 
lc.LQ pn.~~4b:tl .. ~!! ·~..Y._f!!:Lli!.J The in1t1al ...-a ter lev
e] in the well was at an approximate depth of 200 DI 

below the well hcad. ' 

The flow rate history of ASAL 1 well is pre
sented on figure 2. After completion, the well 
1o·as prC~Cuced through a 6" outlet for 6 days in pr~
pa.ra;;ion· for a build-up test for obtaining n.·ser
voir par~~~ters (flov period~-1). M~chanical ~r~b
t~·:::s, h.:"lo"í'\'Ct

1 
.were encountered· with the stuff1ng 

hcx on t~e, lubricator attached to the 2" staiulcss 
stec1 tu":..,ins, .and these rtc"quired the closin~ of 
!.tu· 'lo'cll ror ahnut 9 hours in arder to rctru:~e 
:.he ::,,·;.sl.!ring dc,.•ices (flow period.t;;!f-·2). Dur1ng 
tt:i5 ~n¡J!~~n~d ?Tc 5 sure build-up, t~mperatt1re and 
rast-urt' could only be mrasured at the welll1ead 

.anC ar...: sl•o"", on figure J, 

lt can be noti~cd on figute 3 that the well
hl•ad tcmpcrature drops suddcnly after 400 minutes. 
This apparentl)' corrcsponds to stcam condensation 
in thl' \,:ellbore and defines thc time limit after 
which thc well has to be induced into production. 

The well ~as again started by air-lift and 
flClwn t!\TClugh the 6" outlet for approximately 4 
days (!lo\,.' pt!riod.::#- 3) befare being shut-in for 
20 hrs (flow period# 4). In arder to obtain the 
well characteristic curve relating wellhead pres
sure and mass-flow rate, the well was again star
ttd by air-lift, flo\>10 for 43 hours with a 4" 
outlet (flow period-#5), shut-in for 3 hours 
(flow period#-6), and open again with the 6 11 

outlet. Because of the short 4" pressure build
up duration, the well was able te start by itself. 
After about 3 h,ours of 6" produc.tion (flow period 
.::?. 1), the 611 outlet.~was changed into a 2" outht¡ 
t. he we 11 was then. pr"oduced. for 3 days ( flow pi! r i od 
9!· 8), shut-in for 7·hours (flow periodf11L9),·opcn 
J.gain wi th the 6" outlet (flow period # 1 O) whi_5:h 
was changed into a 111 outlet after 3 hours (flow 
pt•riod,U·II). During this final test, thCre was 
cvidence that the flow could not be sustained, and 
no bui1d-up was attempted. 

Although the.primary objective oí these last 
lcsts was to obtain the well characteristic curve, 
bClttvmhole measurements were taken througbout the 
Ouration of most individual flow period, in arder 
to ch~:-.d the resuÚs of the second 6" bui ld-up 
test. T~mperature and pressure mcasurements were 
also performed at various depths in the wellb~re, · 
and are shown on figures 4 and 5, respe.ctively. 
They indicate a reservoir temperature of 253°C, 
and show the presence of a flashing front at 
approximately 870 m with the 6" outlet, 850 IÍl 

with the 411 outlet and 700 m with the 2" outlet. 

TYPE - CURVE. ANALYSlS 

Asa 1 bottomhole pressure data that were avai J
able for flow periods 4, 6, 7, 8, 9, 10 and 11 
are shown on the log-log plot of figure 6. Foi 
each individual flow period, the difíerence 
betw .. en thc bottomhole pres!.ure during the test 
and th3t at the beginning of the test is plotted 
versus the time since the beginning of that test. 

Although no uni~ue q~~~:ltit.ltiv~ •·Sti~at~ of 
the resElrvoir par;unctcrs L"lri ht· dt du, l·t! fr11m fi&
ure 6, import<mt qu.wtitativf' inform;n il1n t·.w bt> 

obtained. 

B)' cornparing the lo~-loc plot of fifurc b 
with the skin and storagt q·p~ ··urvcs puhlisht·d. in 
ref. 3, ~t h!'f",,:nl!5 appar,·nt ii:'lt_n.-.~:l' of :Le 6~ 
fh··,.·it:f,.-l(•StS l1hd l>f-t:O run il'•t.f!. 1"110Ut:b f~1T tl~ 
fl:l.:iiaL . .flow loguitlw.d..c a¡.pro.xin¡.ation JGt "iJPlYl 
0n thE: other hand, that ap¡.roxim.H ion dncs éopply 
to the 211 flowing test, ~hich had a nuch lt•nr,cr 
duration, and to tl1e _vari¡•us LIJild-up t~sts. 

n~c.:·éomp;;.ri 6-on ~~ti~ J.ill:'!"" ... ~ ¡,. t_i.at rlu.• ('ilrl.i 
tlcic" Lc1iao:ior "oí .tlu! ·.;E:ll it. "f tl.e ,), .• r;~~-~h ...-.t"l
b ... r~· ~tUnee typr·, g~:nr. !'1 ·r: llritd,, 1· ·;..:1 :·o:.--j 
ir.,l~.:~d stur<Jt,i! to ~_;,·:·¡rv::! :hilit\· L'•';.:.tn.•l;l·.! ~.:;.j·
,¡ ..... -..:.en ·fl¡.¡si!Ín& nr ~O':"I~l·ni-O;H ¡ou o~.:.t,:-,1. 

Fi¡;urc 6 funhcr indiclltcs lhat tlu.' r.~Jial 
().,1.: logarilh.mic a¡lpru::-:im.:Jti••n <lí'I'Ji,·s !·u·.:¡,·r for 
huilrJ-up tkw fClr dr<>'lo'dnwn f¡·sts. This is ~.-~.l.-. 
,,,.h.,L oppnsít<: to \.'ilal is :_:t"h\'r:illy d·s• r'.'t•d in 
~ i t~¡:; 1 (' )Jhasc· wc· ll s, ;tnd m;¡ y bt• dut· t 01 t ht· 1 ""~'

ph<l!>(: n.11ure of the Clo ..... 

Another ("P!~Ut:nt recarding figur( h ir. ,: .. lt. 
altbtJugh a llry • .-<:11 had bt···n 1lrillt'd <me: til,·::!dt.•r 
.away from ASAL 1, 110 im;.a·rmt.d~lt' bcnmdary i~ ap
parent on the lo&-lug plot. 

Figure 6 was also used to t•Sti::-~ate thc r,,:¡SIS 
flow rates und.:r nservoir f.Cmditions cluring the 
various flow p~riods. 

As no s~parator was availabh, tlu~se w,·re 
first deduced from 'amcf!~J~r .P:-·~~."~t.r!! r¡¡ .. .-ll .. ,J1· 
James observ•d that, a~ a fairly )3rg~ flow of 
Slf.•cm or stParo-...·ater mixrurt• ..... 15 h.p.•oded ah•ng a 
pipe to the atmospl¡f:re, the pt\·~·Sun at the ¡);

lrt-me end (lip) of the pipf' ..... t~ p<·alt·r lhi.in thc 
atm.,sphcric prPs~ure, and ¡nu;Jurtio!l:tl tCI thE
mass f]o-..·ing, and the enth.1lpy, ·,1!:> in thc fc•1l...!lo'
ing formula : 

G:EI.I02 

PLQ.g¡,-
• 11 400. ( 1) . 

wliL·re Gis the mass vclocity (in lb/sq ft.~t.·c), 
E is the stagnation enthalpy (in Btu/lb, at re&
~rvoir conditÍOilS), and P

1 
lht' critica} lip ¡•res

sure (in psi at1~olute). 

James's formula was trausforr.1ed for tlu· prc
bí'nt study lnto a more convt.-nicnt syr.t\·m of units 
to yield :: 

w • 692.33 p 0.96 E-l· 102 d2 (2) 
L. 

where w is expressed in tons/hr•, P
1 

in ban•, and 
d in inches. 

Data for ruass flo\.' ratc calculations ar~ sum
marizt·d in Tablt.- l. TI•f' t·nthalpy v;;luc· ust:d in 
Eq. 1 was tl1at f~r pun Wéolt•r • .although tht· ¿;co
thermal fluid s.:.tinitv was of tht• ordt·r of 200,000 
ppm. Enthalpy values .. for hibhly s:dinc Lrin<'S are 
not n:<~dily éivailable in tht liu•r.JLurc. 

AS··indicatl:d in Table 1, tht.> lip pr .. ~:~llrl.' ,..as 
uniquely defin~d only \o'i th ihr 6" outl;~t, currc
·sponding to a rate of apprt·xir. .. Hely 83 t/hr. 
With the 4" and 2" outleú., ~)fl the conrrary, the 

• Metric units ar~ used thr0u~t•out this p;¡pcr 
1 ton = 103 kg; 1 bC&r = lOS Pa 

'------------------L----------··---



o 

o 

::;q:. 71..8(' --~--·----------------·-·· A.C. Ct<_~!~C~\~_TE~------\~-c-

1 
.. ~-¡P prcssure wa5 osci llai:ing betwecn two ext n:me 

valm·s, bec~use of th!: slug nature of .the flow, and 
only a range of rate values could be obtained by 
applying James' for~ula (71 - 83 t/hr and 40 - 54 
t/hr, n:spC?ctively). Arcording to James 16, such 

) 

pulsations could hav~ becn eliminated by using a 
glycerinc-dnmped pressure gauge with a needle valve. 
By throttling the valve, the lip pressure,stabilizes 
at the correct value, between the two extreme· enes. 

However, by comparing the relative position of 
the different.curves on figure 6, it appears that 
the r?tes wi th thc 4~~" and 2'' outlets were more 1 ike
ly 71 ar.~ 23 t/hr, respectively. In the same way, 
the rate ..rith the 111 outlet sePms to be t'qual to 
11 t/hr. 

MULTIPLE RATE A~ALY5l5 

Qua~tit~t~v.e -~nalysls of "Asat· r· bottomhole¡ 
prehSure data ·was _pertormed .. with a variab1e dr<~w; 
~C\o."n m.)del,; j{rmll~·r __ J::p . .t:líat~ prcu>nsed by Odeh anO 
O'ones 1 fi The well was considered as having bccn 
produced at different flow rates, ql, q2•··· q . 
Assuo1ing the· i-adiaL flow .. 10&árithmic a_-pproximario¡f 
Val id for each one of.the. flOW":Periods; the bottv~ 
h_ole wel,l pressure .during-~tbe_ .. nt.J:I test is equal i(!j 

~ yqj-1 

• 1 qn 

+ In + 0.80907 + 25\ (3) 

in Darcy units. 

With geothermal metric units, Eq. (3) becomes 

n 
w 

-0.228 kh j~l (wj-wj-l) In 6Ó (t
0
-tj-l) 

+ pi - 0.228 
W V" n 
kil (In 

k 
$lJcr2 -

w 

J 
8.434 + 25)(4) 

In Eq.(4), k is expressed in darcy, t in min
utes, and rw in meters. 

Therefore, by graphing p f versus I (w.-w._ 1) 
In 60 (t - t._

1
) in cartesi~n coordinates~ J 

one shoulN obt~in a s.traight Hne, the slope· of 
which is ~qua) to 

m o. 228 w 
kh -· .. 

.. :1 ·-

( 5) 

This slope is independant of the f10w rate. 
The intercept of thc straight line can be used to 
calculate the skin, if p. and tare known. In. 
the case of a build-up t~st (w • O), the intercept 
is equal to the initial "pressu~e p .• 

1 

~~~!~:~e-~~~~-~~~!~~!~ 
A plot of p ¡-- during the second 6" hui ld-up 

test (flov period-=#-·4), versuS the mul tiple rate 
function, (expressed in tons/hr), is shown on 
figure 7. 

A strai~ht line oí 
ly evid~nt on fi~ure 7. 
into Eq. (~ and tating 
~ D 0,2 cp'yif"lds 

sl•'P'' m"' 3.(, 10-: is ch•ur
Su!,stitutir.¡: r.1'" 3.6 10-} 

V., -!.~S lO-~ Q /"q; '<.ond 

kh • 15.9 r>m. 
(~ ~ 0,2 cp was obtain~d hy ~~trapo1ating p~1~li~hcd 
viscosity. curvcsl toa tt·rnp~.;raturc of 253•c anda 
sa}inity of 200,000 ppm). 

The calculated initial r·r•·S!.un: Í& 76,6 b.us, 
\o'hi eh compares rcas.onably ... -,.) 1 'lo'i th thc value oí 
77,4 bars mcasuHd befen· rhl' tl.'st. 

]t can b~ uhservcd in fi~tlfí' 7 that data points. 
for build-up tin~s grl.'ater t),;,n 6 J;,,urL d~viate 
from.the str~ight lioc. TilÜ· is a ¡·,·n!'t"ql..i~.:nl·e oí 
t"he condl'nsation effe'ct ah,.o~dy nnti('{·d pn fit:\JH' 3 
during the first 6" build-up (fltJio." jll·rind ..... ¡:.:!). 

Tiw l"étrly time di:viatit'1l (for huil~-up tilllf·S 
less th.;,n 20 minut~s) is ··•w~t·d by ~ou·llb,•rc S;lt>r,q:t.· 
cfft-CLS. 

ln th~ samc ~ay. analysis .of the '~ huil~-up 
t(.·St (flm,.. pt-rit•d#. 6) yit-itis a kh·\•,,:u,. o( ·15,ú Dt=. 
anda P¡ value of 76,, b~rs ffi[llf~ S). 

kh and p. from the 2" hui ld-up (fl<'~ p.:r~od # 9) 
are equal to \6,8 11m and 77~'2 b.r.rs, h!->pa.•niv~dy 
(figure 9). 

!!~~~~2-~~!~-~~~!~~!~ 
A plot of p { versu:-: thL· rnultiplc ratt.' function 

for the two 6" tYowing lt't•ls (flnw l',.,¡,,d~ .. ,o:í'? and 
10) is shown on figure 10. TI•t' slupe for thl' first 
one (..:# 7) is t-qual to 7,2 10..: • \o."hid1 yif'lds 
kh • 8 Dm, whih: that for tht- st.·c0nJ f'Ol' ( :'1 10) is 
t-qual to 10,2 10-3 (kh .. S,t> Om). As ,·xpo·clt•d fr,•m 
fi~ure 6, th..-se ~h valuc·s arr r.a.rh lco;,r.!r ti.;m thc'S~ 
obtained bef(lre, and are uot CL'rrh't. On rhe (lthc:r 
hand, the analysis shown on figure 11 of thc Z'' 
flowing test (flow period.:;J' 0) yi,,1ds a slopf,-l·qual 
to 3,5 I0-3 , c-orrcsponding tu kh .. 16,3 Dtr., which 
is consistent with the rcsults of thc build-up test 
ana1yses. 

'[he· sud den· inc·ré·as~ in hot t om nn 1 (' pn ~::ur4 
!ndi.C!!t~:d--on fi.gur~ )1-is likel;• to he caust:d by .( 
4.t.:~i-.c~se:. j.l!_.t h"e ilow _rau~ Thf' samc plwr~o:1a·ria 
appears on figure 12, in t_ht' ,¡¡,nalysis of thl" 1" 
flowing test (flov p~riod-#:11), during "'·hich.the 
well was not able to sustain the ()tlV : the last 
n~c:orded pr~ssure is rou1;hly ..:qual to thc initial 
pressure. All the other pn•ssurí• p(•ints (al~ on a 
straight linc, ~hose slopP is ~qual to 3,2 J0-3. 
The corresponding kh is t.·qual lo 17,8 Dm, which 
agrees we}) with the .builJ-up tests r~sults. 

· 5K!N EVALliATION. 

It_1.s not possibl~ tfl "btain th{· sk" iacto:¡ 
i:1irect1y from thf:multiple cate .ar:<~ly~is p1ot,· 
bt!c~use of insufficit>nt ·u·s•~rv"ir jnftorn.ation; · Tile 
skin ra"ct~r,.howc~er, -~-~n be. evalua~t·d ír\Jm a .lype 
curve match, with a dimcnsionless pn·!"sure giVcn by 

(6) 

for a build-up test. or 

kh I.P 
ii. 22 8- (w---- w ··· -l~·u 

n u-t 

6P 
?(;;.--- -::-~-~)m ( 7) 
.. n n-.. 

for a f1owin·c test. 



The type c:urv<! match is shown on figure 13. and 
indicates a skin \<Jpproximately equal to 25 • Thia 
high skin value i& probably due to rocka plugging the 
botrom of the hole : although the well was drillcd to 
1130 m, the prcssure guug~ C'Ould only be lowcrtd to a 
depth oí approximately 1050 m. This would al so ex· 
plain why, althouSh the fonnation is known to be 
!ractured, no fraeture controlled flow period is ap
parcnt on the log~log plot of figure 6. 

CONCI.USJONS --·-·---
... ~'he. [o~1oving·_c;onc.lu~J.~':.'I~~-~~~n .. ~e.:._r-:~.S~<:~ ·-~~gj 

(he ~rcse.uL_stud.l!l: 

iJ1J i'Wo' pij¡¡íie. &<ot'honaal_-~wé1 l te st:l nt :con .'tif 
t:árri.Ca.··out witb standard boUrdon-tub'-' 
type inatn.nneD.ts for extended pedods ot'J 
tl.me at:'tCQljletB.türfts ':As .high as .253 °C.' and 
salt content of th~ order o! 200,000 ppm. 

4,) O&UBl"'rirul t.lple .'i-8t'e· .t'eclini ques can bl' usqJ 
ru' .. t"Wo :.phase .. ··geOtbenDal .Wi:::lls. for oht airt" 
lÜg' .. ..rCséiVOir ::ch'aracté'riBUcS :frDm LottiJJÍ 
f¡i¡!íi.J:ráiüii.o~f. pru'aLii'il':dat¡. Type curve 
matching also providea useful qualitarive 
and quantitative res~tvoir iníormation. 

~ tár1Y'.'dme bóft1·~ñ?1ii"Jlr.iBS.ui:e".'iii>i>'cai- ·r1. 
1ié.Jiellboro . .at.ouge. ci>i>UoUodl There 
are indications that wellbore storage 
t"hanges f rom liquid h!vel type te compres• 
sibility type, as a consequence of water 
flashing or steam condensing in the well
bore. These wellbore Rtorage effects 
appear to last longer in drawdown and 
rloubl~-rate testG th~n in build-up tests 
(200 mn compared to 20 mn !or the well 
Asal 1 studied in this paper). This has 
to be taken into account when planning 
such tests. 

g Wheñ"7.tlie"'w~-ii").·s~:no·r.~arc·esfarl; there isJ 
ffo~ ·p_r~sifC_al. :a~-~'!~~8':.;..~ .. r.~nn~ilg 1 On&~ ... 
Jt"üi.ld-up ·.:t~s~:_·becáuae·..of .t.he. effccts~ 
kéóln":Cón'déosatl.Du: ;,¡-i!ji'O:.WeliliorcJ< 6 
hours was. the pra~tical limit in che case 
of well Asa! 1 ), 
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total fluid compressibility, bar-1 
enthalpy, kcal/kg 
formation net thickness, m 
penneability, darcy 
slope of straight line 
constant rate intervals 

•. pressure, bar 
volumetric flow rate, m3/hr. 
wellbore radius. m 
skin factor 
producing time. min 

K· mass flow rate, t/hr 
~ viscosity, cp 
v specific volume, m3/kg 
t porosity, fraction · 

~~~~~~~e~~ 
i initial condition 
j constant rate interval 
w wellbore or water 
wf flowing conditions at well bottom 
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OUTLET 1 LIP J AHSOLUTE J CALClll.ATED f !.S J'T.'tt,n:ll 
DIAMETER ¡ PRESSURE 1 LIP PRESSURE 1 MASS fL0\1 RATE 1-'L'S~ l!.0\1 kATE 

(inch) (bar) 1 (bar) 1 t/hr 1 t/hr ___ :_ __ .:_ ____ l __ ;;. ___ ,.. ____ L ____ ,. ___ "" ______ J_1fre!!' .. :1!}-~r;~:- f~' r!!!!:!1!l_J __________ -___ _ 
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2" 
1" 

1
1 0.5 111 
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6-8.5 
· not ¡ 
f available .1 

! ' 

1.5 
3-3.5 
7.9.5 

83 
71 - 83 
40 - 54 

SJ 
71 
23 
11 
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Fig. 1 - Schernatjc of ASAL 1 well. 
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Wellbore Storage Effects in Geothern1al Wells 
Constance W. Miller, Lawrencc Berkeley t...aboralo,ry 

Abslract 
The carly-time response In thc wcll tcsting of a 
homogcncous reservoir customarily is expected lo 
give a unil slo~ when lhe.lpgarilhm of pre-.ure is 
'plolled vs. !he logaritjlm of tilpe. 11 is shown that this ,( 
response is a special case and that another non-, 
dimensional parameter must. be defincd 1o de~~ribc 
the set of curves that could t"ke place for each •·aluc 
of thc wcllbore storage coefncicnt C0 • In addition1 
thc effect of temperature changes along th( h~r( isy 
shown lo increase the time when wellbore s1orage is 
importan!. 

lnlroduclion 
The petroleum industry's lechnique of assessing oil 
and gas rcservoirs by well tesling has bccn cxt<·ndcd 
lo the geothcnnal ficld by a number of workcrs.t·J 
However, atleasttwo importan! differcnccs l>ctwcen 
a geothermal ficld and an oil· or gas fkld mus! be 
considercd in analyzing gcothermal well test data. 
First, the kh!p. value of a geolhcrinal fidd is usually 
much largcr than that of an oil or gas fidd hccause 
the reservoir thickness h is greatcr in a gcothcrmal 
field and the viscosity p is smaller (k is lhc pcr· 
meability) .. Second, heat loss in lhc wellborc, which 
can be ignored in oil and gas ficlds, is significan! in 
geothermal bores. · · 

The concept of wellbore storagc- which has hcen 
considcrcd quite cxtcnsively'·' and refined in such 
detailed studies as !hose of Agarwal ei al., 6 Wal
tenberger and Ramey, 7 and Ramey8 - usually is 
lreatcd as a boundary condition on the re~ef'oir · 
flow. The boundary condillon qsed is 

dpw 
Qs¡=q, +C-(jl' ... , .................. (1) 

wherc dp,.ldt is thc flowing pressurc change with 
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time in the wcllborc .. Ho\\cvcr, qp,.!dt is not 
nccessarily indcpmdcnt of po•it i•'n in thc wcll. \\'hcn 
llp,.ltlt is 'dcpt·ndcnt on thc m«.-4rcmcnl poiñt, a 
plot of log(p,¡) vs. log(/) w ill11<>t 1 csult in a unil dope 
al early times. This stmly will considcr ,(cllbore 
storagc by looking atthe fl0w in thc wcll itsclf while 
&real ing the 1 t:~cr ~~.·oir as ~impk homogl.'nl.!ous radial 
flow into the well. · 

Hcat lo>S from thc wcll ami tcmpcrature ~hangcs 
along the borc also ha ve l•«n ignorcd beca use oil and 
gas fields can be treátcd as i">thcrn¡al. llcat traiufer 
frpm the wcll and hcatin¡; of the Ouicl in ¡he well is 
llsually a very slow proccss. Whcn vcry long times are · 
considered, thcsc tcmpcr:uure cff,·(ls can bc¡:ome 
importan!. Onl"e the coirl)' Ir ;msicnt hchavior is o,·er 
anda scmilog straight linc of p,1 \'S. lo¡;(r) is "'pc.:tcd 
in the p>cudo,tcady re¡;i''"· 1cmpc1~1urc .:hangc; in 
the well can ~ltcr the slopc of that linc so that the 
slope would no longcr be q¡d ~ rrkh. Thc duration itnd 
imporlancc of any IL'mp~.·r at u re .. ·haut;cs will be 
considcrcd. 

A 11\lllh:ri¡.:almodcJ of tr~tll~knt J\\O·pha ... e nQ)\' in 
thc wdlborc with l¡cat anJ m¡"s 11 "'"fcr h:~s l>ccn 
devcloped. 11 is uscd to in,csti¡;ate (1) the carly-time 
intcraction of the \\CII flow with that of ¡he rcscl\uir 
and (2~ thc longcr-timc effccl of tcmpco ature ch;lnfeS 
on the wclltest data. 

Con~epl Q[ Wcllbore Storage 
Wellbore storage is ihe capildty of thc well to absorb 
o'r supply any parl of a mass now r;ue change oui of 
l! well/rcservoir syslel)l. For a changc in Oow rate ~~ 
the surface or the wcll, thc s:~ndfa.:e ma-s flow fóltci 

usllally js cxpre,.ed as " 

' dp 
Wq=w, +pcV'-dt'!. . .................... m 

Al time 1; O • , when the surfa.:e mass Oow r~.tc is 
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incrcased, the change in the sandface ratc is ·,ero and 
the wcll is supplying all of the incrcase in now rate. 
As thc prcssure in the well drops, the rcscrvoir bcgins 
to supply part of the incrcased ·now. Thc sandface 
rate stcadily incrcases and approaches thc surface 
now rateas the well supplies less and less of the 

· additional. now. The rate of increase in thc sandface 
now depc11ds on the rescrvoir properties. 

Beca use thc change in wsf. is initially .zcro, it is 
w.,u•unl rhat thc initial slopc of thc dpw!dt curve 
givcs thc slolativity ofthc wcll and that whcnJlw and 
1 are plollcd on a log-log scale, a unit slopc will 
rcsult. Such a plot is mcasured 'only, though, if Pw is 
sorne average pressure in the well, bccause 
pcV(dpwldl) actually ~hould be wrillcn as 

1 ¡L dp 
- J pcV~dx. 
L 

0 
• dt 

However, · it would be difficult lo determine an 
appropriate average press,ure, and it is the downhole 
pressure thal is used in the analysis of wdltesl elata. 
lf the downhole pressure is mcasurcd, dpsf!dt must 
be zero al 1 ~O+ because thcre is a finite time for 
changcs made al wellhead lo arrive downhole. lf one 
plots thc downhole pressure vs. time on a log-log 
scale, a unit slope is not nccessarily scen. 11 is of 
intercst to determine what should be mcasured 
downhole and if this early transicnt effcct can be 
corrdatcd with a nondimensional factor. 

Eq. 2 can be nondimensionalized: 

~·L = 1- Cv dpv, .................... (3) 
w, dtv 

where 

PQ = 2r(kh/¡J.) (psf/WslPw• 

lv=kt!~p.cRr;,, 

and 

Cv =pcV!psJ21r<PcRhr;,. 

The dctcrmination of pe V for a two-phase or nashcd 
system will be discussed. Also, the nondirnen\ional~ 
ization was done using the sandface dcnsity cxplicirly. 
instead of using a formati_on vol u me factor. 
Gcnerally, PD is plotted vs. lv on a log-log scale for 
different wcllbore storage factors Cv. Howcver, as 
stated above, these plots are generated by assuming 
that the nuid in the well is· mixcd thoroughly, 
meaning that dpwldl is ~ola function of position in 
the well, even an isothermal well. Before one can 
assum.e that this uniformly mixed condition is val id; 
the wave nature of the original disrurbance al 
wellhead must be damped out. When dpwldt is a 
function of position in the well, Eq. 2 and, therefore, 
Eq. 3 are not valid because of the qucstion of what 
pressure should be used for Pw· Nevcrlhclcss, once 
the initialtransient effects in the well have died out 
and dpwldt is no longer a function of position, Eqs. 
2 and 3 should be valid for the is.othermal case, 
provided one uses J~pc( V!L)dx in the expressión for 

ll6 

Cv- The approach of the truc bch:l\·ior to lhat , ... 
1 1 ' :.1\ Cl¡ by Eq. 3, wwc•w. can uccur < uring or aftcr· 11 pcr~od whcn th~ unit sl~pc is C.\p<'C!Cd. ,\Jthou~h 1: 10 

3 Wlll not be vahd as wnllcn atthc ver y carly ti m., q, 
will be shown that the dow11hole prc"urc vs ',,:' 11 

· lllc data can be l'Orre1alt;d using <.tnothcr nondimc0,¡01 .
1 paramcter for the cases considcred hcre- i:e. '·' 

single-phase rescrvoir, "ith the nuid single ph:;, a 
two phase, or nashing in thc bore. Thc C.\JlC<~cJ 
<hawdown curve will be ""'"'ibcd bythe C0 facr;,r 
"~ wt:ll as tlll~ addJtiOilal l':trall!ch:r .. rhc dcrhation 
of this paramclcr is m"dc by n&:gk~ting the changc in 
nuid hcad whkh occurs whcn thc nuid is 1101 
isothcrmal. The cakulation "ill show that thc cffc\:t 
of the fluid head chowgc Í) a longcr·tcrm '-·ffl.''"''· and 
neglccting it will not alter sisnifi,·;ullly thc initial plot 
of Pv vs. t. 

To achicve a sivcn surface mass now rate, the 
prcssure al wl'llllcad must be ,Jc-crcascd by -'>p. This 
prcssure drop, thcn, prs>p:~satcs dó"n thc \\cll anJ 
intcracts with the re>ervoir. lf the rcscnoir ""' 
supply only a small per.:CJII:Igc uf thc surfacc now for 
that pressurc drop .'lp, the 1\cll "ill cuntinue lo 
supply most of thc llnid until thc well prc>Sure has 
droppcd furthcr. Bc·c;tnsc thc ;audfacc now rate is 
givcn by '2u(khlp)pJptiir fur a singlc-piÚsc 
rcstrvoir, thc ability. of th.: h:~cn·oir to drtiver ils 
n!'id depends on thc valuc ,,f kh!p.. \\'hen kh!p is 
r·clati,cJy low, thc nn11unifunnity of dp.lút in thc 
wcll is J;unpc·d out befurc tl1c ,,.,,.rvllir can supply· 
any significan! p<Htion of thc '"' face now. Bc.:ausc 

· w,1 is still negligible 1\hcn dp.ldt is no longcr a. 
function of po~itiun, a unit ""'pe: \\ill b~ llll'asuH·d if 
p,¡ is plollcd "· 1 on a l~g_-l<>g "ale. This . .:undition il 
true wh..:n an otl rc!o.cTHHT ts ll·qcd. A l}f'tl·al kh \o~lu~ 
is600md-ftl'.8x JO" 13 m 3 ), and fora'i"osityo( 1 
cp { 1 x JO- Pa · s), kili p. is about 600 md-ft/cp 
(1.8xJ0" 10 m 3/Pa·s). Ho"c'cr, thcre are ca,cs 
whcn the reser\'Oir can suppl)· a >ignificant poninn of 
thc surface no" ratcbcfore t!p •. /dt is uuifo1 m in thc 
wcll. In gcothcrmal r,•scrH1irs, kh can be L>rgc lc.g., 
30,000 to 90,000 md-ft {9 x 10 12 to 2. 7 x JO- 11 ·m 31 
and p. is low 10.1 cp at 572'1' (lxiO-~ Pa-s al 
300'C)]. Bccause of thc l:ugc •.·aluc of kl1/p, the 
rcservoir is capable of supplying a """'" gll'atcr 
ljllantity uf nuid for thc llfi¡;inal J"'ll'''llfl" drup .. 'lp. 
Thc initial sandflh .. 'C flow fH'IIl thc: ll'!-l:f\"l'ir \d11.:n thi! · 
prcssurc pulse arrivc~ do" nhulc c¡ln C\ ..:n he c~ual to 
or grcatcr than the dcsired sanJfal'e now late. fhe 
nondimcnsional parameter U!-l'd to ~.:orrclatc the d:tta. 
is the ratio of the surfacc mass Oow rate that results 
from thc initial prcssure d1op made al "cllhcad to the 
rcservoir now ratc that can be achievcd fur the ;;une 

.Ap. This para meter is wrillcn as 

w, • 
wv=-( -) • wsf ; 

~here ~ w,1 ); is dcfined ~s thc. initial Óow fro~r the 
rcservmr for the suddcn Jrop 111 prcssure .';p at the 
sandface. Howevcr, (rv,¡) 1 "ill be c>t inrated, and it is 
this estímate that will be used in dctermining· "'D· 
The initial now from the well is just the surfac~ now 
rate because all the nuid is initially f10m the wcll. 
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One calculates !he pressure drop t.p give~-lhis ·latter 
' condition. 

To derive w D in terms of the fluid propertics and 
reservoir conditions, severa! assumptions were made. 

1. The velocity of the fluid from the reservoir is 
described by (klp)op/or, so the reservoir is single· 
phase. The ability of wv to correlate the early·time 
data of a two-phase reservoir has not been done 
because of the difficulty of obtaining similarity 
solutions for two-phase flow in the reservoir itself. 

2. The compressibility of.the fluid in the well is not 
a strong function of position. A nonflashing two· 
ph;t>c flow is not necessarily rulcd out hcrc. 
flowcver, the assumption does seem to prccludc a 
flashing well. The extension of the derivation to 
indude the flashing system is considered later. 

3. The flow in the well is isentropic. The effect of 
changc in the fluid head in th~ well, thcrcfore, will be 
ignored in this initial derivation. This effect dcp~nds 
on a much longer time and is considercd in the ncxt 
section. lt will be shown in the calculations tl1.11 the 
change in fluid hcad will ha ve a small effect on these 
initial prcssure curves. 

4. The prcssure pulse at wellhead travcls as a step 
change. Friction effects will smear the front out, but 
the pulse interaction takes place over the en tire height 
of the reservo ir, and it is assurr¡ed that the smearing 
effect takes place over a smaller distance than this 
height. 

S. No skin effect is considered. 
For a step change in surface mass flow rate, all of 

the mass is taken initially from the bore. As it is 
usually the surface flow rate that is assumed to be 
kept constant during a welltest, the surface flow rate 
will be prescribed, and the initial pressure pulse 
necded to achieve this flow rate is cakulatcd. Giwn 
lhis pressure change, the initial flow from the ~ 
reservoir is determined. .. 

When all the mass is taken from the wéll, the 
decrease in mass in the well must' equal the totalmass 
out or 

(<lp).-r~=pq<ll, ••.... : . ............. (4) 

where Ax is the distance down the well from which 
the mass is taken. This distance is just the distance 
the signa! has propagated. Assuming the flow is 
isentropic (an approximation), Eq. 4 can be rewritten 
as 

A.x ( op) · .1.x PQ 
(<lp)- = - <lp- = :::!• 

<1/ dp S <11 1ff w 

or 

Ap=(op)-.
1 ~ <11. 

Op S 'lffw Ax 

The disturbance travels at the local spced of sound, 
a, so 

(At/<11) =a= (oplop)'{'; •••......... , .. (Sa) 

and 

Apcc:(~~)- v. pQ a ~ . ................... (Sbl 
· 'P s 1frw 
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The sandface flow at any time is 

kh ap 
wsf=21frw ¡;Psf or • .•................. (6) 

Now the initial sandface flow is estimated by 
describing op/or as t.{Jirw (the initial pr~ssure drop 
in the well divided by the raJim of thc wcll), so 
(wsf); isobtained from Eq. 6: 

kh (ap)-~ pq . 
(wsj);=h--psf - - 1 . .••....•.. (7) 

1-' iJp s 1frw 

Sin ce pq"' ws, one can obtain thc nondimensional 
parametcr wv using th~ estimat~ für ( w..¡) ;: 

w0 = <:;); "'{h ~~P:r(~~t ........ (8) 

The storage coefficient e D repr<sents thc ratio of 
thc ability of thc well to storc fluid to that of thc 
reservo ir, while the nondimcll!:lional param~rc:r w0 
rcpr~scnts thc ratio of thc ability of thc "'U to gin: 
up its fluid to thal of thc res~1 ;u ir. Wc ~,·e thill thi> 
latter quantity dcpends on thc valuc of khlp of th~ ' 
reservoir and on the rate of signa! p1opagation in the 
well. The reservoir may ha ve a large storagc capadty 
but, bccausc of a low pcrmeability·thickll~:ss fa,·tor 
and high viscosity, it may not be ahlc to ddivcr thc 
fluir.! very rapidly. Transient chan~es in thc \\cll 
would die out befare the reservuir could ddi;·cr any 
significan! po¡tion ofthe flow raJe. How~vcr, for the 
same storage coeffident, the value of kli/p. could be 
large enough that thc reservoir could ddhw largc 
quantities of fluid while the transient chang~:s in thc 
well were still importan!. The vcry early-timc data 
wiH be diffc¡¡;nt in thcse l\\O cases, ahhough C0 
would be the same. To describe this early·timc data 
con1pletely, one needs lo use both thc storagc 
cocfricient and the nondimcnsion:tl pararn~tcr "'LJ. 

We now extend this dbi.:u~:,ion to indmh: a two
pha~c or flashiug system. Fir~t, it is nc~o:c'i'iary l\1 
define Cv in thesc cases anJ then to consir.l~:r "h~:lha 
w0 still can be uscd to c01 relate thc early·timc data. 
The storage coefficient is defined in the petrokum 
literature by assuming dp,Jdt is not a function of 
po>ition. The same approach will be uscd hcre. 
Therefore, although the plot of p /J vs. 10 will deviate 
at early times from those devcloped in the litcrature. 
thcse plots must approach the e.\pec·tcd cun·cs atlater 
times when dpwldl is nota function of pusition. Eq. 
2 actual! y should be written as 

fL (op·) iJp . wsf"' w,- J A op ¡¡¡ dx, ............. (9) 
0 S 

lf the equation is nondimensionali1cd and if one 
looks atthe case where op.,lol is nota function of x, 

. 1 

w,l=I-'-{--!!Pp __ I_((~P) dx, 
- w, . 21rr'.!J>cRh di D Psj O op s 

••.....••••.••.•••...• ; ......... (10) 

and 

jj) • 
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ap =! t(l ~a>(ap) +a(ap) dx, .... (JI) 

dp, L 
0

. ap 1 ap 2 

where a is a function of x. For a single-phase systcm, 
a=O. 

1t is now necessary to determine if wD still can be 
uscd to ·corre! ate the carly-time data for the two
phase or flashing case. In thc precéding deriva¡ ion, it 
was assumcd that (ap¡ap), was nota function of x. 
lf the flow is two-phase, but not flashing, a usually is 
not a strong function of position. Thercfore, as long 
as the flow can be described by v=- (kll')apJor, 
none of the assumptions made are violatcd and w0 is 
appropriate. When the fluid is flashing, however, a is 
a strong function of position, espccially where the 
fluid starts to flash. 

The value of (ap¡ap), in the flashed rcgion is on 
the order of 4.2 x J0-2 lbm/cu ft-psi (10 -- 4 

kg/m 3 • Pa) and in the single-phase region it is about 
4.2x 10- 4 lbm/cu ft-psi (10- 6 kg/m 3 -Pa). Such a 
change cannot be igpored. The derivation of w 0 
depcnds on the storage capacity of the well and the 
speed of signa! propagation. The time for the signa! 
to propagate in the single-phase region is about an 
order of magnitude smaller than in the 1 wo-phase 
rcgion. Also, the storativity of the wcll in the single
phase rcgion is two orders of magnitude less than in 
thc flashed region. The changes in the wcll are 
controllcd entirely by the two-phase rcgion. When 
the signa! arrives at the two-phase boundary in the 
well, it esscntially can be assumed lo be at the 
reservoir boundary, mcaning that the singlc-phase 
region acts mcrely as a conncction bctween thc two
phase region and the reservoir. The sig1ial is 
propagatcd instantaneously over that region. Thcn in 
the derivation of wD, the single-phase region can be 
neglected and the average value of (8p/8p) s will be 
that of the flashéd region. In this region, (ap/8p), 
will be a wcak function of position again, so the 
dcrivation for wD is still appropriate. 

Using w D and C b· it will be shown that the 
downhole pressure can be correlated even whcn the 
well transicnts are importan!. A numcrical program 
is used to derive !he nondimcnsional plots. 11 will be 
seen that in all cases, thcpD vs. ID plot (whac PD is 
the nondimcnsionalized downhole prc"ure) will 
approa.:h the nondimensional plots dcrived in 
petroleum Jiteralure. 

Transienl Flow in Wellboré 
Severa! papers in the literature have dealt with flow 
in a geothermal well. 9•12 However, allthese papers 
assume steady-state flow-i.e,., ap,.tot=O ·and thc 
mass into the well equals lhe mass out of it. Ob
viously these models cannot consider the effect of the 
interaction of a pressure wave propagating down the 
well into the reservoir, and they cannot be used to 
describe the flow when wellbore storagc is importan!. 
Steady-state models can be used lo obtain wcllhcad 
conditions when the downhole pre»ure is ap
proxima!ely constant and when wellbore storage is 
over. The intent of this work, though, is to consider 

l58 

the very early-time data, so a transicnt nltldel or th 
flow is neccssary. e 

To invcstigate the nonunifunn dJitllgcs in the W·ll 
in detail, a nurncricalmodelto simulate compre,,¡~¡ 
transicnl flow in a wellborc has bccn dcl·clopcd. ih • 
model is capable of hamlling slnglc-phasc as Wdl a e 
two-phase flow with mass tramfcr (e.g., steam/watc' 
flow) and includes the hcat transfcr bct"wn th; 
ground and the well. The ene-dimensional equ~tion 1 
of mass, momentum, and cncrgy in the wdl are 
sol ved, as wcll as a radial Dar..:y flow <'quation for a· 
homogcncous single-pha'e re;cn·oir. Thc cc¡uations 
are 

ap a 
-a + 

0
-- (pvJ =O, ..................... 021 

1 X ' 

a a 2 ap fpv1 
-(pv)+-(pv)+ --+.,g+--------~0, ,.(13) 
ar ax ñx 4r •. 

and 

a a 
- (pE) + - (pEv) -at ax 

2U 
--(T -T) 

r ' "' .. 
av 

+ P ax =o . -- -- --- .. -- -- . -- ' -- (14) 

in the well and _ 

t·:- ~e:" ( -~!-- + ~ ~) ---------- :osJ 
in the reservoir. 

An cc¡uation of state is uscd to rclitlc dcnsity to 
prcssure and cnergy. A more wmpktc de..:ription of 
the numerical model is giv,·n in thc Appcndix. For. 
the initial cakulations prescntcd hcre, a constan! 

_ friction factor was used and no slip was aSSlimcd. 
. Many interesting and mcaningful transicnt results are 
· possible without going into a more elabora! e 
description of the frictiori and slip. The prosram is 
uscd to invcstigate thc initia!' tramknt naturc or the 
wellbore and to determine the duration of tcm. 
peral u re changes. The indmíon of slip will not alter 
significantly the cffects hcing con<i<kred h.:re. 
lnitially thc behavior of llp,1!tlt will be in,cstigatcd, 
with no hcal loss assumcd, to · .>how how- con· 
sidcration of thc transicnt d1.on~cs in thc "'"" 11ill 
alter thc curves dcl·elop<'d in thc pcu,,lcumlif(·r;llure. 
The cffect of temperaturc ch~ngcs will be cor"iJcrcd 
in the following scction. 

· Adiabalic r:tow 
Using the devcloped nurncrical modcl, c;Jlculaiions 
were pcrformcd to gcn<rate the del·iation or thc 
drawdown (or buildur>) 'urve from thc unit slope for 
different values or wD and C0 • The calculations 
were d.one for Có=2S and 100 (the ~b factor _is 
calculated using (iJp/8p) E instead of (itp/op) ,) with 
"'D =O. 1, 1.0, and 10.0. For all .:alcul;uions, the 
length of the wcll was 6,S61.7 ft (2000 m) and the 
radius was 0.0323 in. (0.082 cm). TI1~ mass Oow rate 
pcr unit arca out was kept constan! at 102.4.1bm/sq 

- ft-s (500 kg/m2 -s). No hcat loss was assumcd. Thc 
downhole prcssure was adjustcd to obtain flashi?g or 
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TABLE 1- DIMENSIONAL VALUE$ USED FOR GENERATING 
NON DIMENSIONAL WELLBORE STORAGE PLOTS 

kh p. 

~!L Có (m>¡ (Pa·s) 
10.0 25 6.4 X 10- 14 0,2-;w-=>-
1.0 25 6.4x1o- 13 0.2x1o·• 
0.1 25 6.4x 10· 12 0.2x1o-• 

10.0 100 4x1o- 13 0.9x1o-• 
1.0 100 4x to·•• 0.9x1o-• 
0.1 100 4x-1o- 11 0.9x1o-• 

• 

no flashing. The reservoir parameters used for the 
calculations are given in Table l. The results are 
shown in Figs. lA and lB. Each plot included the 

· analytical solution for both a wellbore storage curve 
derived by a.ssuming (dp0 !dt0 ) is nota function of 
position in the well and the e0 =0 curve. The 
parlicular analytical solution chosen for comparison 
is for a value close to that of the numcrical 
calculalions. The small difference between the e D 
used for the numerical calculations and the e D of the 
analyt ical curve is discussed la ter. The e D =O curve 
is jusi the Theis curve. The general behavior of the 
transienl flow in the well can be described using these 
figures. 

In Fig. lA, ti quid water was'assumed to flow under 
a positive head to generate the curves for the dif
ferent values of w0 • The average value of (íJp!íJp) E 

in the well was 3.0x 10- 4 lbm/cu ft-psi (7x 10- 7 

!:g!m3 ·Pa), and the eb factor for this plot is 25. 
lncluded in the figure are points calculated for a 
flashed system where the average value of (íJp/íJp) E 
is 1.7xl0- 2 1bm/cu ft-psi (4xl0-s kg/m 3 ·Pa). 
Fig. lB and sorne points in Fig. lA are for 
calc~lations that assume that the water is flashing 
about 1,640 ft (500 m) down the well but still flowirog 
under a positivc head. A friction factó( of 0.04. was 
used for all calculations exce¡it for one case in Fig. 
lB. To generate the different curves, kh, p, and 4K:h 
were varied. The arrival time of the initial pulse 
downhole is the same if the average compressibility is 
not changed. However, the time has been non
dimensionalized by (k/pcq,r'l,)t, so the non
dimcnsionalized arrival time will be different whcn 
the reservoir parameters are varied. 

The first case to consider is w D > 1, illustrated in 
the figures by w D = 10. The fluid in the well m ay not 
be very compressible, but because the reservoir is 
even less responsive, the well must continue to supply 
the surface flow ratc long after the initial pressure 
arrives downholc. For /lp¡, the flow from the 
reservoir is significantly less than the surface flow 
rate. Actually, this case serves as a check on the 
numerical calculations. There always will be some 
initial delay, but this delay is a very small portian of 
the initial curve. Once the pressure disturbance 
arrives downhole, the pressure change with time 
there incrcases abruptly. After the downhole pressure 
drops to what it would be at this'time, if the wdl had 
responded uniformly, the logp0 vs. logt0 curve 
follows a unit slope. In both figures the unit slope is 
calcula'ted for thc w D = 10 .case, as expcctcd. As 

DECEMHER !980 

Downhole Downhole 1'1 
~h Pressure Temperatura 

(m/Pa) (Pa) ___ _f~)- --0.32x 1o_,- 2.9)(1()7 200 
0.32 X 10" 7 2.9 X 107 200 
0.32)110- 7 2.9 X 107 200 
0.53x 1o·• 2x 107 320 
0.53x1o-• 2 X 107 320 
0.53x 1o·• 2" 107 320 

~ -------------- -· ··-------·· -
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Fig. 1A- Nondimensional plot ol sandlace prcssur~ vs. 
time for Ca= 25 and wa = Q. 1to 10. 

• •o·O 1, r•O.O 

Flg. 18- Nondimensional plot of sandlace pressure vs. 
time for Ca = 100 and wa = 0.1to 10. 
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noted, included on each plot is the analytic solution 
for the wellbore storagé curve when dp..,ldt r' fn(x). 
In Fig .. lA the C0 should be calculated with 
(ap;ap),, while the estimation of C0 for thc 
calculations was done here using (ap¡ap) E· Only 
(ap;ap) E could be calculated in the numcrkal 
solution because the steam tables were fit "·ith 
polynomials and p = fn(P,s) was not included. The 
error in the estimation for C0 is less in the sin¡;lc~ 
phase case beca use the difference between these two, 
derivativos is negligible. As the fluid flashes more, 
(ap;ap), and (ap¡ap) E start to differ. For the single· 
phase case plotted in Fig. lA, the calculations fall on 
the analytical solution for the w0 = 10 case. In Fig. 
lB (the two-phase case), the calculations fall on a 
unit slope corresponding to a C 0 that is slightly less 
than the plotted analytical curve for C0 = 100, as 
expected. · 

When w 0 = 1, the pressure drop nccdcd lo achicve 
a stcp change in flow rate at thc surface is clase to the 
prcssure drop necded lo obtain this same flow rate 
from the reservoir. The pressure change with time is 
initially zero, but once the disturbance reaches 
downhole, it rises abruptly until it rcaches the ex· 
pected drawdown curve. Since w.v);=w,, this 
occurs after the expected wellbore storage curve is 
almos! over. The plot is shown in the figures by 
w0 =l. The actual value of (w.v); when w0 ~ 1 is 
less than w,. In the derivat10n, (ap;ar) ;. was 
estimated as t;,p¡lr ..,. The actual value of (ap¡ar); at 
the reservoir is always less than this, so that 
(w.v);<w, when w0 =J. The error in estimating 
(ap;ar); as t;,p¡lr.., is just the same pcreent for all 
cases, so w 0 still can be used to correlate the early
time behavior. 

The third interesting case is when w0 <J. When 
the given pressure drop arrives downhole,. the 
reservoir will be so responsive that it·ean supply·morc 
fluid than the well could for the sáme pressure <lrop. 
This situation produces an oscillation illumatcd in 
Fig. 1 A by w 0 =O. J. The pressure drop is so large 
that the reservoir supplies more fluid than is bcing 
taken out iu the surfaee. The pressure in the well will 

be increased, and this incrc.-as..: \\ill propagare ha.:k up 
the wcll. The intl·ra<.·tion bt:'l\\l.'I.'O thc r..:~crvoir itlld 

the wcll produces the oscillatiúu "hkh slowly did 
out. For the li4uid·fillcd wdl in J'ig. 1 A, lhe time of 
the oscillatiuns is a couple of secunJs. llowe\'cr, the 
largc oscillations secn in Fig. lA rur "'o =0.1 are not 
obscrved in Fig. 1 B, where a flashcd sys1cm was ms•d 
for the calculations. The o•cillations ha\'e bcen 
damped out by frietion cffes·ts. Thc friclion tcrm is 
dependen! on the flow v.:locit)' squarcd. Thus, for 
the same ma'5 flow rate, thcrc will be mure dam· 
pening in the flashed S)'S!CIIl lhan in thC unnashcd, 
beca use thc vdodly is grcater. Onc l·an S(.'C thc :in· 
flucnce or thc friction racr.•r in Fig. lll, whcre one 
calculation was done with/ ~O in thc case w0 ~o:J. 
The cffect of the friction f;~ctor decrc;oscs as w0 
increases. 

A lack of one-to·onc slope at carly·tilllCS has bccn 
obscrwd in thc ficld. Fig. 2 plots d;ua ubtained from 
a ticld test of a liquid·fillcd wcll at thc Raft Ri\'er 
¡;eothermal project.u The data wcrc tahn with a 
Jlcwlett-Padard pressure g;~uge, ,·apable o( 
provi<ling rcadings evcry sc,·ond with a rcsolution or 
0.01 psi (0.07 kPa). The wcll \\as flo"ing and thcn 
was shut in. Any error in the initial buildup bcca11se 
of temperature effects on thc instrumcnt should not 
be importan! as the instrumcnt :tltcady had bcen 
hcatc{l; (Tite fluid was flowing undcr a positi\e hcad 
bcfo'rc it was shut in.) Whcn 1h•· data \\WC analyLcd, 
thc lack of the unit slope "as obscn·cd blll no ex
plana! ion was given. The signa! that the well was shut 
in takes about lto 2 scconds to arrh·e downholc. The 
pressure thcn builds up \'Cf)' qukkl)' and approachcs 
the curve that would c.\ist if thc wcll beha•ed 
uniformly. Using the measurcd propcrties of the 
rescrvoir !<>eh =8.9 x 10- 2 ft/psi (4 x JO- 6m/Pa), 
kh=49,940 md·ft (I.Sx JO · 11 m1), ,.=0.2 cp 
·(2x w- 4 Pa·s)], the wellbore storagc codfi.:icnt is 
O.JS and '''o"' 0.2. For .this low •alue of w0 une 
should see oscillations in the Pv vs. t0 curve. 
llowcver, thcse oscillations are dampcd out if th~ 
flow rate change is less than a ;tcp fun.:ti,>n. For the 
.:ase ploned in Fig. 2, it pr•>hahl)' would be hard to 
achieve a step-rate change hn·ausc the t)·pical .time 
nccdcd to close a \'alve i\ h•ngcr than thc rcquircd 
time for a pr~s~url!' signa) lo prt •¡ngJil' 1o1hc hollt.un 
of thc wcll. E•cn without a "cp-ratc .:h:tn~c in flow 
rate, the plot is ~till not a unit slnpc, ,·mphasiúng 
cven more that the unit slopc is only a spel'ial case 
when the rescnoir is lcss rc>ponsi•·c ,·han the "el! ... 

A plot of thé pressure pulse as it propa~atcs into 
the well and interacts with thc rc;,·noir sh•·s more 
insight into the well/rcscl\oir intcras·lion. Figs. 3A,. 
JB, and JC plot the pres•urc ,Ji,tribution inthe wcll 
as a function of tinll: for a drawdolln test and for 
different values of ..-0 , The firsttwo calculations are 
done with water throughout the •wll, anJ the third 
case is for water that has fla~hcd about 1,6-10 ft (500 
Ín) downthc \\el!. . 

· For the cases in Figs. JA and JD, lhc propagati'on 
of the signa! is the same ut¡til the pulse ~rri•cs at the 
formation/well boundary. ll1cn the prcssure 
di>tribution~ in the well will start to diffcr. The \'alue 
of khll' isgrcater in Fig. JA than in JR, so w0 will be 
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3
A the changes or pressure with time 

.,., in 1•8·. ·e· bccn plotted in a nondimensional 
· ; ,,,¡u~n ~~~ J¡as bcen split into three successive 
• .',;t· 1•8· . rate the oscillations in the wcll as a 
,.,."' !ll'll~•:c. Fig. 3~ is'o~ly one_graph becausc 
' .. •~"' vf 1111 ·hange w1th u me qUickly beco mes 
;;· ;1"'uiC j(Justrate that there is no dirrerencc In 

: ... n. 1" .,,,31 ion or the pressure pulse, the first 
.··· • .ail'1"i'"o h rF' 3Bh be , .... • ,. , 3,\ and the g!ap o . 1g. . . av~ en 
. •: .\ ••11 'f,'at thc dimenstonal umts comc1de. Once 
'. , .,1 '" 1 • ·es at the reservoir, the two cases start 
, , .. :·.e ('t·~g. 3A, the reservoir supplics m~re nuid 
.- :1\t·. 11 

1. kcn out al the surface, andan mercase 
"' i• h"'~ .;·ds up thc bore, canceling out part of 

"•' '""" '·ssure dc"case. This pulse produces an 
- "''~11'" ·ssurc that is too largc in the wcll. Whcn 

. . . ,,, '."":in prcssure arrives at the surface, thc 
· "J'• · · h n ~ ,, "'_., u 1 dcncase agam to sustam t e ow ratC'. 

,. '"''/ '"r;cssure oscillation in the well that slowly 
\",,•e '~~~ fig. 3B, the reservoir has a relatively low 
•';1 ~~¡ 4h/p. Even when th~ initial 'pressure drop 
· ".''. Jv"uhole, the rcservo•r cannot supply very 
.. ''''',luid. Thc prcssure mus! continue to drop in 
.. "

11 .¡¡ auJ dftwldt will be a very weak runction of 
• •t . 1 
.• , ,11 iuthc wel • 

/, 1 ~ ''1,,. )C, the signa! propagation is difrerent 
,.,,, thc•c is a boundary between the two-~hase 

.. , "' •111 J ¡he liquid. The boundary tends to d1stort 
. . , , 0 ¡ 11 ;~1 prcssure pulse beca use most or the pulse 

• .,:: . .¡cJ from the boundary while a small portion 
•• ",.,,111itt<·d. This is how the single-phase region 
, , lo( "·,·n as justa connection between the two-
. , ".¡,,11 and the reservoir. The pressure pulse 
,.,_ 1 ¡,~0 "ith 1hc liquid interface is essemially the 
. , :tl"n with the reservoir boundary except ror 

.. , .t.nuping. The pulse then oscillates in the two-
. · , 1 •<~ion. The propagation or the signal is 

'·• h dy ~luw in the two-phase region- about 230 to 
.•:fl.\(70to !50m/s). 

P•f '"""d ~pred is low in a two-phase region 
. '·"f uf the lowcr dcnsity and high com
... t.;lity. J!owever, once the pulse reaches· the 

'. 1, lh( 'icnal is propagated about 10 times raster 
• ••< thr mmprcssibility is lower. Because or this 

· u In ¡Hopagation speed, the changes in. thc 
1 .uc •datively uniform. For largcr values or 
,,,, I'IC\\UI'C will drop raster in the liquid rrgion 

.: 1 ~•< 1''<'\\Urc change in !he weJI will becOIIlC more 
· · '·•m more quickly. For wD > lthe pressure drop 
• "~~ dmcr to Fig. 3B, even though thcre is a two
!' l ~ rcdon. 

11 ' •JUNion "ill is whether wD can be used as a 
' ! o:,m,ional parametcr to describe this in

.. ' '1••11 """" diffcrcnt nuids are used in the wcll
••· ,'~.C o .and w0 are kept the same·while the nuid 
, ·."·'""'m the well and the reservoir properties are 

, 'O'f'd, w,n the same curve be generated? lt mighl. 
~ ;'j"''l'ht that changes in the two-phase rrgion 
, .. ,,;'~":r he c_orrelated by a term w0 that was 
", .. , ) 3\\ummg no abrupt changes in the initial 

• 1 !:;;,e Jlii~'C· llow_ever, when !he flu~d flashes, lhC 
, 4 .~repon dommates the erfects in thc well·and 
t•, ;~~" 1 •ally ca~ ignore the single-phase region. 

rha,. rcgton then acts ·almost as a single-
'. 111111 M 1980 

'o•loo 

o _ _. __ "--~- --· --- - ··"---·- .....___ -•--
OZt 11100141110 0141 
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Flg. 3A·- Pressure proiHe in a wcll as a func,ion of time 
(w0 "0.1, C0 = 25, and fluid is not flashingl . 

--···~ -···" 
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Ffg. 38- Pressure profile in a well as a tunction of lime 
· (w0 = 1.0, C0 = 25, and fluid is nollla&hin~l-
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flt. 3C- Pressure profile in a well as a function of time 

(wo =O.~. Co = 100, and ltuld is llashing in the 
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TABLE 2- DIMENSIONAL VAL UES USEO FOR CALCULATING DRAWDOWt,l 
IN WELLBORE FOR DIFFERENT AVERAGE COMPRESSIBILITIES 

lt,l THE BORE 

kh éeh ~ (iJp!·~'' Condlllons (m') (miPa) (Pa·s) 
Unflashed 6.4 x 10-" -s.oic!o-=•- 2·;;·io' ... -

(kglm .... ., --- --- ' 1.0x1o· 
Unflashed 4.5x 1o-•• 
Flashed 4.0x 10-'2 

10 

•o • 1.0 
t.6ae ce • 

e o • lOO ,a4' 

~"" 
,¡¡.~ 

1.0 .ao. 
q 

Q. • 
o ... 

~ 

OJ 

• • unflo r.hed .¡f • 7 a10·' 

D 
unfloshed,~ • 1.4alo-• a 

6 
6 floshed .~ • ... ,o·• 

• 
001 •-----· --'------

101 101 101 ' te" 
'o 

Fig. 4 - Nondimenslonal plot of sandface pressure vs. time 
lor dilferenl average compresslbililies in the well 
but for the same values of c0 and w0 . 

phase case with a large compressibility, and 'the 
parameter w0 thcn can be used to correlate thc initial 
behavior. 

lf the Ouid in the well is not varied, but ~'• k, and 11 
are changed such that khl!l remains constan!, the 
generated curve is the same. The ¿alculation depcnds 
on kh!¡t, and if this is not varied, the interaction of 
the wcll and reservoir wil! not change. (Thcre is a 
vcry slight difference in the calculations as h is 
varied, but the sile of the change is too smal!to be o( 
any use.) A more interesting case is if the Ouid 
properties in the well are varied but the reservoir 
properties are adjusted to give. the same w0 and e 0 , 
Under these circumstances, will the same curve be 
generated? Fig. 4 shows this comparison whcn 
e 0 = 100 and w 0 = l. O. Two calculations are for a 
liquid-filled wel! and the third is for a Oashed S)'Stem. 
The reservoir values used are given in Table 2. · 

·JI is a Jiu le hard to contri ve a:case· where w 0 and 
e 0 will be the same when the average cornpressibility 
in the wcll varíes as much as it does bctwccn these 
two cases. Sorne of the reservoir properties used may 
be a little eJi.lreme. However, one can see that thcre is 
exccllent agrecment between the three different cases. 
Again, the constan! friction factor of 0.04 was uscd. 

S6Z 

.2.3x1o-• 9x 10-• 1.4 X 10 ° 
5.0x 1p-• 9 x 1o-• 4.0x to· • 

The othcr propcrties of thc wdl are; '·• >ame as th01c 
used for the .:akulations done j,•r Fig. l. The 
agrccrncnt is C>P<'.:Íally ¡;ood whcn "'o> l. As w0 
dccreases, pressure changcs in thc ,.,·:! bc.:otne more 
nonuniform and the assumptions ;:·~.! in dcri\'ing 
w 0 become less valid. Osci!lations •·"·' occur in sorne 
cases, and the size of !he osdl!atioll• .kpcnd on the 
friction factor. Decause friction [,•,>eS are lll<1Íe 
significan! in a Oashing systcm, th~ /'o vs. the lo 
curve for this !alter case will Mari l•' ,l.:,·iatc at carly 
times from the singlc-ph;ose case th.:t lms the samc 
values of w0 and e0 • Oscillations ,.,,uld o.:cur in a 
singlc·phase case but would be dan:¡••tl out for the 
two-phase case. This situation exist> .. hcn "'o<< l. 
Uowever, from the vcry rough ;ut.ll)'sis uscd lo 
estima!~ Íl, Wo can dcs.:ribc lhe n,,,.. for both !WO· 
an"d single-phase Oow over a widc ""'~·~ of cases. ·· 

Heat Loss Effects 
The change in cncrgy of the rcsc1 -.•ir O u id while 
nowing through the wcllbore is .luc both lo the 
hcating of thc O u id in the borc. and t.• !trat loss out·or 
thc bore. Thc cffect of this cncrgy J,.,s is lo change 
lhe nuid hcad in rhe wcll and to iu.:rcase the tin1e 
when wellbore storage is irnportaru. n.e hcating of 
the Ouid in the bore is importan! "h'cn a "el! has niit 
b,een Oowing. A geqthcrmal tcrn¡•,·,;¡rure gradicnt 
will exist down the bore. \\'hcn thc wdl 'tarts to 
Oow, the tcmpcrature of the Ouid in the bore in· 
creases and the Ouid hcad in thc hlfe de.:rcascs. 
Decause of this decreast, the wclllt<·.tJ prcssurc in· 
creases, although the dowuhok pre»ure is 
dccreasing. TI1e do.,·nhole prcs>urc ir,df is not af· 
fectcd significanr!y by lhis !luid hc;~,!I•,·<OnJ>e ii is ll!e 
propertics .of rhe rcscr\'oir thal wntt ,•!thc llow frmn 
the rcse.-oir and nolthe propcrtics ,,f the Ouid inthe 
wcll. The eff<'CI of any cncrgy chan¡:c is to alter the 
rate al which the sandfacc Oow ralc "l'proadrcs the 
Surface 00W rate- i.e., wcl!l:¡ore S!Ol.lgC ÍS irll;tcascd, 
The density of the Ouid is affc~••·d ,i~uifiqntly by 
changes in energy, and the d111 ati••n of tromsic~t. 
energy effects is mu.:h longcr titan tt .tmicnt prcssure 
changes, However, the time wlicn wdlbore storagc 
should be over whcn the now is nol i><•thermal is not 
ob,·ious frorn the plots. Tite rate of thc cncrgy change 
can be slow enough so thar one can ••htainli strai¡;ht 
lir1e on a plot of Po vs. lo¡;(t 0 ) but "ith just a sli¡;htly 
incrcased slope resulting in a smallco ,·.,¡ituatc for kh, 

Fig. S illustrates thc effe.:t of Oui<l hcating in the 
bore on the transient downhole prC"\orc. Plmted in 
the figure is the nondimcnsional d<•wnhole prcssure 
vs. the nondimensional time for l•olh an initially 
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II'Jg. S- Translent sandlace pressure lor an lsothermal well 
cnd for a well that lnitially has a temperatura 
gradlent along lhe bore. 

' 

warm well (the flow is isothermal) and an initially 
cold well [the temperature.in the well before nowing 
is linear from 68'F (20'C) at the wellhead to 392'1' 
(200'C) downholel. One can see that therc is little 
difference in the initial drawdown for the two cases 
(wD still could be used tO correlate this early 
drawdown data), but that at later times the plots start 
to differ. At much later times, when the flow in the 
initially cold well becomes isothermal, the plots must 
coincide again. For thc isothermal case, wcllbore 
storage depends only on the changes in dcmity 
bccausc of pressure changes. When the downholc 
pressure is not changing significanrly with time, the 
sandface flow rate will be approximately equal to the 
surface flow rate and wellbore storage will be over. 
Changes in the energy have a much longer time ef
fect. Wellbore storage will be importan! utiril 

. oE/iJI; O throughout the well. For a well rhar is 
initially at the geothermal gradient, a mínimum time 
for iJE/iJI "'O is the transit time for a fluid particle in 
the well. For a flow of 800 gal/min (5.05 x 
10 -2m 1 /s) in a liquid-filled well of 5,905 ft (1800 m) 
with a radius of 0.295 ft (0.09 m), this transit time is 
approximately 15 minutes. Any heat loss to thc 
surrounding rock will increase the time unril 
lJE!iJI =O. The duration of wellbore storage based on 
pressure changes alone would be only 38 seconds for 
the cases plotted in Fig. 5. 
· In most cases when testing a well, the well will be 
fluwed until the change ar wellhead steadies out; then 
flow tests will be started. However, even in this 
situation the heat loss of the fluid in the bore will 
chaugc because of the increase or decreasc in the 
fluid transit time in the well. As stated previously, the 
effect of the heat loss is a slight alteration of the Po .
vs. 1 D. plot. If one ignored it complete! y and analylcd 
the downhole data with methods developed ·in the 
l)letrolcum literature, · the value of kh calculated 
would be too small. The numerical model of the 
transient behavior of the fluid in the well ha; been 
used to model the flow with heat transfer. Thc 
!~mperature change in the rock surrounding thc 
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fJg. 6- Effecl ol heal loss on a bulidup and a drawdown 
test. 

wcllbore was assurned to be radial only and was 
calculated using 

Hcat transfer is especially irnpurtant in two-phase 
gcorherrnal wclls because of the lar¡;c temp<raturc 
changes that occur along thc borc. Fig. 6 is a plot of 
Pq vs. 1 for a buildup and a sub>.:qucut drawdown 
test. To simulatc. the heat loss frorn thc wcll, a 
temperature gradient from ambi . .:nt w thc r.:>cr1oir 
tempera! ur< was assumed far from thc wcll and a · 
small temp<rature.buildup was uscd near the llore. A 
nondimensional represenC:trive tempc.~rJIUh." pro file is 
given by the insert in Fig. 6. lt ls a"mncJ thar the 
wcll has bcen flowing so that thc initial h.:aring of the · 
well has been completed. In the figur.:, thc plors on 
the left (labeled buildup) show Ap vs. tim.: during 
buildup with and without heat lms. The calculations 
had thc wcll flowing 12 hours beforc the buildup test 
calculation was bcgun. The plors on .thc right (labdcd 
drawdown) show the samc for thc subscqucnt 
drawdown test. The fluid flowed into the wdl from a 
simple, homogcncous reservoir with a klr value of 
22,272 md-ft (6.7x w- 12 m1). The hcat tramfer 
cocfficient used bctwcen the fluid anJ thc wcllborc 
was specified as a function or fluw rate and density. 
f"or turbulent- flow in a pipe, N~u "' 
0.023N.IIe 0 · 8 (Npr = 1), and U= 0.023 
x (pv) u¡l'o.s Do.2 (Rcf. 14). In thc two-phasc 
region, the heat transfcr coeffident was a1eragcd 
bet!o'leen the stearn and liqiud. llowei"CC, thc heat 
lransfer is controlled by the prop<rtics of the rock 
and any error in the heill transf~r >ocrficicnt U will 
be negligible. The fock propertics uscd for thc hcat 
loss calcuÍations were a thermal coriducti•ily of 1.04 
BTU/hr·ft-'f" (1.8" W/nr· 'C) and a thcrrnal dif
fusivity of 1.08 x 10- 5 sq ft/s (1 x 10- 6 m2/s). 

· 11 can be seen from thc figure that thc h,·at u;ut>fcr 
causes the prcssnre to change initialt)· ata slowcr ratc 
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Flg. 7- Effect of heat loss on a buildup curve shown on a 
semilog plot of p vs. t. 

for both the buildup and the drawdown tests. The 
deviation betwecn the two cases is smaller initially. lt 
incrcases and then will decicase when JE!atzO. 
During a buildup test, the enthalpy of the exiting 
fluid decreases beca use of the incrcased time lhat the 
fluid is in the well. As the enthalpy dccreases, the 
fluid can condense or compress more for the same 
pressure, so· more fluid flows into the wcll with a 
smaller pressure rise. In a drawdown, the enthalpy of 
the fluid increases in time and the density will 
decrease. For the same pressure, more fluid will e~it 
the well, so the initial drawdown pressure is lcss. As 
the cnthalpy change steadies out, the drawdown (or 
buildup) curve with heat loss rnust approach the 
curve without heat loss. Enthalpy changes from 
acccleration or dccelcration are not importan! in the 
pseudosteady region bccause these changcs already 
ha ve t<iken ¡¡lace. lt is only the changes from hcat loss 
that affect ihe slope of !he p D vs. 10 curve in this 
region. 

Fig. 7 shows the error in the kh value if the test is 
analyzed assuming heat loss is not importan!. The. 
figure is a plot of p vs. log[(l+<ll)/t.r] for the 
buildup test where 1 = 12 hours. Assuming that 
kh =qp./41fm, where m is the slope of the straight
line portian, thcn the kh obtained is about 21,608 
md-ft (6.5 x JO - 12 m 3) in. the buildup. Allhough not 
plotted, the analysis gives 22,938 rnd-ft (6. 9 x 
10- 3m3) in the drawdown for no heat loss. The 
actual value used was 22,272 md-ft (6. 7 x JO- l2 rn3). 
However, if the same analysis is used when heat loss 
is importan!, different values for· kh are obtained
i.e., 13,297 md-ft (4x J0- 12 m 3) in the buildup and 
17,619 md-ft (5.3 x JO - 12 m3) in the drawdown. The 
1onger the test is run, the 1ess significan! the hcat loss 
is, as shown by the approach of the two slopes 
toward one. another al later times. The straight-1ine 
semilog plot shown in Fig. 7 is seco after about JO 
minutes when hcat Ioss is zero and after 20 minutes 
when heat 1oss is prescnt. 

Conclusions · 
The carly-time response of a unit slope when 
log(pif) is p1otted vs. Jog(l) is a spccial case; ac-

564 

tually there are a whole series of curves for cach ,alue 
of C0 , a series that can be ddincd by the non
dimensional time wD. An C:\pJcssion for w0 was 
dclcrmincd that is applicable whcn the com
pressibility in thc well is rclativcly constan!. E ven in 
two-phase. wells, where the comprcssibility ch:Jnccs 
by ordcrs of magnitudes, wD still can be uscd -to 
correlate the flow because the two-phase rcgion 
dominates and the compressibility is approximatrd as 
constan! in the two-phase rcgion. In aJdition, it has 
beco shown that the lemperature changcs will in
crease the time whcn wcllborc sloragc is import3nt 
and if this incrcasc is ignored, one still can obtain ~ 
straight line on a plot of Psj vs. log(l) but thc slopc 
of lhatlinc will be largcr than q¡</4 r.kh. 

:\'omcnclat u re 

A = arca of wellbore 
e = isentropic comprcssibility, (1/p) 

(Jp/ap¡, 
e, = compressibility of rescrvoir 
C = wcllbore storage, pcV/pif 

. C 0 = wellbore storage cocfficient, 

(Jp/ap), VI Psf2 nJ>c R'" w 2 

Có .= (Jp/ap)EV/psf2"<PcRhrw 2 rl 

D = diamelcr of well · 
E = specific energy 
f = friction factor 
g = gravity 
h = rcscrvoir thickness 1 

i = specific enthalpy 
k = permcability 
L = dcpth of wellbore 

NNu = Nusselt number 
Np, = Prandtl number 
N Re = Reynolds númber 

p = pressure 
Po = nondimensional downhole pressure, 

21r(khlp.) (p,¡'lw, lPw 
!lp¡ 

q 
rw 

S 

1 

lo 
T, 

= 

= 
= 
= 
= 
= 

initia1 pressure drop in well 
vol u me flow rate 
radius of wcllbore 
specific cntropy 
time 
nondimensional time (klp.<?cRr w 2)1 
temperaturcin rock surrounding the 
wellbore 

T w = temperature of fluid in wdlbore 
U = hcat transfer cocfficicnt 
u = vclocity 
V= vo1ume · 
w = mass flow rate 

wo 
(w,¡); 

o 
</> 

p 

p. 

= 
= 

= 
= 

= 
= 

nondimensional parameter w,l ( w if); 
initial change in sandface mass flow rate 
thcrmal diffusivity 
porosity 
density 
absolute viscosity 
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Subscripls 

; = 
s= 

sf = 
w :: 

initial 
surface 
sandface 
well 
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APPDIDIX 

A numerical inodel of transienl two-phase Oow was 
used to study wcllbore Oow. A bricf outline of the 
model and its limiting assumptions is given here. 

Flow in the well is described by equations for 
· cominuity, momcntum, and encrgy (Eqs. 12 through' 

14). An cquation of stale also is nccded to relate the 
statc variabks p, e, and p: 

DECnJHER 1980 

1 ( (lp) ( (lp) dp=- - (pdE) + -- L.dp. 
p (lE p Jp o 

....... (A-1) 

Equilibrium was assumcd, so thc cquation of staJe 
was bascd on the thermodynounic st~~un/\\a1cr 

tables. The friction losscs havc bccn wtillcn as a 
friction factor f times 11. (pv 2 Ir..,). For thcse 
calculations, the slip between thc phasl.'s was a~sumt:d 
to be zcro and the friction factor""' kcpl constan!. 
Although both slip and friction effws ran be im
portan! and should be includcd accuratcly, thcy will 
not alter the physical phcnomena hcing discus;cd in 
this paper. 

The mcthod of the numcricalmodcl is Jo combine 
all four cquations (Eqs. 12 through 14 and A-1) to 
obtain an cxprcssion for the ncw prcssurc. The 
prcssurc is sol ved implicitly. Onl..'~ the lll.'W pn:ssurc is 
known, the value of pdE is ubtaincd frnm Eq. 14, 
and the dcnsity can be cvaluatcd ttsing Eq. A-1. 
Givcn thc ncw dcnsity, the vcl,,city is cvaluatcd using 
the continuity cquation, and thc cncrgy is obtaincd 
from knowing p and pdE. Thc statc variables are 
defined al node points, while thc vclocity is 
calculated at half-node points. The mcthod used is 
similar to the prcssure method dc,-clopcd for in
compressible Ouids qy Harlow and \\'clch, 15 cxcept 
that compressibility has bcc~ in.:ludcd. 

Thc fi1~itc diffcrcnce of thc continuity cqüatio~ is 

pj+ 1 -pj = _ ~pu>Jt \;,_:-__(f:vlJ"': !,-, 
di. di 

. , •. (A-2) 

where j denotes !he node points and f denotes thc 
time leve!. The cquation is ''ritlcn in an implidt 
fashion to climinate t ime-slcp rcst riel ions. · The 
cxprcssion for (pu) l+ 1 can be obtaincd from the 
momcntum equation. The finite diffcrence form of 
the momcnlum cquation is 

-pj+ y,g-J prj_ )/. J\ 4rw 
. · ............ (A-3) 

The pressure Jerm is cvaulaicd implicitly to reduce 
the time restrirtion imposcd by the small com
pressibility of the nuid, while Jite ad1cc1ion cffc,·ts 
are Jreated explicitly. lf the prc»ure tcrm \\ere 
evaluated explicitly, the time rcstriction would be 
limited by the propagation of thc pressure signa! over 
the finite space difference, approximately 
J.t<lixt(aptap¡/' or dt<lix+3,937 ft/s (1200 
m/s) for a liquid. Howcver, the resJ riel ions on the 
advection are only Jhc ordcr of J.x/u whcre u is the 
fluid velocity. • 

The energy equation is finite-diffcrcnced as 

"(EI•1-EI) v'· ,,-vt. v,· 
Pj -~__::}- = - pj+ t ::..J..!: ___ :;;;::_¡·=--'-

+2U T,_:- T..,_ (PtJ_~-- l_!>t!:..G~ (A-4) 
rw l1x 

Upwind differencing is used for thc advcction form. · 
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The expression for Oow advection must be altc¡ed 
whcn the now is not in the positive dircction. The 
mcthod of solution is to rewrite the dcnsity in terms 
of Eandp: . . 

Ap= H:;)(pllE) +(;;}~P- o o o o o o o o o (A-S) 
lo obtain (pAF.) fro111 Eq. A-4 and lo use Eq. A-5 in 
the conlinuity of Eq. A-l. Eqs. A-1 andA-~ th~n'are 
cornbincd and an expression for the unknown 
prcssure pis dctermined. The resultan! equalion is 

. 1+1 1+1 
-(2+r)pj+1 +PJ+1 +pi+1 

= - rpf + : VIIJ+ li-PIIJ-Ii )' 

- (Pj+ 1i - Pj-li )'gt.x- (Pj + 1i V~+ 1i 

. . 1 

2 . 2 ) -2Pj-lillj-li +Pj-JJ211j-l/2 

2 2 llx 
( )

1 

-f Pj+lillj+li -_PJ-Iillj-li 4,
141 

-( t.x)2( ~ ap )P ·(Er+ 1 -E') 
Al p aE J ' 1 J ' 

where 

r=(:Y(:;)E: 
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The cxprcssion for Ej+ 1 -1:.} is obtaincd from Eq 
A~. . 

The pressure in 1he resef\oir and the tcmprrature 
change around the bore are solvcd using a fínite 
diffcrence of the radial diffusion cquation. A grid 
was gcneratcd by using a logmithmic transformation. 
The pressure was kept constan! 4,921 ft (1500 tn) 
from lhe wcll whilc the lernpcrature 1\JS rnaintaincd 
at the initial gcothcrmal graJicnt 19.6 ft (6 rn) from 
the wcll. Thc finite diffcrcucc of !he radial diffusion 
cquation uscd was 

pf+l __ pf k 2 
':.J_ ___ _!:_L = -- ---·- -- --· 

Al l'rPC ( r¡ + 1 - 'J- 1 ) 

[ (p·,-p·) (p-p·')] · r j + Va _:L.!..!_ __ .'L. - '; . 'IJ .J ----· 1 -=- . 
'J+I-rj r, -r¡_, 

SI Metric Conversion Factors .. < 

cp X 1.0' E -03 = 
cu ft X 2.831 685 E- 02 = 

'F (F-32)/1.8 = 
ft X 3.048' E-01 " 

lbm X 4.535 924 E- 01 " 
psi X 6.894 757 E+ 00 = 

' 

Pa·s 
1113 . 

e 
m 
kg 
kPa 
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A PARALLELEPIPED:MODEL TO ANALIZE THE PR(SSURE BEHAVIOR Of 

• - ' ' 1 

GEOTHERMAL STEAM WELLS PENETRATING VERTICAL fRACTURE$ 

by Heber Cinco-Ley, Member SP[-AJII[, '<,E. Brigham, M. Economides, 
F.G. Miller, and H.J. Ramey Jr., Stanford Univ.; A, tarelli •nd 
G. Manetti, ENEL . 

r---------------------.,-··-----·---··~-- --·-------1 
ABSTRACT 

Reservoir geometry is often the basis for develop
ment of models used to analyze fteld transient pres
sure data. The presence of a deep horizontal steam
water interface or boiling front first gave rise to the 
idea of a constant pressure boundary. Faults sugge&t 
vé!nical no-flow boundaries, and impermeabl,e rocks over 
lying the steam tone indicate a no-Cfow cap. 

In the past, parallelepiped models have be~n used 
to analyze the n•stilts of predesigned buildup and well 
interference tests. The model described hcrein is of 
more general use, and can be used ro analyze lung-rerm 
pressure-production well data. In this study, it is 
Dpplied to analyze pressure data of a drawdown test !or 
a geothermal r~servoir. 

As in earlier models, the boiling front is assumed 
ro be a constant fluid-pressure boundary, and the sidcs 
--as well as the top--are assu~ed to be impermeable 
boundar:fes. Equat:fons ot rcservoir pressure beh.avior 
are der ived using Creen •,s functions and source func
tions. Graphs describing dime~sionless pressure as a 
function of time and various reservoir parameters are 
provided. Partially penetrating fractures commun to 
many geothermal well systems are consJdered in the 
development oí the mode~. 

JNTROilUCTJON 

Many geothermal areas are characterized by reser~ 
voirs whose dimensions ar~ controlled by sealing f~~lts 
or lou permeability boundaries. Some oí these reser~ 
voirs produce steam diluted ·vith small quantiries of 
noncondensable gases. There is often evid~nce of bO~l~ 
ing water at a considerable distancc !rom thc producing 
horizon (presumably lying below the steam r.ap). Jn 
addit1on, the transient pressure behavior of Lht"se 
wells sometimes indir.ates they intersect large. high 
conductivity fractures. These are natural fractures; 
no hydraulic íracturing has been done in any of these 
wells. 

This general description leads naturally to a 
_rnodel "!_n the shape of a parallelepiped with ~J_r~~~(j __ _ 
References and illustrations at end of paper 

houndaries. on qve sides and a co:~sr.1nt prC'ssure 
h<•undary on the bnttom. Thc- fr:1ctur~ intersecting 
thf> vel] can.be 5imulated as a rectangular-shaped 
source or sink. Such a system ~as dt:"Sr:rib~d by Atkin
son et al.l for a limited set of geornetrfc conditions 
vhicb approximated the produc1~& system in the Travalc 
area, in ltaly. Secause of the success of this ap-. 
proach. pe·~sonn,e) at· Stomford Uriivenit)" and at LNEL, 
In Pisa, have developed g~neral progr~ms for gcnera
ting lo1lg-term pressure .. p~oduction forecasts for. a 
v.ariety o! paralleJepipe"d conditionS and 11/t.'ll-fracture 
grometr:lcs. This a¡¡proach apPcars to be g•~nerally· use 
ftal, for many geotht!rtlal systt·ms ,.·orld•·ide vill 'have 
fault .. controlled geometry of rhe type dcscribed hcre~ 

The purpose of thi& ~or•·· is to dí'tt•nr.i.ne vhich 
uniquc charac,erist:lcs of ~uch system~ can be :fdcnti~ 

fied. This, in turn, yill l~ad to srcatcr confiden~c 
in predictJons of the long-range prodl¡cing charact~r
istics of these systems, 

PESCRIPTION OF TliE HODEL 

Let us consider a vell intersected bv a vertical 
fr;,cture in a parallelepiped u·:;~rvnir. a~ ~ho~ in 
Fig. l. The systf'm is bounded la~erally by vertical 
Jmpenneable pLanes; the lfP of the I•'Se_rvoir 1s a 
horizontal no-flov bounda,ry, and unJt>r1 yi nt the 
rcservoir tl1er~ is a constant pr~ssurc plane~ 

The general assumptions (or ~his model are as • 
fo1lows: 

1) The vell produces at a constant fievra\e in.an 
'nisotropic, homoceneou5 reservoir of crlns"t"ant prop
,erties (k and ~are independent oí 'pn·ssure an4 rcm
peral.ure). 

2) The reservoir contains a slishrly ro~prcssJble 
fluid 9f con5tant vfscosity~ ~. and compr~ss:fbf11ty, 
c. Although ~his assumption is not ~a]id, there is 
considcrah1e evidence that it is a ¡;ood .approxir-~.ltion· 

for gaseous sysu•ttts vhen the m(p~ funct"ion is us,c.d. 

l) Thcre are sm~ll prcsf'ur,e gradit·nts and n(·gl igi 
bJe·gravity ef{ects in the reservoir. 
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4) 'Well flujd production is via a vertical frac
ture whtch partially pcnetratcs the reservoir. The 
top of the fracture can be located at any elevation 
and the fracture can extend to any depth. 

5) The ·tnitial pressure, p
1

, is the same through
out the reservoir. 

Although the fracture can be located anywhcre in 
thc r~servoir and the reservoir dimensiona can be 
chcsen arbitrarily (the Barelli and Manetti model), 
the only cases studicd in this paper are those in 
which the fracture is located in the center of a 
purallelepiped reservoir of square horizontal cross
SP.Clion, with the fracture oriented parallel to two of 
the vertical boundarjes (Fig. 2) •.. 

As slw1olfl by Gdngarten and Ramey, the prcssure 
drop in a reservoir with any boundary conditions can 
be expressed as: 

t 
S(x,y,z,l) d1 . ( 1) 

o 

where S(x,y,z, ) represents the source function for 
the particular reservoir-well system. The term S de
pcnds on both the geometry and the boundary conditions 
of the system. The appcndix shows the derivation of 
the source function for the parallelepiped model con
sidered in this study. 

The dimensionless pressure drop at any point in 
the rescrvoir can be given by either of the tWo follow 
ing cquations: 

lil 
8 

+ erf 

I 

- erf 

+ erf 

l tOxf _]_ 

o· m 

x -2nx -1 
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where the'dim~nsionless terms in the eq~ations ar~ 
defined as follows: 

. -2 
p

0 
• 1. 291x10 

r.--:- 2 2 
M<k k h (p1-p f) 

X y W 

ZTq~ 

•o -~ •r 

X 
• --.! 

•oe 

tDxf • o. 3604 

y • 
D 

;-·Fx, 
f V~ 

k t 
X 

•o 

(4) 

Although Eqs. 2 and 3 are equivalent, Eq. 2 is 
the hetter for calculations o( dimeOsionless pressure 
dr~p at small valu~s of time, and Eq. 3 better for 
large va]ues of time. These solutions obtained are 
valid for both anisotropic and isotropic reservoirs 
according to Eq. ~. 

A computer program was written to calculate the 
pressure drop at any point in the system, at any di-
mensionless time, tD Severa! runs were made by 

· xf 
considering different values of dimensionless fo~
tion thickness; ~· fracture penetration ratio, 
x /xf, and dimens1onless fracture height, hf/xf. Th~ 
dfmensionless formation thickness varies from l to lO, 
the fracture penetration goes from 2 to 10, and the 
fracture height is assumed to be unity. 

Figures 3 through 6 show a log-log graph of 
p

0
!tn versus t

0 
for the cases mentio"ned above. The 

xf 
~ellbore pressure was calculated at the locations 
recommended by Cinco et a1.4 for the case of a par
tially penetrating well (i.e., y0 • O, ~ • 0.732, 
and z0 • zf

0
·- 0.232). 

All cases exhibit a unique' cone-half straight 
line for small values of time. This behavior is 
caused by the linear flow hehavior-in the vicinity of 
the fracture. The equation for wellbore pr'essure 
during this early time .period can be derived from Eq. 
2 by using the short-ttme approximatiOn of the error 
functions. 

for t
0 

< 0.016* 
xf 

4 
~According to Gringarten et al. 

At large values of time, ti1e w~llborv J'ri·ssurc 
drop stabiltzes indicating stcndy-state flow _in th~ 
system. Figure 7 pr~sents the stabiliz.t>d valup of 
pressure drop as a functlon of both fracture :pl•ne
tration xe/xf and diment;ionlt=ss forc.at ion thü·kn~ss. 

Figures 3 through 5 show thaL ov~r a lar~e re
gion of the graph the curves for pre!>sure Hsponse 
at a fractured ..... ell in a parallt!lcpipcd reservoir 
are similar in slope to the infinite conductivity 
vertical fracture solution for an infinitc r~scr• 
voir, 

Figure 8 is a &raph of dir.1cnsionlcss \o'C] lborc 
pressure versus the lo~arithm of dimt:nsionless 
time, This graph clearly indicates ttlat tla:se 
systeu.s do not cxhibit the characteri~tic st!::iloc 
straight line portien of the pressure versus loE 
time relationship arising fn.1m C(Jnventional•r.Jcthods 
of analysis for radial tlo~ . 

." The fracture JH'nctratiun rat 10 has a stron& 
t>ffect on tl1e transient ptcssur.:· b(!ha.,·ior in a 
parallelepipcd Tf:!'>t:rvoir, as shm.:n by Fi¡;. 9. A 
hither pcnetration r;¡·oduco.·s a hi¡;twr pn~sure drop, 
because of a smédlcr porous volume in the ~yHcm.: 

Figure 3 shows that · .. :hen thl' fr.1cture pcnetra
tion ratio is high, type-curvt- analysis methods 
can be applied to dett:rmine thc dimt.'nsionl~~~s for
mation thickness and the charactt.:risÚcs of 1 the 
fonnattori and fracture. However, in a casrdfor .:¡ 

-" low-fracture penetration ratio (Fig. 6), typL·:.;cqr.ve 
analysis may not give a uniquc ••nswer for· dimt:n
sionless formati4?n chickness be.causc the curves i or 
diffE:rent cases are too close togcther to giv~ a 
good match. 

The cffect of dimensionlE:ss for::-.. Jtion.Chicknl!ss 
on pressure bchavior is sho~·n in Figs. 3 thÍ"ough 6. 
Prt.::>surt: response for a thi"ck f ormat ion fs hi~h 
bccause the r:ff~ct of ·che con~tant ¡.Jfessun• b(luudary 
occurs late in dimensionless time. 

AS mentioned. a laq;e portion of the curves for 
diffcrcnt cases are. sim.ilar 1n shape dur'ing eArly an 
intermediate time, to the infinite conductivity 
vertical fracture solution. However. these solu
tions will provide completely diff~r~nt result~ 
from type-curve analysis. \Jh~n an.alyz.ing pft>!'sure 
data for .a fractured well in a parallelcpi¡wd r~~cr..; 
voir, the infinite ·conductivit)" solution ¡;ivcs 
Jarge estimates o! permcabilit~· as wt:ll as lo-.· c.sti
mates for fracture length. 

Although in this work only dra\o·do~.;n solut ions 
are presented, they can be t•xtcndcd to produce ~oth 
buildup and _multiflow rate ~olutiollf, by using tht: 
principle of 6uperposition. 

flowing W(•llhcad prcs!>ur&.· •·as mcasured 1n a dt)"" 
S[eam, well dur.ing a period of t1JO y.:~.us. ihe fl.,.\.dnt; 
bottomhole pn·ssure and addltional W('}} and r~~ervoi 
information are given in Table l. 

Figure shows a log-lo¡; ¡;raph of prl•!;su_re 
r;quared difference V~r&US f]o\o· time. The rrt:~~urc 

data on chis figUre show the c.har.aclC~ristic ft•ottuns 
of the behavior o( a fractured well in,a ¡1ara~~ci~~ 
piped reservóir: early data approach a onc-half 
slope straight line, and the )ate portion uf thc 
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pressure data s~ems to reach a stabilized value. Fig
ure 11 also shows the application of the type-curve 
matching technique for this case, The following match 
points are obtained: 

and 

2 2 2 (p -p ) • 10 
1 wf 

t • 1 day ; 'I>x 
f 

• 0.26 

From Table 1 and the definition of dimensionless pres
sure drop: 

Po 
Po • ( ~ ) • h0 • 0.3 x lO • 3 

l.291xlO-~(l8) (kxky) l/
2 xf~~: 

.3 • 
(0.85)(553)(205)(0.019) 

(k k ¡ 112x • 23.63 darcy-meters z y f 

From the definition of dimensionless time: 

o. 26 • 

Evidently, 

2 (0.16)(0.0l9)(0.0l)xf 

-7 2 • 9.l38xl0 darcy/m 

k k k 
X Y Z 

((k k ) 1/ 2x ]2 ( kx
2 

) • (23.63) 2 (9.l38xl0-7 
z y . f 

xf 

• 5.lx10-4 darcy 3 

~ • 0.0799 darcy 
X y Z 

If kx • ky .. kz .. k, 

k • 0.0799 darcy 

xf • 295 meters 

and h • 2950 meters 

CONCLUSIONS 

From the analysis of the results obtained in t~is 
work, the follow1ng conclusions may be drawn: 

1) The pr~ssure behavior of a fractured well in a 
p2rallclepiped Teservoir exhibits &everal flOtJ periods 

2) lnitially, a linear flow dominates the beha
vior of the system. 

3) At later times, side boundary effects are 
felt through an 1ncreas1ng rate .of .. pressure decline. 

it) At large values of time, SU!,1dy-statt.> flow is 
established; as a consequt:ncy, the ~o~cllborc prC'.t>surt
remains constant. 

5) Typl·-curvc analysis r.1'n he ;:¡pplil•d Lo di'tt.·~
tnine the constant prcssure boundary dcpth vhencv~r thc 
fracture penetration is high. 

1 

6) Although the early and intermediare time be
havior of infinitc conductivity vertical fracture 
solutions is similar to the hchavior of a fractured 
well in a parallel~piped rcservoir, resu)ts f¡um typc• 
curve analysis for both cases are di!ferent. 

7) Thc par.allelepiped m•'del s~c:ns to be adequate, 
!or dry stcam resl'rvoirs with a -.ater stC'.am sur!ace. 

r 
1 

' e"" isothcrmal compn~ssibilit)', c:n~/Kg 

h"" ft1rmation thickncss, m 

hf • fracture height, m 

k • permeability, darcies 

M 8 molecular weight, gr/gr mole 

2 p 8 pressure, Kg/cm 

. 2 
p1 • initial pressure, Kg/cm 

. 2 
pwf • flowing bottomhole pressure, Kg/cm 

q 8 mass flowrate, ton/hr 

S • source function 

t • time, hrs 

Te reservoir temperature, •K 

x 8 distance in .x-direction, m 

xf • hall-fracture length, m 

xe • boundary location in x-dircction, ~ 

y • distance in y-dírection, m 

Ye • boundary location in y-direction. m 

z • distance in z-direction, m 

zf a elevation of midpoint of fracture, m 

1 
zi • gas deviation factor, dimensionless 

~ • viscosity, cp 

~ • porosity, fraction 

~ubscripts 

O • dimensionless 

e .. externa! 

f • fractu&e 

i • initial 

•. 

. 
. ' 
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w • wellbore 

t e total 

Special Functions 

erf(x) .·L 
lñ f

x 
:e 

o 

2 
dn 
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Porosity, ~. fract1on 0.16 

Reservo ir temperature, T, 'K 553 

Molecular veight, H, lb/lb-mole 18 

Kg/crtJ. 
2 

55 lnitial pressure, pi,. 

2 2 2 2 
t (days) (pi-pw~)(Kg/on __ > __ 

90 788 
100 828 
120 871 
140 927 
160 982 
180 1032 
200 1066 
240 1134 
280 ll74 
320 1205 
360 1233 
400 1254 
440 1263 
480 1279 
520 1288 
560 1297 
600 1304 
640 1307 
680 1310 
720 1310 
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fig. 2 - Frattured well in the center of 
a souare parallelelpiped reser~:::lr. 

rig. 1 - Fractured well in a paralleleplped rt~ervoir. 
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Fig. 3- Log Polho " loq 10, 1 
for a fractured we 11 in a parallelepiped reservoir (xelxt : 2l. 
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fig. 4- log Po/ho vs log to1f for a fractured well in a para11elepip"Cd reservoir (xelxf "' 3). 
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flg. 5 ·- log Polho vs log toxf f_or a fractured well in a parallelepiped reservoir (•e/•f ,. 5). 
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\ BEG.INNING OF STEADY·STATf FLOW 
2 

.o·~,------~~--~---~----------~----------~---------~ •o· •o·• 10 10 103 ho 
•o., 

flg. 6- log Polho vs log 10,
1 

lora lraclured well 

r----------.----------.---------.----------.---------. 
tn a parallelepiped reservolr (xelxf = 10). 

fig. 7- Stabilizeo value of (polhol vs n0 as a function 
of "efxt-
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for a fractured well in a parallelepiped reservolr heh·t = 2l. 
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Pressure Transient Analysis for Geothermal Wells 

H ENRYJ. RAMEY, )R. 
· · Stailford IJniliersity, Stanford, California 94305, USA 
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ABSTRACT 

Throughout the geothermal literature. concern has been 
exprcssed many times atJc?ut the polential effect of precipi
tation of solids al the wellbore lace, throughout the drainage 
region of a geothermal well. and about the periphery of 
a geothermal reservoir as cold recharge fluid contacts the 
warmer geo.therinal fluids. Many field observarions indicare 
.such concern. For example, ir is well known rhar steam 
wells in Larderello, Ita! y, decline in rate during producti<¡n, 
and have an active life of about 12 years. Similar declines 
in producrion rare are often observed in thc production 
histories of gas and oil wells. For this reason. the spccialry 
of prcssure transicnt analysis has been developed to aid 
dctermination ol the reason lor such rate decline. In addition 
to prccipitation or plugging ol thc porous media near the 
well iacc, other rcasons lor decline in producing ratcs include 
o.decrease in thc formation preuurc and low initial formation 
permeability. A review of tht history ol pressur< transient 
analysis and applications to gcothermal wells are presented 
in this paper. 

INTRODUCTJON 

Throughout the geothermal literature. much concern has 
been expressed re~ardin~ potential prccipitation ol sulids 
at thc weUbore lace, throughout thc drainagc volume of 
a geothermal well. oral the pcriphcry,ol thc drainage volume 
wherc rccharging cold fluid meets the hot ¡;cothermal reser
voir. The polentíal d:·,mi.lgc to th( productivity of a get.llhti!r·. 
mal wcll. not to mention the reservoir propcr. i!r\ the m;.1in 
reason for such com:crn. Simil>tr concc:rn for decline in 
productivity or lor low producin~ ratcs of ¡ms and oil w<lls. 
has b.!cn cvidc!nt in lht petruh:um lih:r;uurc ur rh~ Unit~d 
Swt<s almosi lmm thc time uf thc drillin¡: ,,¡ thc Drakc 
'ACII in Pcnnsyl\'~ani:l in 1:0:59. \\'ithin ten yc.•:ar:-. llf lhat time 
patcnts ain1Cll at imrrtwing thc rrtkludng t..'hilrll~h.•ri:o.lk!oo 
uf ,,¡¡ wells ~gan hl arf'\!:lf. 
-~~o¡ccM&é*Ql11¡¡;¡¡¡;;¡¡w¡!\iCiftlmlJ1'ft¡'.ji!Q!lr 

fñ~ipiliikG1iit&aniii 'f S iii&i&Ai!RiiüiifSI$Cr. 
.Thc rurp..l:o.cs ,,( rrcssur,··troan!'lit..•m· :an;tl~·,is ir11..·l•rd•/ ~h\! 
fulh.lwin¡:: (1) t.kh.'rminalitlll or thc ~\lth.lili,m ,,( th ... • \\"'''· 
!bat is. "'h"·lht..•r thc.• ... anll f:t~o.'C :11 tlht w,·lll'''"'' '' J;un;'!!'.'d 
''r. ha, ~·t..•n •aimul;ar...-J: t~l lhc 'lu:uuirati": \;,!u .. · ,,( thc 
p~o·rnll';a~ilil)' in ·llh.' dr:una}!C \'ulumc ,,( th~o.· \\di: t.'l llh.' 
m.:-an form~llitm rrcs'ur"•: :111J C·U ~u:uuir:alin.· inf,,nnatiun 
CtHh.'t..'rnint! th"; 'hart• ;mJ ,¡¡e ,,f lhc Jrainai!'-' ,.,,l111m.' ;uh.l 
ih Jlllfusily. Qu:unirmin.· inf,,rrn;,lli,u. lllllh .. • rn.· .. · .. ·,hn!! fuur 
ih.'m' ath\'ÍaHhl)· Wtllllt.l furni'h ;m,\\L'rs. 1•' 'llh.":o.li,,," 'lh.'h 
a!l; jl'l lhL' ltlW f'rtl\111-.;Ü\ it)" \tf a ~i\Cil \h'll ~U'-' hl plll)!¡!lll!-= 

of the well, low formation permeability. or a low driving 
force and/or formation capacity available for moving:fluid 
into the weJI? This information would provide a sound basi5 
lor decisions involving costly stimulation ol a well, or' 
perhaps other operating procedures. 

Quantítative tools have becn available lor performinK such 
tasks since the early 1950's. In view ol the potential 
importancc of this information, it is worth considering why 
it has not becn uscd to much cxtent to date. Thcre ar~ 
several reasons, onc being a mistaken imprcssion in gc:other
mal circles that oil reservoir enginecring can be applied 
only to closed systems not subjcct to water rccharge. Anothcr 
reason pertinent to prcssure-transient analysis is a widc
spread beliel common in both geothcrmal and petroleum 
scientific communities: that the simplifying assUmptions · 
common to most analytical solutions are not applk:able lo 
real. nonidcal rcservoirs-particularly fraclUred reservoin. .. 
This belief i.s logical, but largely not correct. ~ 
slrííjilifjUñ,f:amunmfnnsamnlt1iJIIIZJit1ff'ct•n•;;t!P
nl4lbff&tiW llíí\Cf~&nv C+lllijQ!r'QS&7t'!ltfiMtntiSKII 
ni:it~any lractured S)'Stcms ha ve 
been lound to behave like ideal homogcneous systcms with, 
at most. simple anisotropy. 

Wc now turn to a briel review ol thc history ol thc 
dcvelopment o( prcsSure-transient analysis 10 pro"·ide a 
bridge to the curren! state of this tcclonology. 

HJSTORY 

In thc pctrolcum literature alone more than 300 technicaf 
papcrshave bctn published on !he subjcct ar pressurc-tran
sient analysis in thc past 4.S ycars. A similar number o( 
publkations cxists on pump h:M anaJysis in thc fi~hJ o( 
ground-water hydrology. This 'litera tu ro has dc\'elopcd be
e:... use the pressure behavior of a well is easil)' mt:ac.ured. 
and is a highly useful qua~tity. lnsuuments for me:asuriOg 
maximum pressures in oil wells wcrl! dcvc:lopcd ami usclJ 
in ahc Unit..·J Statc~ during thc c~trly 14~U's (C;•rJcr. 1%11. 
These Ucvkes incluJcJ hourdon tul-ae g:tugcs which \\luult.l · 
rct:tntl vía "' ~tylu~ mark on a bhtd .. cn.:d m .. ·wl shecl. ;m,J 

· lhc measur"·mcnl of Ji4uiJ kvcll'l in w~..·lls utili:ting rlal~lh 
or "1oi~ cch,,cs. U y 1931 ..:'lHttinut'U'IY rc~tw.Jin~ instrum'"""''"· 
"h:h as thc .-\nt,•r:¡Ja :mJ Uumhlc :mJ \ladl.m;,¡)J ¡.:;m¡;."''· 
"'"'n: ;,¡v:tilal"llc tMillik:m ;,111d Silh"cll. )tJJI). 

Onc nf thc L"<~rl)' :&pph~ati'm' for l"'lllllll·ha•h.· prL',,Üh"' 
in wcll' wa,. a mca,urcnwnt ,,r th .. • ··,l~•lit:'" f,,rm;ui,m 
prc,.,urc. ,\ftcr a wcll.h:u.l tx·cn do .. l.·J in for ;,1 p .. ·ri,"J ,,r 
lirnc !'oiKh ;,1s. ~.fhl 7:! ht~ur·!lo, a t"tt.tllom·huk P'C"III"' nh:a .. ur .. •· 
mena w;¡,· m;uk :t!l. ;¡n inJi~atiun uf lhc 'loali~ f\lrm~ui,ul 

1 :- .&•J 



J'lfL'"IIfL'. Tlh..''L' 'latk· mca,III'L'I111..'111' imlk·:IIL'd thL· fo1mati~o'll 
prc"urc in J'IL'rnwabk. hiJ!h·pwtluL·ti,·it)' rL·,~·n·,,ir,. J·.u,!-!t· 
Rl'Cr~ "'OOil fCl'UJ!IIÍ/l'J lhal :<~olaiÍl.' (lfl'~'\lll'l' llll'a'\IIIL'IIIl'llh 

LlcJ'IL'mll'll J!rL"atly uptm lhc d,,scd-in time. ThL' l~ol\\l'f thl' 
fll'rmcahility. thl' h~tt¡.:t.:r thl' tiniL' rL'quir~o:d fnr tiH.' pr~o.·"ur~o.· 

m lh~ wcll hl stabili/t:. Thi~ h: .. l hllhc imp~o1rt:mt IL':IIi/;llll'il 

lhat whcn a wdl Wa!\ clo~cll in. 1hc tlur;1tion ~o1f lh~o.' fll''"llrl' 
huiiJ·ur was •• rdl ... ·...:tiun nf thL" Jll'Tilll':lhility ~.,,f thL' fl''cn nu 
wck aroun...l that wdl. 11 :•rrliars th:11 onc uf lh~o.· fir ... t 
...JctCflllÍilillÍllOS of fl'ITillaiÍUR rcrmcahiJity fur (lfl'S'\IHI..'·ll'all· 
sicnt ll;.tt:a \'-'iiS puhlishcd. by Mour. 5~-:hilthius. ;mll Hur"t 
in 1933. Many papl!rs conccrning pressurc tr:msicniS c.:au,cd 
~y water influx into uil rescrvoirs bcg:m hl aprcar in th ... · 
lollowing years. . 

A classic !'.tudy of pressure-transient omalysis invuh·,:·d 
in the pump testing of water wells was puhlishcd hy Thcis 
in 1935. Among other lhjngs, Theis discussed analysi' o! 
pressure recovery data. Pressure recovery data are refc:rrcd 
to as prcssure build-up data in petroleum engincering. and 
consist of information obtained after a wcll had produced 
at a constana rate ror a Period or time. and was then shut 
in and its pressures allowed to equalize. Theis su~ested 
a lorm o! graphing and analysis which remains one o! the 
basic techniques employed in petroleum engineering to this 
da y. The method was discovered independently sorne filteen 
years laler by Horner. The Theis pressure.recovery graph 
o! ground-water hydrology is known as the Horner pressure 
build-up graph in petroleum engineering. Horner did intro
duce the impor:tant concept of estimating the mean formation 
pressure which would be obtained in an enclosed reservoir 
system at an infinite shut·in time. 

In 1937, Muskal introduced a graphical melhod lor deter-

mining the ultima te static f~~rm~· ~at~io~ni;.~¡;l~ro~m~bo~l~lo~m=-hole pressure-transient data. ·=== During the 1940's there wére many classic sludies. Many 
important papers appeared as Geological Survey .. water 
supply papers. Notable are publications by Wenzel in 1942, 
and Cooper and Jacob in 1946. Jacob also prepared a classic 
chapter in the book edited by Rouse, on engineering hydrau
lics, in 1950. Because the readership of this paper is apt 
lo be familiar with publications in ground-water hydrology 
in the geophysical, geologiéal, and civil. engineering litera
tures, the main emphasis in this paper will be on publications 
in the spec~fic arca of petroleum engineering. Also notable 
in the 1940's was a publication by Elkins in 1946, which 
presented graphs for inlerference analysis similar to those 
used today. and publications by Arps and Smith in 1949 
dealing with pressure build-up, and a classic study by Van 
Everdingen and Hurst in 1949. The Van Everuingen and 
Hurst study pre<ented applications of the Laplace trans
forma.tion for.s.QlvingJransient now~problems in reser.voirs.
The main application stressed Was estimation of transient 
water influx (water recharge) into oil reservoirs. However. 
lhe authors did dist:uss applications to pressure·transient 
analysis for individual wells during presentation o! the 
material in the late 1940's. 1t is clear that many rescarchers 
were invesligatins quantitativc analysis or pressure transient 
data in the late 1940's-

WELL TESTING FROM 1950 TO 1966 

In 1950, two separare publicatíons appearcd which are 

jWUdl/j/Wislliü"ll i/S /118~illi11Ji lilE {1/lldf/111~·¡,¡;¡/ll:ni< f¡¡( 

\;\O\f "'""'' "-1 '"' ''""'••f'.o~ ri. 
f)f...,t ~·· 1'1·')-

lll'''krn '"'11 , .... ,, an;1ly,¡,_ Thc, ... · indud,·d th~o.· J'.lr~o.·r- by 
llo1n....r. ;1nd th~o.· J'I·IJ'~o.'r h~ f-¡1dkr. f)~l''· and ·llut..:lltn .. ,lll. 

'1 hL' ~1ilkr. 1>~ .... ,, lluh,'hlll,tHI ,¡mi~ indh.::lt~·~l 1h~1l 'la ti..: 
pr l..'"lllt.'' d 11 r in¡.: pr~o.•" ur t' h¡ul\l·llf' 'IH '"'" h~· p .1ph"·'l ' ~o.'l ''1' 
th~o.· lt'J!.;II·irhm ''.f lh~o.· 'hut-in tilll~o.'. On th~o.· ''th~o.·r h~uhl. th~o• 
ll~oll'lll'l 'llhl~ ind,~.,·;,¡~.,·,lth.lt ''~tlh.' l,uil\1·111' J'll~'"lll~o.' ,h,,uiJ 
¡,,. ¡..:t;q,ht·d ',., '11, lhl' 1".!-!·111111111 ,,f ;t trnw L1tit"' in'''"- illl! 
th"· ,um,,r tht' r,,,du"'lll!-= tlllh' plu, thl· 'hut-in tim~..·. Jl\.i~okU 
h~ th~o.· '\hlll·lll lllll~o.'. lhllh )!I.IJ'h' \\l'h' fl'PtHh.•,f hl J'h'.JUL'l' 
~11;1i,:.:ht Jiu,·,, th~o.· ,f,,p ... · ,,r \\lu.:h \\,,, im~.,·¡,~,•ly f'"''~'ni,,n•tl 
hllhl..' rtlrlll~tlilHI pl..'flll~o.';lhilit~ 1'~ jll\'~o.'Í'dy lhl..' ,;lnll' rd~IIÍ,\11. 

l\ln(u,ion b~.·t\\~o.'~o.'ll lh~.· \'alid11~ ,,( tlll' r""'ulf, uf lhCsl• IWO 

IIICiht\lh h'lll:tilh lO lhÍ'\ J.lll..'. dc,pÍII..' lhl..' (a..:l lh;at R,;¡ntq 
;¡fltJ Cohb ,·,,Ji 11 ~htn\ "·d th:tl lh~o.· Ut\rn~o.·r (or Th.:isl ¡:•arh 
\\':1~ !!Cill'Ltll} thc mo ... l rd1~1bk. 

Figur"' 1 rr~..· ...... ·nt' a ~lilkr-Dy~..·~-Huh.:hinson [!.r:1ph f,'lr a 
wcll in lhl..' l."l..'nlcr ,,( ~~ ~t..¡u;ul..' '' h~ols~ oul~r hounJary is 
suhjccttu ;1 full rl..'l..'harg..:.lhat is. Cl\11Slant prc:s~ure (Ramty. 
1\.umar. ;,mtJ Gulati. 197:\). Dim~nsi\ml~ss huild-up pressures 
are graphcd vs Jimc:nsionle:-.s :ro.hut·in time. The dimensionless 
producin~ time prior to :o.hut·in is shown as a parameter. 
The dimcnsionless ~roups are delined as lollows: 

k/r(p, - P.,) 
Po.= . lor liquid llow (1) 

0.4568•·" qBI' 

MkhCp.'- P •. ,') 
Po. = . for flow of steam or gas 

0.2789 qiL ZT 

(4) 

ldentilication o! symbols and units is preseitted in Table 
l. A delta symbol belore the symbol 1 lor time indicares 
a period o! time t.t alter lhe producing reriod or time ,_ 

Graphs similar to Figure 1 may be lound lor many dilferent 
well drainage shapes, for wellslocated al almos! any posilion 
;.,ithin the shape. and with any combination o! closed or 
recharge boundaries on the shape. See Ramey, Kumar, and 

11) 
·o 

Q. 
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Symbol 

k -h -p 
VK -q -8 -.. -M -,. z -n -R -T -
Pa -la -4> -e, -

r -
'· 
A --m -
• -A p..,..., -FE -p" -

Co 
e -C' -•• ., 
'r -p -

'o -e, -
~ubscripts 

w -1 -• -f -, -z -o 
f -... -j -1 hr 
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Table 1. Nomenclature. and pressure squared P.r log cycle for steam. Figure 1 
may also be used 'to find both thc mean pressure ¡; and 

Meaning lhe rechargc pressure p ,. . 
effective permeability. to flowing phase', darcies -t Figure 2 is a general Horner graph for a well in thC center 
nct formatioo thickness, m of a constant prC:ssure square (full recharge)~ An inririitely 
~essure, kg/cm• 3 r~ ......- v .long shut-in would caUse a time ratio Or unitY. and a 
specific volume al standard conditions, cc/gm 
produC1ion rate, tons/hr (!OOO kg/hr) dimensionless buildup pressure p o. of ztro beca use the well 
formation volume factor, reservoir volumes/std would return to the initial P.ressure p1 on th~ recharge 

volume boundary. The parallellincs o~ the lower right-hand portien· 
vi5C05ily of flowing fluid, cenliJX>ise of Figure 2 bear. the same r~lationship betwcen S!ope and 
mole<:ular·weight, sm/gm·mole permeability as given previously by Eqs. (5) nnd (6). Thé 
real gas law deviation factor (pv .. ZnRT) . 
B"1 moles . _ .. .. . ~uild·up lines appear. lo move Thto, the r!ght os produ_chi~g 
84.78 (cu cm-kg/cm2)/(moles-°K) -ltme prior to shut.;m mercases. ~ stauc-pressure wu m·· 
absolute f01mation remperarure. oK the drainage region at the shut-in ti~e can al so be found. 
dimensionless pre~sure from the dashed line. 
dimensionless lime 
porosily, lraelion 0 ¡ bulk volumé Figure 3 presents a Horner-type graph for a well in a 
total system effeclive isothermal compressibility, closed square-a depletion case. Ono· distinct difference· 

(kg/cm 2 )-
1 

1 from the previous fiGure is that the iines appear to move, · 
radial distance from a constant rate well, m downwards·. rather· than to the right. Thii~i'ilVrot!fl'a 
well radius, m ~ 

cliara-.Cñitlc'~:iliffeic.' :ñéim)e1'1Yeeñ:'cJ&lEd'~ílíi~Ale~IWf. 
drainage area, m' slíií¡;e5~~1.'14i@iidr.i'iifi'g'~~~ 
time, hr 
slope of semi·log graph, (kg/cm'J/log cycle for pmWAAiiu5idit1tesi&WnW>tli'fón"gB'.:jil®iil&i@iíliiei:¡if.tQI' 

Jiquid; (kg/cm'J'/Iog cycle for gases 
skin effect, dimensionless 
see Eq. tO· 
flow eff_iciency. s.ee Eq. 11 
Horner's false pressure al U+ tJ.tl/tJ.t = 1 
dimensionless storage conslanr. ·see Eqs. 13 and 14 
wellbore s10rage, tons/(kg/cm'l 5ee Eq. 13 

.wellbore Slorase. lons/lkg/cm'l' 5ee Eq. 14 
hall lenglh of side of square enclosing a vertically 
fractured well, see Fig. 11, m 
vertical fradure length from center of well to tip al 

fracture, m 
horizontal fracture radius, m 
volufnetric average pressure within drainage 

region resuhing from constant-rate productton for 
a time t 

dimensionless radius, r/r w. 

isothermal compressibility al gas, (kg/cml)- 1 

bonom hole, well 
surface 
static (zero surface production rate) 
flowing 
radial dimension 
vertical dinX"nsion 
dimensionícss 
fracture 
bascd on drainah'l" arPa A 
initial · 
at on<> hour on ~·mi-In~ str.1ight liOt.• or it~ t••t,•nsiun 

"' 0.0 

2 

3 

10 

o.1a2 as 
J.O•IOA, 

102 103 104 

I+L':.I 
t.t 

Figure 2. Horner graph for a well in the e en ter of a consta~t
pressure square. 

Guloati. 1973. Th~ para! h.·! straighl lint:s in th..:low~r ldl-homJ 
.,,, ... ¡,," nf Fi!!Uf~ 1 .,,,~,~S .. a sl,·r~ inn.•rsdy rmrtlrlitm;~l 
hl th~ df.:cti\'C f\l.'rllh.'~lhilit~· hl th~ fhming·rha.;c, ur hl. 
lhC tlltóll nlllhilit)" tk, fJ.) ftlr :tlt rh:I~CS fltl\\"iiiJ:! in lht: ·t.·asc 
uf multirh;a~ .. ~ fluw 1 ~lallh"•ws :u1J Ru!'loscll. l9f,i). Th~ 
rd;ui,,n,hip l~''"':cn_tht.· !'lol,,r~ ;ntd tht.• r"·rm"·ahilitr ,,.: 

2 

l.~) 

1' \ .. .,. 

lhc si,J(lt.' m h01:-. unit!<ro nr (11\'"llf\.' pcr ,,,~ ro: y~.:!~,· ror lir.jtll'''· 

l.----- ... 
10 -~,-· ···-·---·· ·,¿J --·-·-··· ""ió• 

1 • M -lü ·-

Figun• ]. Horrwr gr.1ph iur il WPII in lhf' l"l'r11(•r ni .1 c.:lost'tl 
SQUi.Ht..'. 
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~"i..: Ant,lhn imporlanl U\il' of ¡:¡ 1~u":' ~ ami .1 b 
"'.stinmlitm uf lhl' ~''"'"''Y· Ir lh"· inilial Jlf~!<>slln..' 1'. ¡.., known, 
f1cld \':IIU'-'' u( !'u. ~\lll he cakulal~J fwm: · · 

p,- "··· t71 
n.H7m 

U~t:;IUsc 1 he 1 inlf..' ratio for 1 h.: fi.:IJ J.ala and lhf..' dinh .. 'll . ..,Ítlllh ... ss 

IÍml.! ratios ••re lhc samC. ficiJ data com he g.raphúltHI cithL'f 
Figures:! or :\ (or nthcr.nppropriatc figurl'S f,,r.tllhL·r shapL•sl 
;md tht! Villue of th.: dimcnsionlcss pmllw.:inJJ lime. t •n· 
rc;¡d as n parümclcr. From Eq. (4). eh c·,A c;~n hL' ~o:akulatL.'d 
hccause k should he J.:.nown from thc slorc: of rhc rwrm;¡l. 
huild-up graph. In the cvcnt that thc thickncs!'i. Ir. is. n1lt 
known, then d)c:,lrA may he calcuiatcd-thc rcscrvoir p1u.: 
volume-comprcssihility prodÍJct. 

Figure 4 .presenls a Muskat graph for !he case of a wcll 
in the centcr of a constant~prcssure square. The slopes of. 
thc parallel straighl lines are related lo the porosity of the 
sys!em, while .!he pressure intercep!S may be related -lO 
the effective permeability of !he flowing phase. This inter
esting build-up graph can· ofien be prepared with very linte 
knowledge of reservoir conditions. However il should be 
used with care with full knowledge of the pilfalls involved 
in lhe graph. The same can be said of all of the common 
bilild-up graphs. Recen! studies show it is possible 10 
invesligate each lypc of graph thoroughly by empirical 
methods and 10 clearly define !he regions of usefulness 
of each graph (Ramey and Cobb, 1971; Kumar and Ramey, 
1974). 

10 
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OF .STRAIGHT UNE 

,r~-025 
Pws= P 

............ _ _,--o,052 

toA· 

~0.2 
0.1 
0.05 

0.02 

0.01 

0.005 

0.0.02 

0.001 

103~--~----~----_L~ 
·O 0.04 0.08 0.12 

.6tDA 

Figure 4. Muskal graph for a well in !he cenler of a constanl
pressure square. 

'I"IIL' r'fl'l't.'dÍnJ.! nwllh'd' ha\''-' bL'l'll applkd 1~1 J.!l'¡lJhcrm;aJ 
w~.·JJ,bt;• \\ nh ''h.-'""'"''' 1 lbmt:y. 1~7n: K:nlll'Y aiHI ( i1 in¡;;u h..'n, 
~~-:~: and ILIH.:IIi "''al .. I'J7,ciJ, Fi~ul¡,' 5 prL'SL'nts. a llorn~.·r 

huild·Hfl l!l;aph ftH a ~~..·,,lhL·nnal "''"'am \\L'II al Th.: (it.'\'!lot..'r!\. 
ThL· prtlpl'l ,~,.•nJÍ·I~'!! ..,¡rai~htlint.' i:-. !\lhl\\"11 tw.thl'·s,,J¡j linc 
Tahk•:! pr"''L'Ills tllh~..·r patin~o·nt d;1ta f~,.,r lhi~ tran!'>i"·nt ll'sl: 
t'lnt.;ruu¡¡,ruJ¡o¡;!iltu."<llm1lmlli•1íi<iEi•lllmn;w,.¡n~¡u.m 
~;:¡ñl-<l"''Z~Wli'j!l•*"" At .. íli~tl'ñí¡¡bL'finGI¡. 

· siliJii:¡<'Íl"fhN•mllll~bl:l:llri:IL~TQ~'5l:m. 
Tahlc ·' P~''-'!<ofo.'lliS tllht:r infnrm:llinn for lhis well t~sl. rortu
n:IIL'Iy. n"'''" mt'IIH,ds ;are nuw a\'ailahk "' aid sl'ic'-·tion of 
thc propl•r straig.ht linc. as will hl' tli"L'us..;t:d in a lah.•r SI.'"Ctior'l. 

In thc. l_ci~y~.·ar peri,)ll fmm 1~50 thHHI~ 1965, maOy 
impllrlanl hask papt:rs in prcssurc-transicnl anah·sis 
tlppc;¡rt!d in tht! pctmkum cngint!cring litcrature. Not:.1hlc 
are puhlic:llions ~y Van Evcrdigl'n (19:\~) and Hurst (IIJ5."l). 
conccrning.tht: ~onct:pt of the skin dft!ct omcJ the qunntilative 
cffl!ct of \\o'l'llhllrc damotgc on thc pl'rformnnce of a well: 
thc: clnss.ic study hy Mauhc:ws. Brons. and HaZebroek in 
19~4. con_cerning determinittion 'of mean pressure for closed 
reservoir systems: Perrine's review of pressure build-up 
analysis in 1956. which presented !he firsl sound analysis 
of muhiphase-flow pressure-transient analysis; and in 1959, 
Martin presented the theoretical foundation ior Perrine's 
method for multiphase flow. 

Let us éonsider just a few of thesc findings in more 
detail. ~mgmutiimkmtelfet4 GflW'fiiift 

m ~1liCI'illli1liV 

•• " 

10 10' 10 

STEAM WEl.L A 

10 10' lo' 

Figure S. Horner bLitdup graph lor Geysers Steam Well A. 

Table 2. Pressure buildup data lor S!eam Well A. 

Symbol · Value 

q. 26 tons/hr 
r - i2"240 hr .. 

'""· 0.122 m 
· .,_ .,. 0.0226 centipoise 
·e, Q 0.032 !kg/cm't-• 

Z a 0.64 
--T a 515"K 

M 18 gm/gm mole 
m 262 (kg/cm'J' /log cycle 

Puw"J a 260 
P.i ..,. 103.7 
p•"J .... 1245 

Tolal dep1h is 663 m;"~"'" hole below 110m. 
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Figure. 6. · Horner buildup graph for Geysers Sleam Well B. 

tiitiiij¡: These invesligalors said that they had. found that 
producing pressures generally did exhibit semi-log straight 
lines, but they appeared lo be displaced. They reasoned 
that sorne rcsistancc to flow existed at the sand face, and 
.that it could be handled by adding a dimensionless pressure 
drop across a skin al the well face: 

(8) 

Eq. (8) applies for liquid flow, and a similar expression 
may be written for steam flow by using the form of Eq. 
(2). The skin effect, s, can be found by combining the 
flowing pressure p._.1at the instant of shut-in anda pressure 
obtained from the semi-log straight line during build-up at 
one hour of shut-in time, p 1ht. This pressure must be read 
on the straight line or its extension. The proper relationship 
l6'/lilí410\Uiii 

. [ , , k ] •a 1.151 Pnv: P-t 1 . . 00387 (9) • - os,. + . 
<!> .,_c,r .' 

Ap •kin = 0.87 ms (10) 

The pressure drop across 1he skin is usu"ally used to computC 
lhe flow:éffféieñéf"oT~h'e·~err::Fi\'l 

Table 3. PreSSUI~ buildup dala for Sleam Well B. 

Symbol 

q e 26.7 lons/hr 
t .... 540 hr 

r. 0.122 m 
. JI. =. O.Oll't•nlipt•i~· 

V.tluc 

c. = comptt•,:>illlhh· oi 'ih'.lll1. O.O'l-l tl..¡::.'cmll · 1 

z 0.1184 
r ... "'"'r·..: 

At = W ~rn,'¡.:m r.llll,• 
m = Sil.] tk~lnnJ):¡In~<)·(·ll• 

ll11,.Z = 'H ~~~/nn:¡J 
,,. o 4'J.1 

p•l ... -&J-1.7 

''· 1.: .:!1.4L.J.:/I.'nl: 
lol,ll ''''fllh •·• 2hl.'i 111; Pl~'lll\t)l,•lk·lu\\ 111'1.:" 111. 

3'1 
FE= p•- Pwt- Ap.._¡" 

p• - P-t 
(11) 

For liquid flow, Eq. (9) is slightly modified:' the pressures. 
are no1 squared. · . 

The dimensionless skin effect has the following inter- · 
pretation. Tbe valúe of s will be positivo if the well is 
damaged, Zero if neither damaged iior stimulated, -and 
ncgative if the well is stimulated. The flow efficiency is 
thc ratio of the actual flow. rate per unit pressurc drop 
(productivity indcx) to an ideal flow rate per unit pressure 
~drop ne·glecting the pressure loss a.cr_p~s th.~_.s~in._ 

The effect of the skin can be seen in the early portion 
of a prcssure build-up test. lf a well is stimulated and has 
a negative skin effect, thc early portion of the build-up 
will appear as sbown for the Steal)l Well A case on Figtire 

)._The build-up pressures will approach the semi-log straight 
iine from above. If a well is damaged, build-up pressures , 
will approach .the semi-log straight line from belo.; as 
indicated in the right-hand portion of Figure 7 for Steam 
Well C case. Another important phenomenon can cause 
a build-up lo have the same early shape as the damaged 
curve for F_igure 7. This effect is known variously as wcllbore 
storage, annulus unloading, and afterflow. The cause of · 
the cffect is that the sand-face fluid flow rate does not 
respond iilstantaneously to changes caused at the wellhead. 
lf a wcll is suddenly opened ai a constan!' rate, the first 
production results from expansion or dtpletion of wellboi'e 
fluids (annulus unloading). lf a well is suddenly shut in 
at thc surfacc, fluid continues lo pass through the sand 
face al the bottom hole as if nothing had happened (after
flow). Both effects are a result of the wellbore storage 
vol u me. Beca use the wellbore storage effect causes the same 
appearance as a damaged wellbore in the early build-up 
data, it is possible to mistake a siorage effect for wellbore. 

·damage. An example of such an·effect for a steam well 
was presented by Ramey (1970) and reanalyzed by Ramey 
and Gringarten (1975) al this same symposium. 

Mifiji2prionomafi&li!CilliiéliM1I'ppaaiiBMWChH+m<ie 
Ex~mples are parthil penetration of the formation, cementing 
casing in place and gun perforaling, bore inclination from 
the vertical, hydraulic· fracturing, acidization, boiling or gas 
evolution from produced liquids, condensation of liquids 
from produced gases, and inertial (non-Darcy) flow effects 
at high .velocities, to name a few. ~.teil';;t:eññ&f. 

~ •• 

STEAM WELL t 

Figure 7. · Hornl'r huildup gr.tph for Gt>y,t•rs Sh•,1ni W~·ll C. 



;¡ &'N1S•~fct11.. ~bny pnhJi,hnl ~tudil.'' '''"' a\·aibhl .. · 
Wfli .. ·h ~o:;lll hl' ll".'d hl l.''li!ll;th,' lhL' 1111.fl'r n( III.IJ!11illldl.' ti( 

· sw.:h p!<r.t:Ud••·,t..in dC-.:1..'1!1. fllnlll!l. ;nul ~LHtin~.f'Jhl; ll:uri,. 
Jl)hl•; H.:•m .. ·y. I'Jh.'i; Cil'illgat"ll.'ll, HanJI.'~. ;¡n¡l H:•J.!ha\·:tn. 
197.~1. 

l.ct U !l. now ..:t•n,id .. ·r thl.' d:i!I.\Í .. · ~tmly hy ~1alllh.'\\ !l., lll\111\, 

ami H:t/_t:hn•d~. in ltJ~-L On .. · impMtanl l'tlnlrihtllit•n ""'" 
:.1 ·!!Cil'-'rali/:tliotÍ of IJortK'r's m .. ·thnd for d .. ·t~.·rmin;llion.tlf 
thc ultimatt: ;,l:tlk formal ion prc~!l.llr'-' fr. un a huild·up .lo 

incluUc many rc~..·tangul:lr shap~.·~ wilh \\di~ in \:11 i'"'~ 
rmsiliuns within lhc Shapc. Thcy prcscnt .. ·d fig.llfl'~ ~imil:lr 
lu that of Figure M. Figure N :.¡pplil:s t_o tlh.' ..::t'c o( ot wdl 
in the centcr of a constant prcssurc S'lu<ire. l·hm1cr !I.U~!:!.~~tl.'d 
exlending the scmi-lng stmighl linc toa time rati~.• uf unity, 
and calling this cxtmpolatcd pn:~sure 01 '"f;Jlsc" pr .. ·ssur~.~ 
p•. Figure H' presents a method' for corrccting. thc falsc 
pressurc: p• lo· eith\!r p 1 Or ¡; for thc constant prcssurc 
square case. ·Another irnportant contribution of the Moll
thews. Brons.. "and Hazcbroek study was ;1 method for 
dividing closed re.servoirs into per·well drainage shítpes. 
Ramey, Kumilr, and Gulati (1973) presented a monograph 
dealing with :the rechcuged reservoir shapes. Matthews, 
Brons, and Hazebroek · provided the basis for this study 
by pointing out the usefulness of superposition Of infinite 
arrays of wells. Figure 9 shows one such array. It comains 
the anSwer to two important problems: fluid reinjectioil, . 
and gencration of const8nt-pressure outer boundaries. 

Wc now turn to consideration of other imporuint studies 
in rhe 1950's. A number of importan! papers began lo appear 
in the early 1950's in the area of transient flow of ideal 
gases Úuough a porous medium. Jn regard to practica! 
applications, the papers by Aronofsky and Jenkins (1953), 
Bruce (1953), and Tracy (1956), are important. Both the 
Ar:onofsky and Jenkins, and Brucc et al. studies were aimed 
at the same problems. that is, the transien't flow of ideal 
gases through porous media. Each sludy produced a classic 
result. The Arqnofsky and Jenkins study is notable .because 
of the introduction of the concept of the transient drainage 
radius for flow:of gases. The Br.uce, er al. srudy is notable 
for introduction of the concept of alrernating direction 
implicit finite differcncc calculations. Jt is clear that one 
study or the orher would ha ve been stopped had borh groups 
been fun~tio"'in& within the same research laboratory. 

TJ'¡e Aronofsky and Jenkins work inspired a number of 

- -~ 
10. 

•' c. 

o -3 
10 10-1 

1oA 

1 10 

Figure B. · Marrhews-Brons-Hazebroek ·graph for a well in the 
center of a constant·pressure square. 

o 

' 

o 

PRODUCTION WELL o 
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o 

Figure 9. lnfinite array tó generate a well in the center of 
a constant pressure square, ora developed five-spot injection 

produclion pattern. 

studies of lhe effect. of pressure variarían of fluid and rock' 
properties. See AI-Hussainy. Ramey. and Crawford (1966). 
A "real gas polential" was introduced which coupled fluid 
viscosity and density variation with pressure with stress~ 
sen;irive permeabilily. 111i!S~n~lib2iiCCii4eiil'iD 1 

filf-i.lit¡ui!!.Ji~fullo/. lt appears thal dependence 
of fluid and rack properties on pressurc can usuáll~·· be 
handled practically. 

By the mid-1960's, the details of ·well test analysis 
apparently were rhoroughlyinvestigated. This led the Society 
of Petroleum Engineers of the AIME lo commission the 
·preparalion of ·a monograph on the subject, "Pressure 

. Build-Up and Flow Tests in Wells," by Manhews and 
Russell. The result was published in 1966. To underscore 
rhe importance of this subjecr. the Society of Petroleum 
Engineers also commissioned the production of a Rcprint 
Series Manual No. 9 ritled. ··Pressure Analysis Methods." 
The Mallhews and Russell monograph was lhe first in a 
series of monographs inrended lo aid a program of self
education by members of the Society of Petroleum Engi
neers. 

MODERN PRESSURE ANAL YSIS 

A study of wellbore storage (Ramey, 1965) and the skin · 
effect began 10 bear imeresting fruit by the end of the 
decade (Ramey, 1970; Agarwal, AI-Hussainy, and Ramey, 
1970). A renewed interest in us!ng log-log type curves to 
study the early pressure data prior to the onsct of the usual 
semi-lag straight Jin~ .led to a·n"u.r.n_ber of imponant findings .. -. 
Figure 10 ·is a log-log type curve for pressures meas}Jred 
in a well produced at constant rate wi'h a skin effec(. 'The 
unit slope straight fines emanating from the lower lefl portian 
of rhe graph represen! pressures controlled altogether by 
wellbore srorage. In effect, there is no flow lhrough the 
sand face duríng times when the unit slope is evident. Then 
lhere is a rransilion lo lhe flal, zero wellbore storage lines 
passing across the gnlph. When t.he lransition fines reach 
the flat portian. the correct semi-lag straight line starls for 
these cases, because lhe flat lines are semi-log straight for 
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'1 . 1 ' figure Hl, Po vs t 0 for a wcll wilh storage and a skin effect. 

times of about S. The time of start of the semi-los straight 
line can be expressed (Ramey, Kumar, and Gulati, 1973): 

(12) 

whcre: 

CB \;J~:·. e o= . for liquids 
2"4>hc, r •. ' 

(13) 

27 C' ZT . 
C 0 = . • for gases. 

Mcbhc,r.,l 
(14) 

In the 1970 siudy, ir was recommended ihat type-curve 
matching be used to obtain permeability arld skin effect 
by means of Figure 10. ffiiii$SUíí6Wl'Qf;~é·pt 
~i'OO'e<ftiñr. ~~FiQlt!Wlhijiji'i'ów. 
n\il~"lJ<P6iíhíMl&!migmü:f~nelW!im 
iliet&il'I!U;!Ji>'óln"lll~4lñi•gh'!l,fñe~g1niill This procedure 
plus general diagnostic uses inake Figure 10 a very useful 
type curve. 
· One result of this study was that it became apparent 

that it would be necessary to specify the physical nature 
of the skin effect for prtssures prior to the onset of the 
semi~log straight line. An acidized well with an annular zone 
of high permeability near the well could h~lve the ~ame 
negative skin. dfect as a fracturl!d wdl with a J¡¡rge. vertical 

10 
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INfiNII"E COtWUCTIVITY 
fRACTURE 

'• 
Íl~:urt• JJ. fl .. 11 \'S ( 1_ Ít)r ,\ll iniinilt'·t'IIIUhHII\'il\' \:t•rli(,Jf 

lr,lt'luu• in tht• t't'llll'r oi ,1 t Ju.;c•d ::-qu.HP 111 111 , 111 · in!uult•l\' 
l,¡r~t· fl':-ot'f\'cui. . 

~· 
h, 

•• 
Figure 12 .. Pwolh0 vs IOt for a constant-flux, circular hori· 

zontal fracture in the center or the inter~al. 

fracture. But il was likely that these two cases wo~ld .not 
have the same ea'rly time behavior. Likcwise, ir wa,s riot 
likely thal wells with the same skin effect. bu! vertical or 
horizontal fractures, wmild exhibit the same early time 
behavior. To answer these specUiations, studies Úf arinular 
skin regions (Wattenbarger.and Ramey, 19.70), and-fractured 
wells (Gringarten, Ramey, and Raghavan, 1974) were made. 
Figures 11 and 12 present log-log type curves for verti~al 
and horizontal fractures. · 

Figure 11 presents the prqducing pressures for a .well 
with a vertical fracture in the center of a closed square~ 
or in an infinitely large reservoir. It is a simple·· matter· to 
place the fractured well in almos! any position within any 
sort of drainage shape. The left-hand side of lhis ·curve 
is a straight line of slope 1/2. This period represents linear 
flow normal to the surface of the fracture. La ter, rhe fracture 
behaves like a circular 'f·~ with a radius half rhe distance 
from !he center to the te'p of the fracture, x1/2. Th.is sort 
of log-log type curve reveals the presence of fractures and 
can he used in matching whether a semi-log straight line 
can bl! found or not. Permeability may be round from thll! 
pressure m~uch 1Ramey 31Jd Gringarten. 1975), the fractuie · 
kngth x1 from the time ma~ch, und tht! drainagt! area. or 
a minimum c-s.timate of thd drainage urea may be found 
f~om thc p<lf:lnlCICr .\'~fx1 . , 

Figure 12 prcsent.s " log-log type curve for a singlt! 
htlriZtlnlal fro.ll."llm~ loc:llcd. ¡¡! !he ~.:cntcr uf thc intervral. 
Thc lcft-hand pllrtion of the lowcsl line on thc graph ·js 
alst, lint..•ar anJ of slnp~ 1 /'!.: This rcprc!'lt:nts v~rlical flow 
•wrmal lll thc fra~turc surfacc. Bct:aU!'I\! tht..'r\! is u vcrtkal · 
flnw t..'Oil\Jlllllcnl, it is nc~cssury lo spccif~· hoth thc raJial 
and '.:~.·ni~.·:¡l pam~..·ahi/itics; Ó!!ll.~J~lll!&1lftR!!U8fli!!rt3UDl 
tJlünll1Dutl!!m::rumOlliiliii!liMM.tdldñUWr,.-. 'l'hc ú i me nsi,,n. 
k·s' tim~,.· ÍL'I' thc hori1o111:d fr:u:lllrc'i!-o ba,~.·d upon thc raJius 
,,r rh~.· fr:•::-·lur~.·. r,. 

Fit.:ur~.· J.l pr"'''t.."llh :1 lol,!-log typl.' ...:urvc f,lr thl.' huild-11¡' 
dat:1 of St .. ·:un \\'...·11 A h"''"'' Fig. ~) . .'\lmo..,l two (,lg cy •• ;k•s 
uf h~•lf .,¡l,jlC linc olrL' c\·id..:nt. ( lnc illlftLlfl:mt 11M.' of '11d1 
a gwph is h' J,il.·atL' lhl.' ~lart of thc .. ·unc,,:l '"''mi-1,,~.: str<~icht 

lil•~.·. \\'all\'llh:•r~~..·r :1nd lbml·r li'J7illlhlliú·J th:ll.thc ,;,.n 
nf thc Sl'llli-J,,'g :::-lraighl linc: ~..·orr~..·sp,md"'·~l roughly. to :1· 
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log-log !y pe curve for prcssure buildup for Geysers 
Sleam We/1 A. 

pressure difference aboui. twice that at the top or !he 
half-slope log-log line. This rule, the double-della-p rule, 
is shown by 'the arrows on Figure 13. This ·can· be used 
to select the proper straight line when severa! are indicated 
as shown on Figure 6. · 

The wellbore storage ~has-been in use for 10 
years~ the rracture type curves ror 4 ye"arS·. ·Extensive field 
experience has been gained in gas and oil resérvoirs and 
in severa! geothermal reservoirs. 11lly:t5pi:OO:í3rilfi~S"crt4. 
p¡>\V.éttOwfágñóSl!c~~~Slblt!lll!:Unll!~ 
Slfá'ñge&lil\Vji:>~.Ji!'!l!l!lÚllet!Jit~le'tij!. One natural 
gas reservoir w·as round to have fracture porosity only. 
Hydraulic fracturing produced only propped, high-conduc
tivity storage volume. nota single planar fracture. In other. 
fractured systems, widely spaced trending fractures were ' 
evident in pr~ssures measured in a producing w~ll. but 
apparently caused only simple anisotropy in irlieñerence 
tes ting. 'l'llbi'ntfti'Slfull!lilió-petor-.ampl~d@íi!Oitliitíng 
i"'ieotlicnnal~- By interference testing is mean! the 
sort of t~st wherein one well is producing and the resulting 
pressure drop ;s measured in a dist1mt weiL 'f'll~~"' 
bt;!tVp¡s;ll!.'Pl!~!llítelled:witb;:;o_UIC,11JlPJ;l!l'![i~~;.\~l!!i'!.i<ml!l!.a> 
. 1n m '" ~~ Figure 
14 (also known as Lord Kelvin's point source, the Theis 
solution, and so on). 

CONCLUDING REMARKS 

In the preceding, 1 have focused on the positive aspects 
of pressure~transient an~lysis. The result may be misl~ading. 
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Po·VS t 0/r0l for the continuous line.source 
solulion (Theis solution). 

~ ~-·. ·----·--,----- ---·-·-·-·- -· 
q lll!. t hm .. /hr 
, se;~ hr 

r.. O.L!~m 
J.l ;-: ()(}~,?:; <f"K 
e, o.oc· \l .. ¡..:¡,ml)-1 

z 0.1\-1 
T :; 11''1\ 

M lH ~n1.'gm mole> 
m :.!lll ll-g/rm~J1 /lo¡.; cycle 

p 11/ 10..¡-;- il-g/cm 1 )2 
P .. / 262 
p· 1 u.n 
~V 1 2hD t.lflt•r 15 months shut inl 

Total dt•pth 1120 m: O¡>l'll holt•. ht.•low 1 SS m. 

Prc·ssurc-tmnsient analysis m:ly not alw:1ys be practica!. One 
common problem in bolh oil and geothermal reservoirs may 
be caiied the thick sand problem. For thick sands, the producl
of permeability-thickness may be so great that the semi-log 
straightline has a negligible or undetectable value at practical 
producing rates. This likelihood is evident from Eqs. (S) 
or (6). E ven in this case, important results may be obtained 
by an experienced, sophisticated analyst under fortunate 
circumstances. 

A1Rflli&1);;roH;;,"'Ilflll'í\ílf!l!:ml!i¡lifi:llj¡i1!fl!idi'I¡C!_E1l-!I:Q~!&.¡'MEM)II!Il!llll!!m#§iiiiill'l!!!:I!I~P.:!:5!:tiJWI:e 
s(i!j¡r¡ll!)s¡ijti!ijléfWal!abl5: The presence of a boiling !iquid 
interface in a va1por-dominated system would" be evidcnt · 
as a constant-pressure interraCe. This interface· would be 
horizont.:lr, rather than vertical as is assumcd in mosi of 
the available solutions. Generaily, production of new so1u
tions is not difficult, and usually does :not require large 
amounts or corr:tputer time. Analytical solutions-ilre usually 
much beuer than finite-difference solutions for· shon-time 
results. 

Plñali9"jifjl¡!lijibQM!e!!ilUd. 
·~~ill!dtilr.t. 
ilil~- lt can be said that resuhs appear reason-' 
able. lt is certain that'continued work in this arca wiii lead 
to development ~f val id models which can be used to anaiyze 
Pressurc-time data from geothermal reservoirs and produce 
in(ormation not available from any other source. One impor
tan! weapon in this study wiii be the deve!opment. of new 
pressure- and temperature-sensing tools. Severa! ncw pres
sure-measuring.dev~ces are currently bcing used in on weUs 
lo .measure pressules to almos! 7 X JO-' kg/cm 2 •. lt is 
certain that similar instrumentS will become available for 
geothermal applications in the ~ear futuro. W'IIat•s:ím¡;¡;sill' 
ble'ltó'aay;;will!oeBsy.¡tOmoñi>\01 . 
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Since the successful initial flashing.on July 
2, 1976, HGP-A has undergone five flash discharge 
tests with the langest ene lasting 42 days. Pro
duction records including wellhead pressure and 
temperature, production rate and steam quality were 
kept for dráwdown analysis. After two of the dis
charge tests, Kuster pressure bombs were lowered to 
the bottom repeatedly to r·ecord pressure data .for 
buildup analysis. 

Initial analyses of the drawdown and buildup 
tests indicate that the Kapoho Geothermal Reser-. 
voir, ~·he re HGP-A :;s located, seems to be in a 
tight fonnation with possible seYere mud damage in 
the ~~11. The re~ervoir also appears to be a 
liquid·dominated system but with two;phase flow 
during the discharge of HGP-A. Evidence of this 
claim will be presented in this paper, 

The pressure drawdown and buildup analyses 
~<ere perfonned "ith the traditional single·phase 
petroleum reservoir engineering techniques madi· 
fied "hen necessary. · 

l:O.TRODUCTJO~ 

Thc experimental well, fiGP·A, drilled under 
thc auspices of th.c li:I•-aii Gcothcnnal Projcct, is 
locatcd.on thc island of IJa~·aii near thc eastern 
rift of Kilau~a \'olcano. Drillin~ ~·a.• compl~t~d 
to a d~pth of 6~50· f~N (1966 m) in Apri 1 1976. 
lñc "di is caseJ to 2230. fcct (680 m) below the 
•·clJhead, •iüch is approximately 600 feet (183 m) 
abo\·e sea leve!. A slottcd liner is placed from 
thc ~nJ <'f thc casing to bottomholc. Cuttings and 
core samplc~ obtaincd during drilling índicate 
th.:lt thC' re'}!ion is.compo~cd. of \·olc:mic basalt 
\oo'i th a profi le t.h:lt contains Op<'Jl fracture ¡enes 
s~p>rlltcd by rc!ativcly impcnncllblc laycrs. 

¡ i:Cfcrcnces and illustrations at cnd of papcr. 

1 
The well has undergone five flash discharge 

tests since an initial flashing on July 2, 1976. 
Figure "1 is a sketch of the cquipment and instru· 
mcntation for the discharge tests. As sha.n, the 
method involves basically·the J~s technique2 for 
measuring total mass flow .,.; th ~~<in cyclone sepa7 
rators for separation of steam ~d water. A 90~ 
V·notch weir is used to measure th~ liquid flow 
rate, permitting steam quality and specific . 
enthalpy to be calculated. A reco>·err tube· is :. 
mounted on the wellhead to permit temperature and 
pressure profi les to be obtained and water samples 
to be gathered during quiescent and.discharge 
periods • 

• 
Since the temperatu~ of the reservoir in 

general exceeds 300"C (572"F) ~1th a ma.~imum 
recorded temperature of 358"C (676"F), no elec
tronic equipment can survive the extreme condi· 
tions downhole. Therefore, Kuster Amerada RPG-3 
Type subsurface recording temperature and 
pressure gauges were selected to provide all 
temperature and pressure measurements downhole. 

' During January and ~larch 1977, the flow tests 
consisted of a series of discharges in ~<hkh th~ 
fl"" ~<as throttled by placing orífice plates of 
\'arious sizcs in thc dischargc linc. The results 
are summarized in Tablc l. l'ressure and temper
aturc prefiJes takcn during thc throttlcd flow 
tests :are shown .in Figures .:! and 3. 11\cse pro
files indicate that the fluid in the •·el!bore i~ 
at saturatioo conditions with a mixture of liquid 
and vapor flowing up to thc wellhead. Since the 
stcám q•~lity at thc wcllhead is high and no 
stcom/~<ater interface is found in thc wellhore, 
thc conclusion is that flashing occurs in the 
formation rathcr than in the wcllborc. 

Examination of Figure 2 sho"s that the 
prcssurc profiles are essentially three· constant 
slopc lin~s ~~ting at thc j•mction of thc casin~ 
and thc slotted liner anJ at approximately 4300 
fcct (1311 m). Thcse constant prcssurc gradicnt 
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nes indicate that the major production zones may 
near the bottomholc and in the vicinity of·4300 

et (1311 m). _ 

ESSURE TRANSIENr TESfS 

hhile data sufficicnt to assess a producible 
geothermal field can be obtained only from a number 
of properly-spaced wells, sorne limited reservoir 
information can be obtained from a single geothermal 
well by utilizing the theory developed for oil and · 
gas fields.3 These standard petroleum engincering 
techniques, however, assume single phase flow, while 
the flow in HGP·A is definitely two·phase, so that 
caution is required in interpreting the.results of 
these analyses. 

PRESSURE DRAW00\1'!'1 ANAL YS 1 S 

ll'ellhead pressure vs. time plotted on log-log 
scales for type-curve matching and on scmi-1og 
sea .. ~~ ~ Jr a pressure. drawdown analysis are shown 
in Figures 4 and S, respectively. The initial 
pressure was obtained from Figure 6. These data 
can be used in a pressure drawdown ana1ysis to 
obtain information about the gcothermal reservoir 
and the following observations can be made: 

l. The analysis is based on.a constant pro
duction rate during the discharge, and this 
condition·was impossib1e to achieve. In arder to 
apply the theory, a normalizcd pressure was 
obtained by dividing the measured pressure by the 
concomitant production rate. 

2. There was sorne overpressure at the well· 
. d prior to the start of the test. Consequently, 

opening the valve took sorne effort and about Z to 
3 minutes were needed to open the valve completely. 
Thus ú1ere is an uncertainty of that amount in the 
determination of zero time. 

3. The theory is for bottomho1e pressure 
whereas the data in Figures 4 and S are for wel1· 
head pressure. Thus the assumption must be made 
that· wellhead pressure is proportiona1 to downhole 
pressure and the proportionality factor remains 
constant throughout the test. 

· ll'ithin these restrictions and assumpÜons, 
sorne information can be obtained.·· To norma1ize the 
pressure with respect to production the pressure 
relat ion carl be wri t ten as: 

p - p ( i q wf. 162~uB loglO t + 

log10 k 2 • 3.23 + 0.87s\ 
. $1!Ct rw ) 

(1) 

1l1e 1eft side of equatiori (1) is a linear · 
. P¡ . Pwf 

function of log1ot so that a plot of vs. . q 
log1gt will yield a straight line with a s1ope, m, 
psi¡ b1/day/cyc1e, wherc · . 

lml • 162 .6uB 
kli 

and this equation can be·used to calculate the 
pcnncability~thickness, kh. 

(2) 

Equation (1) can a1so be ·used to calcu1ate 
the skin effect factor, s. Letting p1hr b·e the 
va1ue of P~f for t=l hour on the correct semi-1og 
straight 11ne, equation (1) can be rearranged to 

. yie1d~ 

. ( P; ·p1hr ). 
's = l.1S · 1og10 ~+ 3.23 . 

lml $~Ctrw 

By using (3), the pressure drop due to the skin 
effect can be calcu1ated from 

6p 
qs = 0.87 lmls 

and the f1ow efficiency 

P¡" · Pwf · 6Ps 

FE = -~_!L,---,-
pi · Pwf 

q 

(3) 

(4) 

(S) 

Wi th the assumptions made previous1y, a log-
P¡ . Pwf 

log type-curve p1ot of vs. t for the draw· 
down test iS shown in Figu~e 4. The two unit-slope 
lines shown verify the existence of we11bore stor
age effects. From the end of the second straight 

_line, i t appears that ttle semi ·1og straight 1ine or 
the radial f1ow period started at about·1o hours 
after the test was begun. 

p. - p 
. Figure S is a semi -lag graph of 1 q wf vs . 

log1ot. An analysis of the p1otted data 1shows that 
the permeabili ty thickness . · · · 

kh• 162.6(24 hr/day)(0.09 cp)(l.S res bb1/std bbl) 
-3 (3SO lb/bbl)(1.11 x 10 psi/1b/hr/cyc1e) 

kh 1

• 13S6 mi-ft: ( 0.4081Jffi2 - m) 

and if the thickness of the producing 1ayer is 
assumed to be h = 1000 ft (30S m) then the 
pcrmeabili ty 

The skin effect factor 

i.lS [5.23xlo·
3 

_ 
l.llx10· 3 S • 

1.4 

(0.03) (0.09)(8x1o·6) (~) 
• -0.86 

Thc sroll negative skin effect factor suggests 
that skin d=ge is not prescnt. Thercfore, the 
flow efficicncy of the well is approximate1y 1, or · 
the wcll is discharging as much as it is ab1e to 
produce, 
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J 
. Figure 7 shows the totál ma~ flow rate vs. 

time in the drawdown test. Note ~hat the flow rate 
did not changc significantly aftci· the initial five 
or six hours of flow, llowever if>we neglect the 
fact that the flow is not const~ and plot the . 
wellhead pressure vs. time as in,figure 8 we would 
have obtained a slope J 

. -' 
/mi • .11 psi/cycle (76 kPa/cycle) 

· Assurning q • 86.00 Klb/hr (10.8 kg'/s), one would 
. have obtained 

kh• 162.6(86,000 lb/hr)(24 hr/day) • 
(350 1b/bb1) 

(0.09 cpt(1.5 res bblistd bbl) 
11 psr/cycle) 

• 11,200 md-ft (3.37~2 -m) 

which is one arder of magni tude greater than the · 
normalized value~ 

PRESSURE BUJLDUP ANALYSIS 

Fo1lowing the December discharge, a pressure 
buildup test was conducted, with bottomhole pres
sure being measured using two Kúster KPG pressure 
elements and recorders in tandem to ensure that 
pressure data were acquired in spite of equipment 
malfunction because of thc high temperature. 
Figure 9 is a log-1og type curve of the difference 
between bottomho1e pressures during static (no 
flow) and flow conditions. It shows two distinct 
•·ellbore storage effects; the top of the second 
wellbore storage interva1 is indicated by the arrów 
A. Arrow B indicates the onset of the radial flow 
period, rough1y 70 hours after the we11 is shut in. 
From these curves, the product of permeabi1ity and 
production zone thickness (kh} is calcu1ated to be 
approximately 880 mi11idarcy-feet (0.265um2 - m) 
with the pressur~ drop across the mud-damaged skin 
of the we11 ?eing 560 psi (3861 kPa). 

Bottomhole pressure measurements made after 
HGP-A was shut in following the January test 
produced data and plots similar to· those for the 
pecember test. However, close examination of the 
data shows that two consecutive straight-line 
approximations may be made to the Horner plot 
(Figure 10). lnterpretation of this occurrence is 
thát there are at· lea:st two different prodl.iction 
layers in the wellborc with different kh values. 
The same effect is also present jn the December 
data, b~t until it was repr~uccd in the January 
test, llttle credence l'as g1vcn to it. Thc results 
of th<:se analyses are sumnarized in Table 2. 

DISOJSSION 
1 44 

From the above analyses, it appears that the 
Kapoho Gcothermal Reservoir, where HGP-A is 
located, has a fair}y tight formation >1th a 
permeability thickness oÍ approximately 1000 
millidarcy-feet (O,~Ol~m :m). During production, 
the HGP-A wellbore 'contains steam and water at 
saturation and flashing appears to occur in the 
formation. There are possibly two production 
layers, one at bott0mhole and another at approxi-

. mately 4300 ft (1311 m) from ·the wellhead. The 
buildup analyses show that HGP-A may have severe · 
skin ·damage. 

As stated befare, one cannot.obtain the 
characteristics of the. Kapoho Geothermal Reservoir 
wi th only one producing well. Thus the above 
conclusions are preliminary and present the best 
estimat.es at this time. It is also evident that 
pressure buildup analys~s are more reliable than 
the pressure drawdown analyses. 

' . 

The results reported were obtained,with 
,support from the U.S. Energy Research and Develop
ment Administratim, the U.S. Department of Energy, 
the Státe of Hawaii, and the County of Hawaii. 

l 
Special thanks are 

Jr., who .has encouraged 
and analyses. 

due to Dr. Hen ry J. · 'i\amev, 
us in conducting thé""tests .... 

NCNENCLA 1URE 

Pi • initial pressure., psi (kPa) 
Pwf·" flowing pressure, psi (kPa) 
Pwh • wellhead pressure, psi (kPa) 
Pws • shut in pressure, psi (kPa) 

q • production rate, std bbl/day (m3/day) 
. ~ • viscosity, cp (Pa•s) 

B • formatim volume factor, res vol/std vol. 
k .• permeabili ty ,' md (Jll1l2) · . . · 
h ~ formation thickness, ft (m) 
t • time, hr (hr) 
$ • fractional porosity 

ct = total S)"Stem effective isothermal com-
. . pressibility, psi·l (kPa-1) · · · .. 
rw • well radius, ft (m) 
s • skin effect factor 
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TABLE 1 

PRELIHISARY nrorru.D F1Dt DATA 

\ 
Orlflce Total J.lass S te u Wellhcltd 

S he Flow R.ate Flc:w R.ate QJ.ality Prcssure r...,. 
(Jnches) (m) (Db/hr) (kg/s) (Ub(hr) (kg/s) ;..J!L (psh) (kPa) c·Fl c·q 

•• (203) 101 (12.7) 64 (8.1) 64 SI (352) 295 (164) 

6 (152) 99 (IÚ) 65 (8.2) .. 54 (372) 300 (167) 

• (102) 93 (ll,7) 57 (1.2) 64 lOO (689) 3:18 (188) 

' (76) 19 (ll.2) 54 (6.8) 60 165 (lll8) m (207) 

' (16:14) (223) 2·1/2 (64) u· (10.6) 48 (6.1) 57 231 401 

2 (51) 81 (lO. 2) " (5.4) 53 293 (2020) 419 (233) 

1·3/4 (45) 76 (9.6) 39 (4.9) 52 375 (2585) 439 (244) 

TABLE 2 

QJ.Ul)JlJSCit OF PRESSURE llW•iJX)I'N A.'ID BUIWJP TESTS 

Perwability thid:nus, kh, lrd·ft (um2 ·m) 

Apparent skin factor, s 
.PTen1.1rc drop across !ikln, psi (kPa) 

Flow dficiency 

' 

WIRE LINE 
OOWNHOLE 
<iAGES ANO 
SAM~LER 

'· 

t.&ASTER. 
VAl. V[ 

TO TWIN 
CYCLONE 
SAMPLER 

GLOSE VAI.VE 

1356 (0.408) 

·0,86 

Decesrber Bui ldup Jaru.wy Buildup 
ene Lal':er 

880 (0.265) 

'·' 561 (3868) 

Cl.6S 

Two laver 'J'wo l.a):CT 

1553 (0.467) 1089 (0.328) 

14.8 4.3 

1098 (7570) S1S (3964) 

0.38 0.60 

SEPARATOA ANO SllENCER 
STACKS 

WATER TEMPERAT\JRE 
WATER HEIGHT 

(UQUID FLOW RATE) 

Flz, l • Flov te•t equlpment •nd inetrumentation. 
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PRESSURE TRANSIENT ANALYSIS FOR TWO-PHASE 
(LIQUIO WATER/STEAM) GEOTHERMAL RESERVOIRS 

by S. K. Garg, Systems, Science and Software 
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ABSTRACT 

A new diffusivity equation for two-phase (liquid 
water/steam) flow in geothermal reservoirs is derived. 
The geothermal reservoir may either be initially two
phase or may evolve into a two-phase system during pro
duc:tion. Solutions of the diffusivity equation for a 
continuous line source are presented; the solutions 
imply that the plot of bottomhole pressure versus 
log1ot (t • time) should be a straight line. The slope 
of the straight line is inversely proportional to the 
total kinematic mobility (defined in the text). Com-. 
parison· of the theory with a limited number of computer 
simulated drawdown histories shows excellent agreement. 

JNTROOUCTION 

In petroleum engineering and graundwater hydrology 
well tests are routinely conducted to diagnose the 
well 's candition and to estímate farmation properties. 
Analysis af well test data may be made to yield 
quantitative infarmatian regardjng (1) .farmation 
permeabil ity, starativity and porasity, (2) the pre
sence af barriers and leaky boundaries, (3) the condi
t:ion af the we.ll (i.e., damaged or stimulated). (4) 
the presence af majar fractures clase ta the well, and 
(5) the mean formation pressure. Well· testing pro
cedures (and the quality of information obtained) de
pend ·on the age of the well. During temporary 
cumpletion, testin·g invo.l ves producing the reservo ir 
using a temporary plumbing system (e.g., Orill Stem · 
Testing).; and the estimates obtained for the formation 
parameters are not very accurate. After completion, 
testing is usually perfarmed in the hydraul ic mode. In 
hydrauli e testing, one or more well s are produced at 
controlled rates and changes in pressure within the 
producing well itself ar. nearby observation wells 
(interference tests) are monitored. 

A majar concem af well testing is the interpre
tatian of pressure transient data. Mue~ of the exist
ing 1 i terature (see Matthews and Russell and Ramey2 for 
•·eviews) deals with isothermal single-phase (water/oil) 
,nd isothermal two-phase (oil with gas in ·Solution, 
free gas) systems. There is, in general, a lack of a 

References and i11ustratians at end of paper. 

methodology for the analysis of nonisothermal reser- ' 
voir systems, either single or two-phase (liquid · 
water/steam). Geothermal reservoirs commonly involve, 
nonisothermal two-phase (water/steam) flow during well 
testing. In this paper, we present a theoretical . 
framework for analyzing multiphase pressure transient 
data in geothermal systems.· 

TWO-PHASE (LIQUJO WATER/STEAM) FLOW IN GEOTHERMAL 
· SYSTEMS 

We consider a fully penetrating well located in an 
infinite reservair of thickness H. We will neglect any 
variations in either formation or· fluid properties in .. 
the vertical direction (this is a common assumption in 
pressure transient analysis). The geothermal system ma' 
either be two-phase prior to praduction, or may evolve 
into a two-phase system as a result of fluid production. 
In the latter case, a. boi.ling front will propagate out
wards from the wellbore. The boiling front may be· 
treated as a canstant ,pressure boundary (p=saturation 
pressure correspanding to the local reservoir tempera-
ture). · 

For the sake of simplicity, let us considera 
reservoir which is 1nitially two-phase everywhere. 
Furthermore, it is co·nvenient to assume that the pres
sure (and hence tempÚature) ·is uniform throughout the 
system. In radial geometry, the pressure response is 
governed by the following diffusivity equation (see 
Appendix for a derivation of equation (1)): 

2E.- (k/v)T [l2R+ fi] =O • 
at $P c1 r ar ar2 

( 1 ) 

We are interested in salutions of equation (1) for the 
case of flow into a centrally lacated well'at a con
stant mass rate of production M. Mathematically, we 
have at r e rw 

r 2E.I M ar r=r • - 2nH (k/v)1 w 

(2) 

For th~ sake of mathematical convenience, the boundary 
condition at r=rw is replaced by the "line source" 
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approximation. i .e., 
51 

1 im r El!.. _ M (k/v) 
MJ ar 2nH T 

~~r~.:;,.IDiiit2'aíe;;o1j1'áñ,$ñ'-"j;;\it''é"l'ifiíO'{h1jlJ:Ph~e 
he9ions;~te~Qect1velY} The definitions for the var1ous 
quantities 1n equ.atión (10) for the two-phase region 

(3) (j•l) have already been given. In the. single-phase re
gion (j•2), we have: 

The "line source" boundary condition yields identical 
resul~s (from a practical viewpoint) with those obtained 
wit.h the original .condition.l,J We also require that 
initially (t•O) the reservoir is ata uniform pressure 
p¡, and that at r~ (for all t) we have · 

1 im · ,_ p(r,t) = pi . . . . • • • • • . • • • • (4) 

The solution for equation (1) subject to the boynd
ary conditi.(ms (3) and (4) can be written as follows4 

Note that with the above definitions, equation (10) (in 
the single-phase region) reduces to the usual dif" 
fusivity equation for the isothermal flow of a liquid 
of small and constant compressibility. 

We will assume that the reservoir is initially at 
- M • ¡ r2. $p CT l 

p(r,t) - P¡ + 4nH (k/v) El - 4t TJ<TvT; • 
. T T 

Equation (5) implies that the pressure at the well
bottom Pw(t) is 

[ 
2 ] ' 

(5) a uniform pressure Pi and temperature T;. We will; 
furthermore, require the fluid flow to be isothennal 
in the single-phase region (r > R); in practice, this 
impl ies no severe restriCtion as teaiperature changes 
in single-phase flow are usually very small. The 
boundary conditions at the wellbore and at infinity 
are: 

M rw $P ~ 
Pw(t) • P¡ + 4nH (k/v)T El - 4t (k/v)T ' (6) 

FOI- [4t (k/v)r/$r~ p Cr] > lOO, equation (6) yields the 
approximate solut1on:l 

\~ . . 
• . 1.15 M { [t (k/V)T] Pw(t) Pi - 2nH (k/v) loglO -..-2__Jc_ 

T $rwp ~ 

11m ( ) ,_ P2 r,t = Pi 

1 
• • . • • • • (lla) 

. . . • • (llb) 

• 1 ' 
In add1t1on to the boundary conditions (11); we need to' 
satisfy continuity conditions on mass flow and pres" · 
sure at the flash-front (r=R). Mathematically, .we 

+ o .·351 1 . . . . . . . . . . . . (7) have at r=R: 

Equation (7) implies that a plot of Pw versus 
log¡ot should be a straight line. Let m be the slope 
of this straight line; then we have 

( k/v) • l. 15 M 
T 2nH m · • • • · • · • • ' • • • • 

Substituting from equation (8) into equation (7), we 
obtain for compressibility Cr 

2 

(12a) 

• • ( 12b) 

To develop a solution for equations (lO) subject 
to the boundary conditions (11) and (12), we note that 
these equations are similar to the equations for melt
ing and freezing with cylindrical symmetry presented by 
Carsl aw and Jaeger. 4 '· The sol u ti on for the present case 
can, therefore, be obtained by following the general 

1 - $rwp . [pi-pw(t) 
CT - t(k!v)T AntlloglO ·m - 0.351] ¡9¡ approach of Carslaw and Jaeger~ We ha ve ~hus: 

O < r < R: p = Ps + 4nH [(k/v)T]l l:i PROPAGATING FLASH-FRONT 

Theoretical considerations for the case when a 
flash front propagates into an initially single-phase 
reservoir are much more complex than those outlined 
above for the purely two-phase ~ase. In this instance, 
thc reservoir is two-phase for r < R (R = R(t) denotes 
the location of .the flash-front) and is single phase 
'or r > R. The flow behavior in these two regimes is 
,¡overned by 

~- [(klvlrl ! L [ !i] = 
at $p ~ JJ r ar r ar 0 ( 1 O) 

(- ~! [~~~~1T],)- Ei H2~ •• · (13a) 

r
1 

> R: p = P; 

X El • (13b) 
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where 

_ [1 (k/~)T 1 
R-2A l$PCT j, (13c) 

and A is th~ root of 

[(k/v) ] . Ps - P¡ . 
T 2 Ei (-Az¡(k/v)T/$pCT ht ~(k/v)T/$pCT~2J 

• exp (-A2 l(klv)T/$pCTll/l(klv)T/$pCTiz) 

M 2 
• 4nH exp (·A ) • • • • • o • • (13d) 

Equation ·(13a) yields the following expression for. 
we 11-bottom pressure p ( t) w 

Pw(t) = Ps + 4nH [(~/v)T)l. ~~ 
- Ei H 2>] • • o. • • o • o • ( 14) 

For 4t [(k/vJr]l/~[$PCT)l 
approximated as follows: 

> 100, equation (14) can be 

( 15) 

Equation (15), 11ke equation (7). implies that a plot 
of Pw versus log1ot should be a straight line and that 
[(k/v)T]¡ is given by equation (8). · 

,IUMERICAL RESULTS 

Cm =O MPa·l (O psi-1) 

KR = 5.25 W/m.K (3.03 Btu/h.ft2.•Ftft) 

CR • 1 kJ/kg.K (0.239 Btu/lbm °F) 

k ~. 0.1 ~m2 (~ 0.1 darcy) 

s1r = 0.3 

s
9
r = o.os. 

Relative permeabilities Rt and R are represented by · 
the Corey equations and the mixt3re (rock-liquid-vapor) 
thermal ~onductivity is approximated by Budiansky's 
formula.5 The mass withdrawal rate is assumed to be 
0.14 kg/s.m (0.094 lbm/s.ft.). 

In the numerical example's discussed here, the ef
fect of mass withdrawal is represented by a volumetric 
sink term in the well-block (radial extent r = O to 
r = t.r¡). For purposes of comparison with the analyti
cal results presented earlier, it is necessary to de
fine an equivalent radius r~ at which the calculated 
well-block pressure is equal to the actual flowing 
pressure dueto a continuous line source/sink. 1 

In the numerical simulation of reservoir behavior, 
it is often necessary to employ well-blocks (i.e., a 
grid block containing a well) w.ith dimensions much 
larger than the wellbore radius. Naturally, the pres
sure calculated for the well-block will be, in general, 
different from the actual flowing bottomhole pressure. 
Van Poolen, et al.6 stated that the calculated pressure 
for a well-bTOcf"Should be the average pressure in the · 
portian of the reservoir represented by the block. As
suming steady-state single-phase flow in the well-block 
(but not in the reservoir as a whole), this implies· 
that the calculated well-block pressure should be equal 
to t~e actual flowing pressure at a radius rw• · · 

tn •w = 
•o 

( 16a) 

where ro is. the actual well radius and R is the radius 
of the grid block. For R >>ro. equation (16a) simpli
fi es to 

rw = .R exp (-1/2) • • • • • o • • o o • • ( 16b) 

~ 0.6065 R 
In arder to test the .validity of the preceding 

theory, the Systems, Science and Software (5 3 ) reser
voir simulator MUSHRM5 was exercised in one-dimensional 
radial configuration to 9enerate a series of drawdown 
histories. All of the cases described below were simu- · Equations (16a) and (16b), strictly speaking, hold 
~ated using a 50 zone (t.q =. t.rz •• ••• = t.rn = lm only for a well located in the center of a radial grid 
(3.281 feet); t.r

12 
= 1.2 t.r11 , t.r

13 
= 1.2 t.r¡ 2, •.• , block. · For rectan9ular grid blocks (with dimensions. 

t.rso • 1.2 t.r
49

¡ radial grid. t.x,. t.y), equation (16b) is usually replaced by the fol-

The reservoir rack is assumed to be a sandstone 
'<lith the following properties (unless otherwise indi- ·· 

ated): 

PR • 2.65 103 kg/m3 (165.4 lbm/ft3) 

$ • 0.2 

lowing expression · 

í_ = 0.6065 
o • • • • o • • o • • • ( 17) 

lt.x t.y /Ti 

Assuming t.x ·= t.y, equation (17) yields 



r 
l>~ = 0.342. 

Peaceman7 examined the grld pressures obtained in 
the numerical solution of steady incompressible single
phase flow into a single well located in the center of 
a square grid block (l>x = l>y) and concluded that the 
well-block pressure should be equal to the actual flow
ing pressure at a radius of 0.2 t>x (and not at the 
radius given by equation (17)). 

In an attempt to evaluate the significance of 
Peaceman's results for numerical simulation, Garg, et 
al .ij analyzed the numerical solution of steady incom
pressible single-phase flow into a sin.gle well located 
in both radial and rectangular grid blocks. lt is 
found that the equivalent radius depends, among other 
things, on the shape of the grid block (radial or rec
tangular) and the type of mesh (uniform or stretch) 
employed., Thus, for example, use of uniform radial 
mesh yields rw/R: 0.5615 'in the limit N+ w ~ where N 
denotes the number of grid blocks. 

Garg, et al.a also compared the numerical soluti 
for transient,STightly compressible (water) single
phase flow into a single well with the line-source 
solution for the diffusivity equation (see, e.g., 
Matthews and Russell ). It was concluded that the 
equivalent radius (i.e., the radius at which the 
actual flowing pressure is equal to the calculated 
well-block pressure) is approximated by 0.56 R. In 
th i S work, we Wi ll , therefore, as sume that 1W in 
transient single-phase flow (and also approximately in 
~ransient two-phase flow) is given by 0.56 R. 

a 
from the wellbore at t "' O; 
time for conditions ~ 

stabilize in region. For t > 510 s 
the ·data lie on a straight line; and the kinematic 
mobil.ity calculated from the slope of this straight 
line agrees quite well with the actual range of values. 
Figure 1 presents a more interesting case; in ~his 
1nstance the liquid water does not start flash1ng at 
the instant the production starts. Thus, we have a 
short time of single-phase flow followed by a propagat
ing flash-front. The two-phase part of the drawdown 
curve has.a relatively long flat part; this part of the 
curve is associated with boiling only in the computa
tional well-block. Since the flow behavior in the two
phase region is primarily governed by the location of 
the flash"front, it follows that a failure to adequate 
resolve the location of the flash-front in numerical 
·simulations (as it happens when the two-phase flow is 
restricted to one or two computational zones) would 
lead to physically meaningless results. In other words 
the flat part of the curve in Figure 7 is a purely 
numerical phenomenon and has no physical significance. 
A straight line is again seen to fit the late-time data 
once again the computed value of (k/v)r is in good · 
agreement with the actual range of values. We have ' 
also examined the numerical solutions (Figures 6 and 7) 
for flash-front velocities; the flash-front position, 
as a function of time is given by (within numerical 
precision) R(t) =A tl/2 where A is constant. The 
latter observation is in agreement with equation {13c). 

CONC~UDING REMARKS 

The analytical solutions for two-phase flow dis-
at a constant • As can dr<1wdowr1\cussed in the preceding sections provide a potentially 

data closely fit a straight line; furthennore, the powerful tool for the analysis of pressure transient· 
values of (k/v)T computed from the slope of the data from multiphase geothermal systems. Determination 
straight lineare in excellent agreement with the of the total kinematic mobility only requires the mea-
actual values in the well-blocks (see Tables 1-5 for surement of mass flow rate M and the bottomhole pres-
the actual values). Note that the actual values sures Pw· The mass flow rate M can be measured at the 
(Tables 1-5) vary over a range; this variation is the well-head provided there is no loss of the produced 
result of slow changes (except at very early times not fluid to the non-producing formations as the fluid 
considered in drawing the straight line) in steam travels through the wellbore to the well-head. Practi-
saturation in the computational well-block as a result cal techniques exist for measuring the needed vari 
of continued production. Figure 3 (drawdown history e) It should be noted that the present analysis does not 
and Table 3 present an especially interesting case; in require separate measurements for liquid and vapor 
this case the liquid, initially inmobile, becomes phase mass flow rates: Such data, if available, may be 
mobile for t > "' 2 105s due to condensation in the combined with the analy~is of the preceding sections to 

· "ell-block. The condensation is caused by a drop in . yield additional information regarding relative perme-
pressure (and hence temperature); in drawing the abilities, etc. 
straight 1 ine the pressure data for t > "' 2 l05s was 
ignored. If the computation had been carried for 
sufficiently greater than t > 2 1Q5s, one would see 
another straight line segment (with a different slope). 

Table 6 compares the compressibility Cr values 
inferred from the slope of the straight line and 
equation {9) with the actual values. The agreement is 
quite good for Cases b, e and d •. In Cases a and e, 
the inferred values are quite a bit larger than the 
actual values; this disagreement is not ~ally surpri 
<ng in view of the· extremely large chan~es ·in (k/v)r 
t very early times (see Tables 1 and 5). large values 

of (k/v)r at very early times lead to relatively small 
pressure drops comp:1red to those impl ied by the 
s tra ight li ne. Sta·.:ed somewhat di fferent ly, at early 
times, equation (7) with constant (k/v)r cannot be 
used to calculate tt•e well-block pressure in Cases a 
and e. · 

NOMENCLATURE 

Cf = isothermal liquid compressibility 

e = formation compressibility m 

CR e heat capacity of the rock matrix 

. Cr = total compressiblllty, equation (A.l2b) 

h e enthalpy of liquid/vapor mixture 

e {1-Q) hi ~ Q hg 

h,(h ) e liquid (vapor) enthalpy 
~ g -

hgi = heat of vaporization e h
9 

- h1 
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r hR = entha 1 py of rack matri x 2. 

H = formation thickness 

k = absolute permeabflity 

KR = thermal conductivity of the rack grain 

m= slope of Pw versus log10t straight line 

.M= mass production rate 

p = pressure 

P¡ = initial reservoir pressure 

ps(Ti) = saturation pressur.e a.t T =Ti· 

Pw = well-bottom pressure 

Q = steam quality = S p
9
/p 

r = radius 

rw = wellbore radius 

Ramey, H. J., Jr.: "Pressure Transient Ana1ysis 
for Geotherma 1 Well s", Proceedings Second United 
Nations Symposium on the Development and Use of 
Geotherma1 Resources, San Francisco, California, 
Vo1ume 3 (May 1975), 1749-1757. 

3. Mueller, T. O. and Witherspoon, P. A.: "Pressure 
lnterference Effects within Reservoirs and 
Aquifers", Journa1 of Petraleum Technology (April 
1965). 471-474. . 

4. Carslaw, H. S. and Jaeger, J. C.: Conduction of 
Heat in Solids, Dxford University Press, London, 
2nd Edition (1959), 294-296. 

5. Garg, S. K., Pritchett, J. W., Rice, M. H. 
and Riney, T. O.: "U.S. Gulf Coast Geopressured 
Geotherma1 Reservoir Simulation", Systems, Science 
and Software, La Jolla, California, Report SSS-R-
77-3147 (1977). 

6. Van Poolen, H. K., Breitenbach, E. A. and Thurnau, 
D. H.: "Treatment of Individual Wel1s and Grids 
in Reservoir Modeling", Journal of Petroleum 
Techno1ogy (Oecember 1968), 341-346. 

R(t) = instantaneous posltlon of the flash-front 7. 
'(. 

1 
Peaceman, D. W.: "lnterpretation of Well-Block 
Pressures in Numerical Reservoir Simulation",.paper 
SPE 6893 presented at Society of Petraleum 
Engineers 52nd Annual Fall Meeting, Oenver, 
Colorado, October 9-12, 1977. 

R~(R9 ) = relative llquid. (vapor) permeabllity 

S = vapor vol ume fraction 

S~r(S9 r) = residual llquid (vapor) saturation 

t = time 

(k/v)
9 

= ki~~~tic mobillty fa; the vapor= 

k R9 p9¡~9 
(k/v) ~ = kinematic mobility 

~,, 

k R~p~/~~ 

for the liquid = 

(k/v)T = total klnematic mobility = 
(k/v) 1 + (k/v)

9 
1• 1 (~9 ) = liquid ·(vapor) dynamic viscosity 

p = mixture (liquid and vapor) density = 
(1-S) p

1 
+ Sp 

. 9 
p1(P

9
) = liquid (vapor) density 

PR = rack grain density 

.p = porasity 
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APPENDIX: OERIVATION OF OIFFUSIVITY EOUATION FOR TWO- where T is the common local temperature of the rock 
PHASE (LIQUID WA ER/STEAMl FLOW IN POROUS MEDIA matrix and the pore fluids. Under the steam dome (Le. 

two-phase regime), temperature T is ·a unique function 
The balance equations for two-phase flow in porous of fluid pressure p. 

media have previously been discussed by Donaldson,9 · 
Mercer, et aJ.,lO Brownell, et al.ll and Garg and 
Pr1tchetDz--For the presentapPTi cation, the most T e T(p) • • • • • o • • (A.Sb) 

general form of the balance laws will not be required. 
In particular, we will assume that (1) the rock poros- Combining equations (A.Sa) and (A.Sb) and differentiat
ity depends only upon the fluid pressure, (2) the rock ing w.r.t. t, we have 
matrix, the 1 iquid and the vapor are in local thermal 
equilibrium and that heat conduction is negligible, 
(3) the liquid and the vapor are in local pressure 
equilibrium such that the capillary pressure is 
negligible, and (4) the fluid flow i~ governed by 
Oarcy's law. The second assumption implies that we 
need consider only the mixture (rock, liquid, vapor) 
energy bal a.nce. 

(A.6) 

Substituting for atat ($p) from equation (A.l), 
for a~¡at from equation (A.3), and for ahR/at from 
equation (A.6) into equation (A.2), we obtain: 

With these assumptions, the balance equations for , 
mass and energy in radial geometry can be written as 1 dT ) · 1 
followsl2 -(1-~) CmpRhR + (1-~) pRcRdp- ~- (1-~ CmP¡ 

Mass (Liquid and Vapor) 

a 1 a [ · an ] - ($p) - -- r (k/v) = = O at r ar T ar (A. 1) 

Energy (Rock, Liquid and Vapor) 

+ (k/v) h] ~'¡=o g 9 ar (A.2) 

The' first term in equation (A.l) can be.expanded 
and rewritten in the following form: 

:t (~p) e p a~+ $[(1Q.) 1e, at ap h at 

+ (1Q.) -ª!!.] 
ah P at 

On noting thaé 

we obtain 

+ ! (1Q.) -ª!!.¡ P ah P at 

We will now proceed to express ahtat in terms of 
ahtar, ap/at and ap¡ar. 

(A. 3) 

(A.4) 

For geothermal applications, it will suffice to 
assume that 

• • o • . • o o • o (A.Sa) 

x ~~ + ~P ;~ = [(k/v) 1h1 + (k/v)
9
h

9 

- (k/v)1h] ~ ~r (r ~) + ~ ~~r [(k/v)1h1 

(A.7) 

We next note' that in practical geothermal applica- J.. 
ti ons, the 1 as t two terms in the brackets on the. 1 eft ~ , 
hand side of equation (A.7) (~ and (1-$) CmPl are 
liable to be negligib1e compared to the first two 
tem~s. A1so, we have 

h -h=-Qh 
1 . gi 

h - h • ( 1-Q) h g gt 

Substitution of equation (A.B) in equation (A.7) 
yields: 

[
( k/v) · ] 1 a ( a ) 

+ hgt (k/v)T .~- Q r ar r rF 

+le.ÍL[h ar ~ ar gt (
(k/v) )] 

(k/v)T (k/v)~ - Q 

ah} ~ (k/v)T ar • • • • 1 • o o o •. • 

(A.B) 

(A.9) 

Combining equations (A. 1), (A.4) and (A.9) we obtain: 
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) ldTjlie.·¡ [ - i dp J at - k/v)T 1 

- t(~)p hgt u:~~~;- Qlh ~r (r ~) 
+ -ªE.{- L (k/v) +.!. (2.e.) ·(k/ ) ah ar ar · T p ah v T ar 

p 

1 (2.e.). a [ . ((k/v) 
.+ P" ah P ar hg.t (klvlr ~ 

-Qm· o (A. 10) 

An examination of the numerlca1 solutlon for equa
tions (A.l) and (A.2) wlth a constant rate of mass pro
ductlon (e.g., Cases 1-5 dlscussed elsewhere fn. thls 
paper) reveals the following important points: 

1. The total klnematlc mobility {k/v)r lncreases 
wi th lncreas!ng di stance r from the wellbore. 

2. In the viclnity of the wellbore, we have 

~ :k/v)T [1 - i (~)P h91 ~~~~~~~- Ql] ~ ~r (r ~) 
» ~ l- ·~r {k/v)T + ~ (~) (k/v)T ~~ 

. p 

1 {2.e.) ~ [ . ((k/v) 
+ p ah P ar hgt (k/v)T (k/v); 

- Q )]} . . . . . . . . . (A.ll) 

This strong inequality does not,· however, hold 
. for radial distances greater than a few bore

hole radii. 

3. Both the radial terms in equatlons (A.lO) are 
max"imum (In an absolute sense) near the well
bore, and fall off rapidly with increaslng 
radial distance r. 

4. The radial terms In equatlon (A.10) are of 
oppos i te s lgns . 

We now replace equation (A. lO) by the following 
dlffusivity equatlon: 

• (A.12a) 

_.!.dTll/fl 
T dp 1 - .!. (~) h 1 [(k/v) /{k/v)T 

p . p 9 9 

- Q J l . (A.l2b) 

Note that (k/v)r In equation (A.12a) represents the · 
value of the total klnematic mobility in the vlcinity 
of the borehole. The approximations involved in deriv
ing equation (A.12a) (i.e., (1) neglecting the second 
radial term in equatlon (A.10) and (2) replacing 
(k/v)r by its value near the wellbore) are strictly 
speaking valid only In the immediate neighborhood of 
the borehole. Even thou9h equation (A.12a) is not ex
pected to apply at large radii, its use should not 
cause lar9e errors in the computed response slnce 
pressures chan9e only very s1owly at 1ar9e radial dis
tances from the borehole. 

The diffusivity equation (A.l2a) forms the basls 
for our analysis of two-phase f1ow In 9eothermal sys
tems. Unlike in sin9le-phase ·fsothermal flow, the 
total compressibility Cr in two-phase flow (c.f., 
equation (A.l2b)) has no simple interpretatlon; con
sequently its determination from well-tests, In the . 
absence of data re9ardin9 rack thermomechanical·proper
ties and detailed knowled9e re9ardin9 the thermodynamic 
state of the produced fluid, may have on1y limlted 
practical utility. 

We shall now briefly consider a 9eothermal steam 
reservoir with an immobile vaporizin9 liquid phase In 
the pares. In this case, we have 

where k9 • kRo. Substitutin9 from equation (A.l3) lntó 
equatfoñ (A.12) and rearran9ih9 terms, we obta!n: · . 

2E. - k9 .!. L (r !e.) • O 
at $ ~ 9 CT r ar ar • • • • • (A.l4) 

where 

(A.15a) 

r_ = f i!.:.tL e + l (2.e.) + i!.:.tL L ( 2.e.) h fe -r 1 $ m p ap h $ 2 ah PR R m 
p p . 

- _Tl ddTll' 1 fl - l (2.e.) h (1-Q) 1 
. p 1 P ah P 9.t ¡ (A.15b) 

We note that equation (A.14) !s identical (albeft with 
a di fferent definition for the total compressibil !ty) 
to the diffusivity equatlon for lsotherma1 sln9le-phase 
reservoi r sys tems; thi s fact pro vi des the fundamenta 1 · 
justification for the appl ication of classica1 single-
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phase procedures to determine the steam-phase penne
ability of a 9eothenna1 steam reservoir with an im
mobile vaporizin9 1iquid phase (see, e.9., Moench and 
Atkinson13]. 

TA8LE 1 

5'{ 

ACTUAL (k/v)j (i = 1, 9, T) ANO VAPOR SATURATION (S) VALUES 

IN THE WELL-8LOCK FOR SIMULATED DRAWOOWN HISTORY (a) 

Vapor 
108 (k/v) 1 

108 (k/v)· 108 (k!vlr Time Saturation 
S {S) S S 9 S 

o 0.050 79.85 o 79.85 

0.576 . 104 0.163 37.26 0.22 37.48 

o. 1296 105 0.169 35.43 0.26 35.69 

0.3456 105 0.175 34.00 0.29 34.29 

o. 7056 105 0.178 33.12 0.31 33.43 

0.14256 106\ 0.181 32.36 0.33 32.69 

0.35856 106 0.185 31 .52 0.36 31.88 

0.71856 106 0.187 30.96 0.37 31.33 

0.100656 107 0.188 30.69 0.38 31.07. 

TABLE 2 

ACTUAL ( k/v) i (i = i, g, T) ANO VAPOR SATURATION (S) VALUES 

IN THE WELL-8LOCK FOR SIMULATEO DRAWDOWN HISTORY (b) 

Vapor 
108 (k/v)i 108 (k/v)9 Time Saturation 1Q8 (k/vlr 

S {S) S S S 

o 0.350 6. 71 . 3.48 10.19 

0.504 104 0.400 3.59 4.90 . 8.49 

o. 1224 105 0.402 3.49 4.90 . 8.39 

0.3384 105 0.404 3.41 4.88 8.29 

0.6984 105 0.404 3.39 4.84 8.23 

0.14184 106 0.405 3.37 4. 79 8.16 

0.35784 106 0.405 3.34 4.74 8.08 

0.71784 106 0.406 3.30 4. 71 8.01 

0.100584 1 o7 0.406 3.29 4.69 7.98 

SPE 7479 
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, TABLE 3 58 
ACTUAL ( k/v )j (f • 1, g, T) ANO VAPOR SATURATION (S) VALUES 

.IN THE WELL-BLOCK FOR SIMULATEO ORAWDOWN HISTORY (e) 

Vapor 
108 (k/v)1 108 (k/v)

9 
108 (k/v)T Time Saturatfon 

S \S) S S S 

o 0.702 o 23.02 23.02 

0.432 104 0.731 o 22.26 22.26 

o. 1152 105 0~734 o 22.13 22.13 

0.3312 . 105 0.734 o 21.99 21.99 

0.6912 105 0.729 o ' 21.89 21.89 

0.14112 1 106 0.714 o 21.80 21.80 . 

0.35712 106 0.662* O*.-. 19.12* 19 .12* 

0.7_1712 106 0.624 0.02 16.58 16.60 

0.100512 107 0.623 0.02 16.53 16.55 

Lfquid s1ight1y mobile 

TABLE 4 

ACTUAL (k/v); (i = 1, g, T) ANO VAPOR SATURATION (S) VALUES 

IN THE WELL-BLOCK FOR SIHULATED ORAWDOWN HISTORY (d) 

Vapor 
'laS (k/v)1 108 (k/v) 1a8 (klv)T Time Saturatfon 

S (S) S S g S 

o o. 160 35.38 0.10 35.48 

0.720 104 0.298 10.84 0.96 11.80 

0.144 105 0.301 10.47 0.97 11.44 

0.360 5 10 ... 0.305 10.02 0.99 11.01 

o.no· 105 0.308 9.68 1.01 10.69 

0.144 106 0.309 9.58 1.00 10.58 

0.360 106 0.312 9.27 1.00 10.27 

0.720 106 0.314 9.00 1.01 10.01 

o. 1008 107 0.315 8.87 1.01 9.88 
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TABLE S TABLE 6 

ACTUAL (kfv)t (t • 1, g, T) AltO VAPOR SATURATION (S) VALUES COMPARISON OF ACTUAL (C,act) AtlD INFERR[D (CT1nf) COMPRESSIBILITIES 

""" 
o 

0.720 

0.144 

0.360 

0.720 

O.lH 

0.360 

0.720 

0.1008 

IN THE WELL-BLOCK FOR SJHULATED DRAWOOI.ni HISTOR'f (e) 

Vapor 8 to8 (k/'V)g 108 (k/v)y 
Cratt 'nnt 

Saturatton 10 (k./\1)1 HPa·l HPa: 1 
fSl • • • Orawdown , .. 

(to-2est-1} (Jo-2est·1l .-f.!!!_ 
0.050 74.49 o 74.49 

106 

10' • o. 14256 J.Bo 6.83 
0.236 19.21 0.45 19.66 

{ 1.24) {4. 70) 

105 0.241 18.50 0.47 18.97 
b 0.14164 106 0.286 0.305 

105 0.246 17.62 0.50 18.12 (0.197) {'\211) 

lOS 0.250 16.94 0.53 11.47 e 0.6912 lOS 0.309 0.(199 

106 0.254 16.42 0.54 16.96 (0.213) (0.275) 

106 0.2~6 16.01 0.56 16.57 d 0.144 106 1.99 2.91 

106 
{1 .37) (2.00) 

0.259 15.56 0.57 16.13 
106 

107 • 0.144 3. 75 8.79 
0.26.1 15.3~ o,~ 15.93 (2.59) {6.06) 
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WHERE {P•8,5991 MPA '12~7.2 PSÍ, $•0.05). SEE TABLE 1 FOR ACTUAL (K/v)T VALUES, 
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. 1 

ABS'l'RACT 

This paper deals with the application of well
cstablished pressure transient analysis techniques 
to the determination of geothermal reservoir param
eters. Among the pressure transient techniques 
available. those concerned with two-rate flow test
ing were chasen. A twa-rate test may permit abtain
ing data while reducing interruption of power gen
cr.atlon. -Two-rate techniques have been applied 
successfully to both oil and gas reservairs; hawever, 
no data have been published to date--to the authors 1 

knowledge--on the applicatian of this method to 
liquid-dominated geothermal reservoirs. Data from 
one test ruh on a ~ell in the Cerro Prieto Geother
mal Field are shawn. The field data were inter
preted by means of four different modela. Three of 
che modela produce~ resulta that agreed with each 
other. the fourth One produced data scatter. 

.Ul_~ODUCTION 

Ilu! Cerro Prieto Geothermal Field is located 
ubout 30 kilometers south of Mexicali, Baja Califor
n1 ••· As shown in Figure 1, this fie1d. is situated 
at the southern end of the Salton-Mexicali trough, 
which includes other thermal anomalies of great 
lntercst, such as H~ber and East Mesa. The reser
voir in a 1iquid-<i'ominated system having a cap rack 
madc of impervio~s· plastic clays. This cap acta as 
u acal, keeping the hot water trapped and preventing 
thc d.tsuJ.pation of heat to the surface. Figure 2 
ohows a schematic geological cross section of the 
reservo:l.r drawn in B.n East-West direction.l The 
pP.rmeable layei-8 cona is t of al t-erna ting a hale and 
~~ndstonc layers resting on a highly fractured gra
uitJ.c busement. Basement rocks were encountered in 
uuc. of the wells at a depth of appraximately 2500 
metero. The thickness of the cap rack varíes, 
nccord!ng to the location of the wells, from 700 
up to almost 1000 meters in the portian of .the field 
nlready drilled. 

l
~ 'fhe f!rst exploratory well in the area was 

_Jr llled in 1961, and in 1964, four more exploratory 

tc,fcrenccs and illustrations at end of paper. 

wel1s were drilled. After aU extensive field-test 
program. the Comisi6n Federal de Electricidad 
started the canstruction of a 75-MW geathermal power 
p1ant in 1968. The plant was located in the Mexi-: 
cali valley and named for th.e ·Cerro Prieto volcano. 
This plant started commercial operation in April 
1973, and has been in operation since that date •. 
The turbines operate on steam from 14 wells. The 
geo

1
thermal fluid is obtained as a water-vapor mix~ure, 

because f1ashing takes place at some depth inside 
the wel1bore. The separated hot brine is disposed 
of in an evap~ration pond; however, plana are being 
made to evaluate the feasibility of reinjecting at 
least part of the spent liquid. · · 

Although well testing and pre_ssure transient 
analysis techniques have been widely applied by . 
petroleum engineers to gas and oil reservoirs (to 
find meán formation pressure, skin factor, and average 
permeabi11ty and porosity), the application of the 
same techniques to geothermal reservaira ·encounters 
problema that are not commonly found in petroleum 

.applications. In hot-water wells,3 twa-phase flow 
and heat transfer influence the pressure response 
when the 'wells are shut-in. In addition to this, 
gathering of the data is difficult because af the 
high temperatures involved. Bottom-hole temperaturas 
in the range of 300 to 320 °C are cocimon in the Cerro 
Prieto Field. Until recently, there were no bottom
hole pressure measuring devices that could withstand 
such temperatures for more than three hours. AnotPer 
prob1em is mechanical damage due to extreme buffeting· 
by the high praduction ratea of boiling geothermal 
fluida. Ratea in excess of 24,000 B/D are common. 

Considering these facts, 'it was decided ,that the 
best choice for obtaining pressure-time data by means 
of standard bourdon-tube type pressure bomba would 
be short-time duration drawdown tests. These tests 
could be run by changing the flow rate to some pre
determined value after the well was stabilized at a 
given canstant rate far some time. This type of test 
is known in petroleum technolog)' as a "two-rfte11 

flow test. It was first proposed by Russell in 
1962. Further improvements in ·this technique ... were 
intraduced by Selim5 and Odeh and Jones.6 Two-rate 
flow tests had been applied extensively in both gas 
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and oil reservoirs; however, no data have been pub
lished to date on an ~pplication of this technique 
to liquid-dominated geothermal reservoirs to the 
authors' knowledge. The three techniques mentioned 
above were used for interpretation of the data; addi
tionally, the da~a were analyzed as a variable-rate 
drawdown case ac~ording to the Odeh and Jones7 
method. 

TWO-RATE FLOW TEST 

In preparation for the test, the well was sta
bilized for a period of approximately 48 hours at a 
Constant rate of .111 tons/hour. The flow rate was 
measured severa! ·times during this stabilization 
period •. A pressure bomb was 'loWered into the well, 
measuring the bottom-hole pressure for approximately 
20 minutes prior to the rate change, in order to 
have a dependable'value for the flowing pressure 
prior to the change in rate. 

The producing rate was changed to a value of 
ó6.1 tons/hour. A record as continuous as poasible 
was kept of water and steam groduction, and changas 
in wellhead pressure. 

Figure 3 shows the mass-flow rate and bottom-
1,! pressure during the test. After stabilized 

..... : 1 nn~l were eVident from wellhead measurements, 
the flow cace was. increased to a value as clase to 
the init1al flow rate as possible, following the pro
cedure suggested by Selim.s 

INTERPRETATION OF THE DATA 

The data obtained from. this test were inter
pretad by means of the modela suggested by Russell,4 
~cUmS and Odeh and Jones (two-rate tests6 and draw
down variable rate7). The resulta obtained from the 
application of these modela ar~ as follows. 

' 
Russell 'a4 Model : 

Th~ interpretation equation as presented by 
Russell is as follows: 

( 
t+t.t 0 42 · ) 

l.og --- + - R..og 6t 1 

. Llt 1 ql ' 
(1) 

Equation 1 is in standard oil field units. The 
nomenclature is presented at the end of the paper. 
Changing these units into metric'·geothermal units and 
expressing the floW ratea in t~rms of masa rates, Eq. 
1 can he written as: 

From Eq. 2 it is evident that by graphing pwf vs. 
{, t+t.t o "2 ) \tog (-¡¡;¡;rl + ,.

1 
l.og t.t 0 a straight line shou1d 

be obtained whose slope is given by: 

(3) 

Figure 4 shows the result of graphing the data ac
cording to EQ. 2. The kh is obtained as 1,946 md-m,· 
and the skin factor as -5.28. The details of the 
calculations are shown in the appendix. 

The equation for the skio factor in geothermal 
units is given by the following expression: 

S • 

(

. w p -p 
1.

151 
__ 1_ 1hr wf _ 

· "Cw2 "R · 

The average reservoir pressure in 
by the ~ell was obtained by means 
,!.! al., method. 

k 
l.og --2--

~pcrw 

the volume drained 
of the Matthews, 

(' 

SELIM MODIFICATION5 OF RUSSELL 0 S MODEL 

Selim obse'rved that the resulta obtained from' 
a two-rate test were sensitfve to the slope of 
the straight line drawn according to the method · 
proposed by Russell. · He suggested modifiCation of 
the method by returning the well 'to the producing 
rate it had prior to the test once the well had 
reached stable conditions. The pressures and flow 
rates should be measured until new stabilized con
ditions are reached. .... 

. . ' 5 
The equation originally proposed by Selim is.: '· 

162.6q
2

Bp ( [(~)t+t.to+t.t"] 
- kh ~og t.t 

+ :2 l.og t.t 0) (5) 
q2 

Equation 5 is expressed in standard oilfield 
units. Changing these units into metric geothermal 
units and expressing the flow ratea in terms of 
masa, this equation can be express~d as: 

+ 0.87 ~) - 527.4 

\ 
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From Eq. 6 it is evident that graphing pwf va. 

[

(:
1
)t+Ót'.¡.f¡t'J w ) 

2 + 2 R. At 11 a straight line ~t w2 og 

is obtained whose slope is 

!i27,4 w2v
8

cBV 
"1¡ ~ lth ( 7) 

Figure 5 showa the grnph obtained by plotting 
the dato according to Eq. 6. 

Selim5 shotted that the slope calculated by 
meana of Russell's method and that calculated using 
the roodification h~ suggested sho~ld hold the fol
lowing relationship: 

(8) 

Equotion 8 representa an additional constraint 
that the straight line portions of Eqs, 2 and 6 
must satisfy. It can be used to select the appro~ 
priatP. straight line portian in the.event that 
nevera! straight sections are present due to scatter 
of the field data. Three straight line segmente 
are cvident in Fig, 5. The one labelled number 2 
aatisfies Eq. 8 and was considerad to be the cor
rect one. ResuJ.ts were kh was 1. 905 md-m. Details 
of the calculations are included in the appendix. 

ODEH AND JONES 7 VARIABLE DRAWDOWN MODEL 

Thc field data obtaincd duriug tha tranaient 
conditiona after the change in rate were·analyzed 
aa a variable drawdown case having w and w as 
the initial and final flow ratea. Tfie resu!t of 
this analysis is shown in Fig. 6 and the calcula
tions are included in r.he nppendix. The kh product 
o~tained from this method was 1.990 md-m and agreed 
well with those determined by the methods mentioned 
bnforc. The interpretntion equation in oilfield 
units given in the original paper is as follows: 

-- • - I -- tog (t -t ) 
qn kh i=O qn n 1 

pl-pwf 162.6B~ (n-1 llqi . 

-3.228 + 0.87 s + l.og ~\ , (9) 

~~crw J 
Wr!ting this equat!on in metric geothermal 

units and expressing the flow rate in terma of masa. 
this equation can be ~ritten as follows: 

:_1 -pwf • v Bp (n-1 Aw1 w 527.4 ~~ Í w tog (t
0
-t1) 

n , . i=O n 

+ 0.8926 + 0.87s + 1og ~) 
$JJcrw 

(10) 

Therefore. by graphing 

n-1 6w
1 

vs. L w 1og 
i=O n 

a straight line is obtained whose slope is giyen 
by.the following equation: 

\1 B~ se 
527.4 --¡¡¡;--

ODEH AND JONES 6 TWO-RATE MODEL 

(11) 

This method is similar to the one describe4 
befare. except that it includes second differences 
of the flow ratea as shown by Eq, 13 below.· The 
field data were analyzed according to Eq. 12 be-

1 
low. Figure 7 shows the graph obtained by plofting 
·the data according to Eq. 14. Scatter of ·the data 
points is observed. making it very difficult to 
find a proper straight line. Fitting a straight 
line to the data points by means of linear regres
sion produced a kh product. of 2,860 md-m, much 
higher than that obtained with the modela des
cribed befare, The calculations are included in 
the appendix. · 

The original equation~. in oilfield units iá as 
follows: 

where: 

162.6B~ ._1_ Í · ( n-1 

kh . . óqn 1•0 

+ tog _k_ 

~~cr~ 
- 3.23 + 0.87 ·}. 

(12) 

(13) 

Expressing Eq. 12 in me t-rie geothermal units 
and using mass-flow rate instead of volumetric
flow rate, this equation can be written as follows: 

...!!.L_ - ¿ \1 B~ ( 1 n-1 

kh llw0 i•O 

Mw1 1og (t
0 
-t

1
) 

+ 0.87s + 0.891) 

(14) 
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where 

6w '"' O o 

Graphing: 

Pwf\ - pwf\ 
---~t--.,....--~t-:.0~ Aw vs. 

n 

(15) 

a straight line is obtained whose slope is given by: 

mOJT • 527.4 (16) 

CONCLUSIONS 

The equations reportad to describe two-rate 
flow tests have been converted to metric geothermal 
form and used to analyze a test for a geothermal 
well which produces a boiling brine. The inter
pretive equations are presented and an example 
calculation made for each of four methods. Good 
agreement was obta¡ned fro~ the application of the 
modela of Russell, Selim, 'nd Odeh and Jones 
drawdown variable-rete case. However, scatter 
of thg ~ata was observed when the two-rate Odeh and 
Jones technique was used. Other conclusions reached 
include the following. 

l. Two-rate flow tests can be used for calcu
lating basic geothermal reservoir. param
eters. 

2. Russell's model and the modification by 
Selim ~eem to produce better resulta 
than tge technique proposed by Odeh and 
Jones. However, th~ Odeh and Jones 
variable-rete method gave resulta com
parable to those of Russell and Selim. 

3. Two-rate flow tests for geothermal wells 
can be carried out with standard bourdon
tube type pressure instrumenta at tempera
turas as high as 315•c. One reason for 
this result is that it appears possible 
to conduct a test in a period of time as 
short as 3 hours. It is not known whether 
this is a general observation, and the 
main criterion of success used herein was 
reasonableness of the resulta. However, 
the interpretive equations and example 
calculations should be useful for two-rate 
test~ of any duration. 

- -· ~-. -·- -· ·-·-·-···--·-· 
NOMENCI.ATURE . 

D • brine formation volume factor, (volume, 
reservoir conditions/volume, standard 
conditions) 

ct• total fluid compressibility, (Kg/cm2)-l 
h .,. formation net thickness, m 
k • permeability, md 

m = s•ope of a straight line 
~m:á~n~_.,vat_e-·t.;terva~.-.!~~an~one_s 

p "" p"r-essure, Kg/cm · 
~i "" iAlt_ial· __ pr~ssure, Kg/cm

2 
2 

· .Pwf ._•- f~ow1~8:- bottom-hole pressure, Kg/cm 
·-plhr !"' :~1-~i:~g ·bottom-hole pr,ssure 1 hr after 

· the rate change, Kg/cm 
~-~ ~9J..J.!!Pet¡,1s .. fl'!_w rate, bbl/d~y 

rw.= wellbore raa!us, cm . 
s = skin factor, dimensionless 
t a·producing time to instant of rate change, 

hrs 
·t' ··producing time measured from first rate· 

change, hrs 
_ ~o<Wcing_ ~~as..ur-e.d..-'ft:cín-sec.oruLra.te 

V-=. ·e, sii~e.{h,r~\~·, c.."""'l!>r . . 
W.,. mats fi~w rate, ton/hr 
tt\l~h~ t iQJVPWltil~!~n~._;in.,Odeh....l!Jld_J.cm,e.s 

GREEK SYMBOLS 

l.l •_visco~~ty, -~P _ J,_ _ 
...,.__..peci~'fl!"' 
~ • porosity, fraction 

SUBSCRIPTS 

on e 
ond t on a -te ange 

f ;¡ ini'tí.a'roéoo'á'i.tion 
• 1 

1

\ e ' it a a 

\ Pf. (" ,éifr,i~J'\<'},. 'l.sJ~h )!_nd J9"'\." j:>(o-r~e 1JI?del 

\
. ·· qc!v.J·tefe:rs to· Odetyan.g,.d'oneS'""va'Vtáble-/.dr'aw.d6wri 

1 
~ ~ :}:t~"bci\\ussell' s m~del · . . ·. 
~ltn.1 S""'ilidel 

\ 
. se· .. ~ :standard ·conditions 

." . w . .,. · Welibo.re . 
\ · • wf ~: ·flowing concÜ tions 
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APPENDIX - TWO~RATE FLOW CALCULATIONS 

The test data are shown on Fig. 1 and a listing 
is given in Table l. The data were interpretad 
by four methads. A brief description of the 
interpretution:follows, 

Russell 1 s4 Model 

From Fig. 4, a straight line of slope- 3.719 
is obtained. According to Eq. 3 in the text: 

. W'V Bll 
3.719~5i7.4 \~e 

527.4 W1\l B~ 
kh ~ ----~~~·~e~ 

3.719 

kh ~ 527.4 (111) (1.043) (1.185) (0.1017) 
3. 719 

.1:1 1, 946 md-w 

The s~in factor is obtained from Eq. 4: 

1 151 ;[ 111 60.5-54.9 
. llk66.1 3.719 

8 ~ 

- lag 
( 

36 ) 
(0.20)(0,1017)(119x10-6)(0.27) 

. 8 = 5.28 

Selim's5 Model 

-0.891]. 

1 From Fig. 5, three straight linea are obtained 
whose slopes are as follows: 

mS1 = - 5.5 

mS2 ~ - 2.3 

mS3 = - 2.0 

According to the restriction imposed by Eq. B 
in thc text, the ratios for the a·traight line por
tions n r:e: 

"'¡¡ - ~ H!2. ~ 
m~ll 5.5 

0.68 

1.62 

2.0 

The ratio of the flow ratea is: 

w1 111 
w

2 
• 66.1 ~ .1. 68 

Therefore, the second straight line portian 
(the one having a slope of 2.3) is the correct 
one. 

From Eq. 7 in the test: 

kh ~ 527.4 (66.1) (1.043) (1.185) (0.1017) 
2.3 

kh ~ 1,905 md-m 

Odeh and Jones7 Variable Drawdown Mbdel 

From Fig.\6, the slope of the straight l~ne 
is 0.0333 . 

From Eq. 11 in the text: 

527.4 \1 B~ 

----;-,--,!s~e~ 0.0333 ~ kh. 

kh ~ 527.4 (1.043) (1.185) (0.1017) 
0.0333 

kh • 1,990 md-m 

Odeh and Jones 6 Two-Rate Model 

From Fig. 8, the slope of the straight line ·. 
is 0.0228. 

From Eq. 16 in the text: 

527.4 \1 B~ 
Q • 0228 ~ --~k~h-".S!:.e_ 

kh a 527.4 (1.043)(1.185)(0.1017) • 2, 860 md-m 
0.0228 
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TABLE 1 

TWQ-RATE FLOW TEST DATA 

Time 
Ellapsed 
slnce Masa 

Total Rate Wellhead Bottom-Hole Flow 
Time Change Pressure Pressure Rate 

(min) (mio) psi kg/cm 2 psi kg/cm 2 (¡;on) 
hr 

o 432 30.4 779.9 54.9 111.0 
15 432 779.9 54.9 . 111. o 
16 1 432 30.4 779.9 54.9 101.4 
18 3 510 35.9 822.2 57.9 86.0 
19 • 1, 520 36.6 1 828.0 58.3 70.2 
20 5 528 37.2 830.9 58.5 67.4 
21 6 526 37.0 832.4 58.6 . 67.4 

' 22 7 522 36.8 833.8 58.7 66.1 
~3 8 520 36.6 835.3 58.8 66.1 
24 9 518 36.5 835.3 58.8 66.1 
25 10 518 36.5 836.7 58.9 ' . 
26 11 518 36.5 838.2 59.0 66.1 
27 12 518 36.5 838.2 59. o 
28 13 518 36.5 838.2 59.0 66.1 
29 14 518 36.5 839.7 59.1 
30· 15 518 56 .5. 839.7 59.1 
31 16· 518 36.5 841.1 59.2 
32 17 518 56.5 842.6 59.3 66.1 
33 18 518 36.5 842.6 59.3 
34 19 518 36.5 842.6 59.3 
35 20 518 36.5 842.6 59.3 
36 21 518 36.5 842.6 59.3 
37 22 518 842.6 59.3 67.4 
38 23 498 35.1 . 828. o 58.3 
39 24 430 30.3 817.8 57.6 68.6 
40 25 428 30.1 810.5 57.1 108.0 
41 26 432 30.4 806.1 56.8 113.2 
42 27 432 30.4 1801.7 56.5 114.7 
43 28 432 30.4 800.3 56.4 115.7 
44 29 439 30.9 798.8 56.3 114.7 
45 30 444 31.3 797.4 56.2 
46 31 443 31.2 793. o 55 .. 8 115.3 
47 32 442 31:1 787.2 55.4 
48 . 33 442 31.1 785.7 55.3 
50 35 784.3 55.2 
51 36 784.3 55.2 
52 37 784.3 55.2. 
53 38 784.3 55.2 
54 . 39 784.3 55.2 
55 40 436 30.7 '784.3 55.2 109.7 
59 44 784.3 55.2 111.0 
60 45. 785.7 55.3 
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Fig. 1 - Schematic representation of the location of the 
Gerro Prieto Geothenmal F1eld. 

Fig. 2 - Ideal geological crosS-section of the Cerro Prieto 
Reservoir. (After Ref. 1). 
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the two-rate flow test. 
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PRESSURE TRANSIENT TESTING AT CERRO PRIETO GEOTHERMAL 
FIELD. 
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D.F., México and ;Lawrence Berkeley Laboratory, Berkeley, CA, U.S.A. 

Ábstract-The Cerro Prieto geothermal reservoir may be classified as a liquid-dominated system whose 
initial temperature and pressure conditions place it in the liquid-saturated regían. In this field commercial 
power production beg8n in 1973 and has continued since that date. 

Because of the inherent probiCms in applying pressure build-up tests to wells producing two-phase 
fluids, it was decided to use variable flow tests or short duration known as two-rate tests. In these tests a 
variation in the well flow rates can be used to interpret the transient Piessure response in arder to 
determine reservoir paramctcrs such as permeabilily, well-bore damage and mean reservoir pressure in 
the well drainagc arca, Sorne examplcs will illustrate the application of this technique. 

Pressure drawdown tests ha ve been planned in sorne or the wells in che field. On the other hand, a well 
inlerference test has been made in the southern part or the field using M-90, M·91, M·50 and M·51 as 
production wells and M-101 asan observation well. The interpretation or this test using curve-matching 
procedures is illustrated. 

In the future, severa! of these tests are planned which will take advantage of the wells being drilled in 
neW arcas of the rield. · 

NOMENCLATURE 
B brine formation volume factor, (volume, reservoir conditions/volume, standard conditions). 
e, toral fluid compressibility (kg/cm 1)- 1 

h formation net thicknessl m· 
k permeability 1 md 
m slope of a straight line 
p pressure 1 kg/cm 1 

Pi initial pressure, kg/cm 1 

Pw¡ flowing bottom·hole pressure, kg/cm 1 

Puu flowing bottom·hole prcssure 1 hr after the rate change, kg/cm 1 

q volumetric flow rate, bbl/day 
r radial distance, m 
r,.. wellbore radius, cm 
s skin factor, dimensionlcss 
t producing time to instant of rate change, h 
Al' producing time measured from first rate change, h 
V specific volume, cm 1 /g 
W mass now rate, t/h 

J.l viscosity, cp 
<P porosity, fraction 

Subscripts 
D dimensionless 
i inilial condition 
M matching 
R refers ro Russell's model 
se standard conditions 
w. wellbore 
wf nowing conditions. 

INTRODUCTION 

lnterference testing is preferred in sorne instances over single well tests depending on the type 
of information required (Earlougher 1977). lnterference tests provide information about 

•Present address: División de Estudios de Post·grade de la Facultad de Ingeniería, UNAM, México 20, D.F., México. 

189 



190{'' 
\j\. 

'71 J:· Rivera R., F. Samaniego V. and R. C. Schroeder 

reservoir connectivity, which is importan! because the number of wells in a reservoir usually 
increases, causing mutual interference of wells. Another importan! datum obtained from this 
test is rescrvoir porosity, which cannot be obtained from a single-well test (Matthews and 
Russell, 1967; Ramey el al., 1973). 

Modern transient pressure analysis techniques ha ve been basically developed in the fields of 
petroleum engineering and hydrogeology. Jts use on geothermal reservoirs has been shown to be 
possible (Ramey, 1975; Barelli el al., 1975; Ramey and Gringarten, 1975; Rivera and Ramey, 
1977; Witherspoon el al., 1978; Garg, 1978a). Ramey (1975) has presented a summary of 
transient pressure analysis techniques for geothermal wells. Field examples of pressure buildup 
tests have been discussed by Barelli el al.(l915), and by Ramey and Gringarten (1975); Rivera 
and Ramey (1 977) ha ve presented field results of two-rate flow tests; and Witherspoon el al., 
(1978) have shown results of interference tests." All of these studies fall in the single phase 
category. Recently, the two phase flow problem (liquid water and steam) has been addressed by 
Garg (1978a, 1978b). He discusses a theory for well test analysis of multiphase fluid-flow 
pressure data. 

The purpose of this paper is to present the analysis of an interference test performed in the 
Cerro Prieto Geothermal Field. Four active production wells (M-50, 51, 90 and 91) and one 
monitoring well M-101 were in volved in this test.ln addition, a brief descript.ion of the two-rate 
flow testing efforts carried out at Cerro Prieto is discussed. 

GENERAL BACKGROUND 

The Cerro Prieto Geothermal Field is located about 30 km sotith of Mexicali, Baja 
California. This field is located at the southern end of the Salton-Mexicali trough, which 
indudes other geothermal anomalies such as Heber and East Mesa. It is a Jiquid-dominated 
system having a cap rock made of impervious plastic clays. The permeable layers consist of 
alternating shale. and sandstone layers resting on a highly fract-ured granitic basement. 

Comisión Federal de Electricidad started the construction of a 75 MW geothermal power 
plan! in 1968. This plan! started commercial operation in April 1973, and has been in operation 
sin ce that date. The geothermal fluid is obtained as a water- steam mixture, with tlashing of 
the brine taking place at sorne depth inside the wellbore. The separated hot brine is disposed of 
in an evaporation pond; however, a project is in progress in order to reinject at leas! 'par! of the 
spent liquid (Rivera el al., 1978). 

TWO-RATE FLOW TESTS 

Among the transient pressure analysis techniques available for obtaining reservoir basic 
parameters (Earlougher, 1977; Matthews and Russell, 1967; Ramey, 1975) the technique known 
as 'two-rate flow test' was selectea (Rivera ana Ramey, 1977). Basically, these tests are 
performed by changing the flow rate to sorne predetermined value after the well was stabilized 
al a given constan! rate for sorne time. 

The interpretation equations (Rivera and Ramey, 1977\ are as follows: 
W, V~ B 1' k 

P.1 ; P, - 527·4 kh (log ·• 2 

- 527· 4 _w-'-, _v:"-"-=8'-'~'"-- (1 1 + tJ.t ' 
kh og IU • 

o/¡J C1 rw 
w, . 

+ -log IU') w, 
From Equation (1) it is evident that by plotting 

I+IU' W 
p wf vs log + -=.--!- log !J.t • 

!J.t. w. 

+ 0·891 + 0·87 s) 

(1) 
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a straight line should be obtained whose slope is given by: 

"'· = 527·4 
W1 V., B 1' 

kli 

The equation for the skin factor is given by the following expression: 

. 191 

(2) 

W, P .. , -P.¡ k 9 (3) s = 1 ')51 - log - 0·8 1 
W 1 - W, m, ePI' e, r.' 

· Figures 1 and 2 show the results obtained from the application of the two-rate flow technique 
to wells M-21A and M-25 at Cerro Prieto. In well M-21A a good straight·line section was 
developed; however, in well M-25 no straight line is evident. Most of the tests conducted so far 
ha ve shown the development of good straight line sections. 

60+-~-r---+--~~--+---~---+----r 

\ 

58 

• 

54+----r---+--~----+----r---+----L 
4,5 4.9 5.1 

IOQ. ( 
1 +t:.~·t' ) + :~, log. 6t' 

Fig. 1. Two.rate flow test for well M-21A. 

INTERFERENCE TEST 

An ·interference test is a multiple-well technique which has the advantage of investigating 
more reservoir than a single-well test. Because ofthis fact, it was decided to run an interference 
test in !he southern portion of the Cerro Prieto Oeothermal Field. This portion of the field has 
not as yet been exploited and severa! wells were already available to carry out this test. Figure 3 
shows the location of the wells, and Fig. 4 illustrates both the production history of the active 
wells (M-50, H, 90 and 91) and the transient pressure behavior at the observation well (M-101). 

The test was pcrformed taking advantage of the fact that the new wells drilled in that portion 
of the field should be brought into production one at a time. However, this also imposed an 
extra difficulty in analyzing the data, because of strong variations of flow rates, as can be seen 
in Fig. 4.This study presents the results of a first attempt to analyze the data obtained from the 
early part of the test when only well M-91 was flowing. The procedure used was type curve 
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Fig. 2. Two-rate flow test for well M-25. 

matching by means of the line source solution. A more rigorous analysis that considers the rate 
. variation is underway. Fig. S shows the results obtained from this analysis. The match-point 
obtained is as follows: 
For 

(AP)M ;,_ 1 psi, (Po)M = 1·8 X 10'2, 

(/)M = 100 days, (~) = 0·63, 
ro M 

where the dimensionless variables are defined as follows: 

, Po= l·S388 X 10·• 
kh AP 

W V~ B 1' 
lo kt -- = 0·0008366 

' ¡ if>l' e, r' ro 
' 

(4) 

(S) 

Table.l shows the pressure interference data. Table 2 below shows the values of the variables in 
equations (4) and (S). 
· . Actually, it is possible to obtain two good matches of the data points with the type curve. The 

·match shown in Fig. S was obtained by taking into account the set of drawdown data. On the 
other hand, it is also possible to obtain a good match by using only those points concerned with 
·the drawdown produced by well M-91 alone. Table 3 below illustrates the results obtained in 

· those cases mentioned befare. 
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Table J. Pressun: interferenct: data 

Total time (dayl) Well preuurt 111 1000 fl (p~tl f're~~ure drop lp~i) rotal time (da y~) 

·-----------·-· ·---·------~----· 

9·72· 400·>0 o 21·011 
10·42 4(l(h4$ 0·().1' 21·711 
11·11 400·38 0·12 211·47. 
11·111 400·)2 0·111 29·17 
12-50 40il·H 0·25 21J·IIó 
ll·l9t 4()()<17 O·H ]0·~6 
1)·89 400·10 0·40 ]1·25 
14·58 4!XHlO O· SO )1•'14 
IS·2g ]99·90 060 l2·64 
IH17* 399·82 0·68 H·l.l 
16·67 399·7(1 O·BO .14•01 
17·36 3Y9·6l 0·88 14·12 
18·06 J99·H 0·')11 B··U 
18·, 399·411 1·10 J6•11 
19·44 399·35 1·15 36·81 
20·/4 399·32 1·18 31·50 
20·83 399·2S 1·25 311·19 
li·SJt )99·20 1·30 38·89 
22·22 399•10 1"40 39·58 
22·92 399·0(1 1·50 40·~8 
23·61 398·~) 160 40·97 
24·31 3\18·70 1·110 41·67 
lHlO 398·40 2·10 42·16 
2S·6'J 3911·10 2'40 4Nl6 
26·39 397·H 2·75 43·75 

• Wdl M-91 producing. Al! others shut·in. 
t W~JJ M·S 1 starrs produt:tion. * Well M·91 !>hut-in. 
§ Well M ·90 !>laTI.!I pwdu~:tiou. 
1 Well M-SO starts prodUt;tion. 

Wd pnmure 111 1000 ft (¡ui) 

J9NO 
39HS 
)96·90 
)96·90 
}96·40 
)96·25 
)96·10 
395·95 
395'85 
)95·75 
J9HS 
)95·55 
395·50 
)95·55 
395·70 
395·80 
395-90 
JYlvOO 
396·10 
396·20 
)96·25 
)96·35 
}96·45 
J'J6·H 
)96·60 

Prenure drop ¡p~i) 

J·IO 
HS 
J-60 
J-90 
4·10 

••• .. , 
4·SS 
4'65 
4·75 
4·85 
4·95 
l·OO 
4·95 
4·80 
4·70 
4·60 
4·50 
4·40 
4·30 
4·25 
4•15 
4•05 
3'95 
)·90 
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Table 2. Values used in calculations of capacity (kh) and storativity ( if' c1h). 

w .. Avera¡c lluw nue "' 18S·l (t/h} 
Vsr .. 1·043 (cm'/¡¡) · 
8 .. 1-185 (res. vol/SI. vol) 
" "'0·1011 cp 
r .. JHO_m 

Table 3. Summarr of results obtained from match points. 

Data poinb matched (kh) (md- mi ('f/>c¡h) (m/(kg/cm 1 ) • k(md) 

All drawdown 311684 0·0210 38 

Ooly wdl M91 H728 0·01946 " Avcr11.gc 46206 0·0203 ... 

195 

.. 76 

t<l>"' 
18 

16 

11 

• In calculating k and q; a net pay thickness of 1000 m was assumed; welllog data should be considered in arder to 
determine a more realistic _value of h. 

t Avalueofll9 x I0- 6 (kg/cm 1)-
1wasconsideredforc,. 

A more rigorous· mathematical ahalysis of the data which takes into account superposition in 
time of the influence of-the four active wells, as well as the closest row of producing wells from 
that part of the field on exploitation is in progress. 

CONCLUSIONS AND RECOMMENDATIONS 

Themain purpose of this ·study has been to present the results of ihe analysis of two-rate flow 
tests and a preliminary analysis of an interference test performed in the Cerro Prieto 
Geothermal Field. From the results of this study the following points can be drawn. 

l. Two-rate flow tests seem to be an adequate and quick technique for obtaining reservoir 
parameters in the drainage area of a well. lt is necessary to take into account the total fluid 
mobility when two-phase flow is taking place. 

2. lt is convenient to plan in advance a more adel¡uate schedule of production for the active 
wells in volved in an interference test, in order. to provide a convenient way to analyze the results 
obtaincd from the pressure response at the observation well . 
. 3. From the results obtained, it is evident that the portion of the reservoir studied in the 

interfe[ence test is a very complex, probably highly fractured, structure. 
4. Since presence of fractures could be inferred from both well electrical logs correlation 

and interference response, it seems convenient to take this fact into account in the 
interpretation of the pressure response data. 

S.. The results of the interference test presented in this work are only preliminary; a more 
comprehensive and rigorous analysis is underway. · 
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ABSTRACT 

It is important to determine reservoir 
characteristics as early in the life of the 
reservoir as possible. This paper presents 
a summary of the efforts made by Comision 
Federal de Electricidad to evaluate Los Azu 
fresfield by means of the implementation ot 
standard pressure transient analysis tech
niques to geothermal reservoirs. Among these 
techniques, constant injection, falloff, 
multiple-rate injection, build-up, drawdown, 
two-rate and variable rate tests have been 
applied. Discussion is presentad on constant 
injection, falloff, two-rate and variable 
rate testing. Interference testing is now 
being conducted on a small portian of the 
field. • 

INTRODUCTION 

After the discovery of a geothermal 
field has been confirmad by successfully 
drilling one or more wells,· the reservoir 
engineer has to obtain as much information 
out of them as possible. This 'information 
is needed in arder to perform a proper 
evaluation of the field, befare the utility 
company can proceed with the construction 
of an electric power generating facili~y. 

Among those geothermal fields under
going exploration in Mexico., L_os Azufres is 
the ane in the most advanced stage of 
exploration. This geothermal field is lo· 
cated some 300 kilometers southwest of Me
xico City, in the state of Michoacan in 
central Mexico. As shawn in Figure 1, this 
field is situated on the E-W oriented 
neo-volcanic axis. It is a highly fracturad 
system, located on neo-quaternary volcanic 
deposits overlying a basement which is 
believed to be made of limestone. The lower 
part of the igneous deposits is constituted 
by microgranular andesitas which are over
laid at places by ryolites and pyroclastics. 
References and 1llustrat1ons at end of paper. 

There are many thermal manifestations 
and alteration zones around the field which 
are related to tectonic activity and are 
located near faults and fracture zones. To 
date, 8 wells have been drilled in the 
field, 6 of them are for production and 2 
injectors. Three more wells are on the 
drilling stage and 6 additional wells are 
schedulled to be drilled during 1979,Figure 
2 illustrates the main faults and the loca
tion of the wells. 

The wells so far drilled in this area are 
sited near the known majar faults. The 
reason behind this may of selecting loca
tions is that because of the tightness of 
igneous rocks, thé main production is 
thought to come through fractures. The 
deepest well is 2450 m and the shallowest 
is 960 m deep. 

Los Azufres field is under the last 
stage of the feasibility study, which has 
been carried out in arder to determine the 
optimum size of turbines to be installed 
for electricity generation. This field has 
been divided into several possible pro
ducing areas called "modules" around the 
main fracture zones. This areas will be devel 
oped independently from each other. Thus, 
reference will be made in the text to Laguna 
Verde Module, Agua Fria ~!adule and Tejamani
les Module, among them the latter is under 
intensiva drilling development (See Fig. 2). 

Figure 3 shows a typical temperature 
survey and well completion of this field. 
Wells are drilled using low density bentoniti 
mud from surface up to the top.of the reser· 
voir and with water from that depth dawn
wards. 

Los Azufres reservoir is a liquid
dominated system having a steam cap located 
on the Tejamaniles Module, in the zone of 
well A-6, whose productivity test showed a 
99 percent steam. Figure 4 illustrates a 
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cross-section going from well A-10 up to 
well A-11 drawn on a SE-NW direction 
tl•rough tho flcld, This soction shows a 
currclution of thc production zone based 
upon culculated static bottom-hole temper
ature.s whose .range is from 270 to about298°C 

WELL TESTING PROGRAM 

As it was stated befare, standard 
pressure transient analysis techniques 
adapted to geothermal systems have proven 
to be of great help to evaluate wells at 
Los Azufres field. Among those techniques 
publlshed in ~he literature, pressure 
build-up, drawdown, two,-rate and variable 
rate flow, injection and interference 
testing have been applied in this field. 

INJECTION TESTING 

The possibility of obtaining commercial 
production from igneous rocks is to encoun
ter secondary permeability, which in Los 
Azufres is represented •by highly fractured 
volcanic rock. An index of these permeable 
zones observed in drilling the well is to 
have lost of drilling fluid circulation. If 
this lost is big enough and the static 
bottom·hole temperature is within commercial 
ranges (greater than 230°C), a short-term 
injection ~est is performed. 

Injection tests 1 • 2 • 3 are carried out as 
a part of completion procedures in this 
field by using standard bottom-hole pressure 
bombs. The main purpose of these tests is 
to obtain early information about the well 
and reservoir parameters, which could be 
helpful in selecting th~most appropriate 
zone for completion of the well; in addi-
t ion they ·can be u sed in arder 'to predict 
future well performance. These type of 
tests have been found easier and quicker 
to perform than drawdown and build-up tests 
and the results obtained from them are 
judged to be reasonably good. 

Within the severa! types of tests avail
able in the literature, those known as 
injection, multiple-rate injection and 
falloff tests have been employed in this 
fie!d. Results obtained from typical 
injection and falloff tests are described 
below. For more detailed description of 
these tests the reader should refer to Refe.!:, 
ene e 3. 

Severa! temperature surveys are carried 
out in arder to determine temperaturc 
distribution befare any injection test is 
performed. Injection rates commonly used 
in this field are 4S28, 10870 and 13S80 
bb!/day. The usual procedure is to run an 
injection test at any of the rates mentioned 
obove for a period of 3 to 4 hours, record
ing changes in bottom-hole pressure by means 
of a standard bourdon-tube type pressure 
bomb. Immediately after injection stops, 
the falloff period is recorded in order to 
obtain enough data to check the results 
obtained from the analysis of injection 

'' 1 J 

data. 

Whcn rcsults obtained from analysis of 
constant rate injection and falloff data are 
not conclusive, two-rate injection tests have 
been conducted. However,it has been observed 
that in those wells applied, dispersion of 
the data is present, making the interpretion 
difficult. 

Interpretation of injection and falloff. 
data is made by applying well-known pressure 
transient analysis techniques already report
ed in the li terature '• 2 

• 
1 • Res u! ts of"' 

test conducted in well A-2 are shown in Figs. 
S thru 8. 

First, a log-log plot of bottom-hole 
pressure difference versus eithcr injcction 
or shut-in time is tried in arder to deter
mine the duration of wellbore storage effects 
Then by using the type-curve procedure, a 
match is obtained between field data and 
published type curves'· •. Dimensionless pres
sure and time are according to thc usual 
definition 1 : 

kh 
Po= 141.2q~B 

0.0002637kt 
~~ ctr'~ 

( 1 ) 

( 2) 

Figs. S and 6 show the match obtained by 
fitting the data obtained in an injection 
and falloff test to the type-curves publish
ed by Agarval et al'. Data of these test are 
shown in Table-r.l:a!culations of reservoir 
parameters are included in the Appendix. It 
has been observed that sometimes it is dif
ficult to obtain a unique match. In these 
cases, an estimation of Co has been made in 
arder to reduce uncertainty in the match. 

From experience of application of in
jection testsin this field 3 , it has bcen 
observed that in a log-log plot the transi
tion period between the section of slope 1 
and the start of the semilog straight line 
is very short in undamaged wells as that 
shown in Figs. S and 6; meanwhile, in dam
aged wells it can be very long (it usually 
takes about 2 1/2 to 3 hours). 

After the correct start of the semilog 
straight line has been detcrmined, analy~is 
of the data by these methods is performed. 
Figs. 7 and 8 show data from injection and 
falloff tests respective!y. Techniques for 
this type of analysis are well known and the 
basic equations are as follows 1

: • 

For a constant rate injection test, thc 
bottom-hole injection pressure is given by 
the following equation: 

Pwf = p1hr + m log t (3) 

and the skin factor is as follows: 
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s~ 1.1513 ~1h~·pi • 1 .( .. k. 
og ~\lctr 

• 3.2275 

where: 

p1h =p.+m [Iog ( k )-3;2275 
r 1 ~pe r' 
• 0.86859s] t w 

m = ·162.6qBp 
. kh 

(4) 

(S) 

(6) 

For a falloff test foliowing a constant 
injection period, the bottom-hole pressure 
is given by the following equation: 

p ~ p• -m log(t +lit) 
w S _P"-.,.,-

IIt 

(7) 

A plot of Pws vs Iog ( tp + lit) should 
show a straight Iine whose slg¡e m is given 
by the following expression: 

m a 162.6qBp 
kh 

(8) 

and the skin factor is given by the follow• 
ing equation: 

sa 1.1513~ 1 hr"P~f (llt=O) · log(q;¡n:fr2 w) 

• 3.2275] " (9) 

Calculation of these·tests are illus
trated in the Appendix, Table 2 shows ~ 
comparison of the results obtained by using 
both type-curve and standard semilog tech
niques. As it can be observed frorn this ta
blc, results from both methods are in good 
agreernent. Generallv speaking, results ob
~ained from semilog methods should be pre
fered to those obtained from graphical procedures. 

MULTIPLE RATE TESTS. 

After the wells have produced sorne 
time, multiple-rate production tests s,& 
have bcen applied to check values of (kh/p) 
obtained by means of injection and falloff 
tests. Thus far, the application of these 
teci1niques have proven to be successfull. 
For well A-2, the value of (kh/p) obtained 
frorn a multiple-rate test is 8l910 md-ft, 
which is in the range of tnose reported in 
table 2. 

Application of two-rate flow tests' to 
wells with low (kh/p) values, producing 
fluid in a two·phase flow regime from the 
bottom .of the hole up to the surface, have 
shown scatter of the data, making the int·er 
pretation very uncertain. 

. INTERFERENCE TESTING 

Interference testing is underway in a por
tion_of the field known as Tejamaniles 
Module (See Fig. 2). Wells·A-2 1 A-6, A-7 

and A-8 are involved in this test. Basic 
information is expected to be obtained which 
will hclp in selecting well spacing and the 
most convenient well grid orientation in this 
zone. 

CONCLUSIONS 

Prom results of tests described in this 
paper, the following conclusions can be 
reached: 

1.- Constant rate, injection tests fall
off tests have preven to be succcss
ful in obtaining geothermal reser
voir parameters in Los Azufres 
Fiel d. 

2.- Short term injection tests seem to 
be adecuate in providing a quick 
and reasonable good estímate of 
basic parameters in geothermal res
ervoirs located on igneous rocks, 
whose main production takes place 
through fractures. 

3.- Standard pressur,e transient analysis 1 
techniques seem to find application 
in liquid-dorninated geotherrnal sys
tems similar to Los Azufres Field. 

NOMENCLATURE 

B a brine formation volume factor,(vol
ume, reservoir conditions/volume, 
standard conditions). 

Cn= dimensionless wellbore storage 
coefficient. 

Ct• Total cornpressibility, (psi)-1 
h = formation net thickness, ft. 
k = perrneability, md. 
m a slope of a straight line. 
p = pressure, psi. 
p¡= initial pressure, psi. 
Pwf=flowing bottorn-hole pressure, psi. 
P1hr=flowing bottorn-hole pressure al 

1hr, psi. 
Pws=static bottom-hole pressure, psi. 
Pn= dirnensionless pressure. 
q = volurnetric flow rate, bbl/day. 
rw= wellbore radius, ft. 
s = skin factor, dimensionless. 
t = time; hrs. 
tp= injection time, hrs. 
6t= shut-in time, hrs. 

GREEK SYMBOLS 

~ = viscosity, cp. 
~ = porosity, fraction. 
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APPENDIX · RESERVOIR PARAMETERS CALCULATIONS 

lNJECTIVITY TESTS. 

A. Injection test. 

a). Type-curve procedure. 
From Fig. S, the match point is as 
follows: 
For (t)M=100 min, (t0 )M=8.4x10', s= -2 
For (6p)M=10 psi, (Pn)M=1.28. 
From eq.(1) in the text: 

~h = 141.2 qB t1~l~ =141.2(4528)(1) 1 ;~ 8 

= 81837 (m~~ft) 
From eq. (2) in the text: 

$C h=0.0002637 kh ~ = 
t . r'w ~ lfi)l'M 

• 0.0002637 1 667 
(0.463) 2 ( 81837 ) s.!x!o• 

= 1.99x10"' "(ft/psi) 

b). Semilog analysis. 
From Fig. 7 : m • 6.96 psi/cycle. 
From eq. (6) in the text: 

kh -. 162.6qB = 162.6(4528)(1). 
m 6.96 

kh a 105814·(md-ft) 
P cp 

From eq.(4) in the text: 

s=1.1513(83 \~9~ 18 ' 5 
-log ~1~~~;io-•Xo.Jw)] 

+ 3.22751 =- 2.7· 

From Fig.7 it is evident from the change in 
slope,that a barrier is located clase to thc 
wellbore which is corroborated by geologic 
evidence (see Figs. 2 and 4). Distance to 
this barrier is as follows: 

L = 0.0121-M~(~)tx' = 0.01217 

B. 

VtoS814(1. 9 ~x!o·•) (o.h3,)= 192 ft. 

Falloff test. 

a). Type- curve procedure. 
From Fig. 6, the match point is given 
by: . 
For (t)M=100 min; (t 0 )M=6.4x10 5

, s= -1 
For (6p)M=10psi, (p0 )M=1.4 
From eq.(1) in the text: 

~141 2(4528) (1) 1 · 4 -8950~d-ft) 
~ • T1l'""" e p 

From eq(2) in the text: 

~e h=0.0002637(89509 )1.667 _2 87x1o-• 
~ t (0.463)' 6.4x10' · 

(ft) 
psi 

b). Semilog analysis. 
From Fig. 8 : m= 7.1 psi/cycle 
From eq.(8) in the text: 
~162.6(4528)(1)_ 103705 (md·ft) 
~ 7. 1 cp 

From eq.(9) in the text: 

.~11-849 r, (_ 1 ) s=1.1SLL 7. 1 -log co370Sllf.S?x!o·' 

(o.l 63 ,) 3.2275} = -1.3 
-'- . 



Table 1 

Data from injection and fallof 
tests in well A-2. q .. •4528 bbl/ 
da y. ln) 

INJECTION 

Time 
(min) 

o 
1 
2 
4 
6 
8 

1 o 
1 2 
14 
16 
18 
28 
38 
48 
58 
68 
78 
88 
98 

108 
11 8 
128 
138 
148 
210 

.. 

Pwf 
(psi) 

818. 5 
825.7 
827.9 
830. o 
831 ;S 
832.3 
833.0 
833 •. o 
833.7 
833,7 
835. 1 
837,9 
840.2 
840.9 
841. 6 
84 3.1 
84 5. 3 
84 6. 7 
848. 2 
84 8. 2 
848.9 
84 8; 9 
848.9 
84 7. 9 
84 7. 9 

FALLOFF 

Time 
(m in) 

1 
3 
4 
5 
6 
7 
8 
9 

1 o 
1 2 
22 
32 
42 
52 
62 
72 
80 

Pws 
(psi) 

848. z 
84 7. 3 
832.3 
827.2 
821.3 
819.2 
819.2 
819. 2 
817.6 
817.6 
815.5 
813.4 
812.0 
811.2 
809.7 
809.7 
809.7 

,' 

/'~-····"'·. 

82. 

Table 2 
Summary of results obtained apply
ing Type-curve and semilog tech
niques. Injection rate =4528 bbl/ 
day. 

kh'/u 
(md-ft) /e o 

fNJECTfON . 

Type-c.urve 81837 

Semilog 105814 

FALLO.FF 

Type-c~rve 89509 

· SemilO'g 103705 

S 

-z 
-2.7 

- 1 

-1.3 

LOS AZUFRES--~ 

F1g. 1 - Locat1on on Los Azufres geothermal f1eld. 
' 
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Pressure Buildup Analysis of Geothc1mal Stcmn 
Wells With a·Parallelcpipcd Model 
Michael J. Econoniides, * SPE. S1anford U. 

Oavid Ogbe, Sunfonl U. 
Fronk A. Miller, SPE, Stanfonl U. 
1 kber Cinco-Ley, SPE, U. of Mcxico 
Eric L. Fchlberg, Shell Oil Co. 

Summary 
G.:uthc.:nnal wcll tcsting, a discipline that evolved from 
con\'~nlional oil and gas wcll tcsting, often requires 
special considcr..ttions. The gcometry ·or the rcscrvoir 
"nd tho'c charactcristics frcquently found in gcothetmal 
systcms cngcndcrcd the idea of a parallelepiped model 
with interpcnctrating fractures. Such geomel¡y can be 
dcscribed mathcmatic"lly using Grecn's and source 
functions_. Equations of rcservoir pressure behavior then 
can be deve!oped: for both drawdown and buildup tests. 
Graphs des~ribing dimcnsionlc~spressure as a function 
of time and vario~s reservoir parameters are provided in 
this paper. The • ge

1
nera! method used is type-curve 

matching. 
~ 

Introduction 
There are threc major types of geothermal resources: (1) 
vapor-dominated (d¡y-stcam) such as in The Gcysers 
(CA) or in Tuscany of central Ita! y, (2) two-phase such 
as ·in Ncw Zealand, and (3) hot-water, found in severa! 
locations. The most useful, in tcrms of power produc
tion, are the vapor-dominated reservoirs. They are also 
the most rare. · ·: / -

A number of geothermal reservoirs. exhibir transient 
pressure behavior that indicates large, highly conductive 
fractures. The size of thcse. reservoirs is controlled by 
faults and overlying impermeable rocks. A conslant· 
pressure bounda¡y, presumably boiling water, often is 
observed. 

A para!lelepiped model conceptua!Jy could approx
imate such a configuration. A model with closed, no
tlow boundaries on five sides and ·a constanl·pressure 
bounda¡y on the bottom was described by Cinco-Ley el 
al. 1 The fracture system was simulated as a rectangular-
shaped source. _., 

... 
. . . 
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The conccpt is limitcd lo vapor-dominatl!d n.:scrvoirs. 
Both gcologic cviJcncc and proJw:tion histories have 
precludcd the use of r"dial modcls in both Thc Gcyscrs 
and Larderello, ltaly. Hence, thc parallckpipcd model, 
with the included fracture and subfom1ation boiling 
front, is intcnded to analyzc pressurc tr"nsknt bchavior 
in d¡y·stcam geothermal we!ls. 

Model Description 
The model assumes constant-tlow-rate production in an 
anisotropic, homogeneous rc~ervoir. If the flow mte 
varics, an influcnce function such as that dcscribcd by 
Economides el al. 2 can be u sed in the subscqucnt type
curve matching. Thc reservoir dcscribed by the model 
~ontains a slightly compressible fluid of constant viscosi
ty Jl.and comprcssibility e, an assumption totally inade
quatc in the case of geothermal stcam. Yetthc shoncom
ings can be overcome if thc psrudoprcssurc function 
m(p) is ·uscd. The rcal·,gas pseudoprcssure was discus~cd 
by AI-Hussainy and R"mcy.' Al! of thcse assumptions 
~onnally are used in gcothcnnal wcll tcsting. irn:~pec
ttve of the model. Although the solution can be modified 
to incorporate fracture(s) anywhere in the rescrvoir, a 
vcnical, panially penctrating fracture has bcen used. The 
fracture is in the center of a parallclcpipcd rcservoir of 
squarc horizontal cross section. 
~rom source and Grecn·s functions, as prcscntcd·by 

Gnngarten and Ramey, 4 an expression for dimcnsionless 
prcssure drop at any point in the rc~c.:rvoir was 
developed: 

= 

,.{_ 

ho rD.if _1 

h¡o o .¡; 



,, 

. [ 
11.= • co 

[ 
~, ( xo-21Lt0,_+1 

· LJ crf - · 
n~ -oo 2.[; • 

h . ,: 

[ 

" ( z0 + fD +z¡o +4nho 
• ~ -crf -=-2 

-·---
n=-oo 2.¡; 

h¡o ... 
-z0 +- -z¡o-4nho 

-crf----=-
2
----

2.¡; 
h¡o 

z0 ----z¡o+4nho 
tcrf 

2 

2.¡; 
h¡o .. 

1 -- -z0 +z¡o -4nh 0 

+erf-2~------
2.¡; 

h¡o .. 
zo +-+z¡o +4nho -2ho 

+erf 2 ·"" 

2.¡; . ,.,.. 

. ~ ·:• . . 

or altcmatively 
.... 

.... 1 

...... (1) 

2 ~_.,.,, 2 nryo) 
e-11 ~--~!De cos--

··. '.:. ·,;.· Yo. 

'. 
926 

1/hXD . lliiXj!J) 
·nJs-----~m---- --

.r D~ X D~ 

2 2 1 'h , 

[ 

~., e-t.:!n-1) r r ~o· . (~n--l);;hJD · l.: - ·-sm--·-·-·--
,1 _ _,1 (2n--l) -H1o 

. (2n-1)1rZjo. (2n-1)r:o] 
sm-----sm dr, 

2h 0 2h 0 

........ (2) 

whcrc the dimcnsionkss tcrms in thc l~~luations are dc
fincd "' follows. 

Po= 1.291 X 10'2 f!_Jk,k' !J(p~ ·-_P~•fl_ 
ZTq¡¿ 

(3a) 

k,t 
0 .. 1604----2. ' .. '' ............. (3b) 

QJ'C¡Xf · 

X 
x 0 = ............................ (3c) 

x¡ 

Yo= ...... ' .......... : .... (3d) 

....................... (3c) 

X~= 
x, 

................ ' .......... (30 
x¡. 

Yo~= . ........ ' .... ' ...... (3g) 

!!...~. . .. ' ' .... ' ............ (3h) 
X¡ kz 

..................... (Ji) 

z¡o= z¡ ~- ...................... (3j) 
x¡ kz · . . 

Eq. 1 was found bctter for calculoting dim.:nsionlcss 
prcssure drop al small values uf time. while Eq. 2 w"s 
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bt·ttcr at 1argcr ,,·alues of time. Using thcse cquations, 
Cinco-Ley et a/. 1 d~,·.:-h1pcd 11 HUIJlbcr of solutions of 
df"Jwdown tl'~ling fur Jiff('1.:11t \'~lucs of Xo \'-'ilh the 
dimcnsionlcss thicknL'SS h ¡j ;¡S a p~ramctcr. 

By thc principie of ~llfl..'lpO!:.Ítion, tyj>c curves wc.:re 
dcvclüpcd for pr~;surc huildup tc;ting. The principie of 
supc1position has bccn uscd cxtcnsivcly in pressurc tran
sicnt analysis, both in the simulatio.n of closcd boun
darics through the use of image wells (superposition in 
spat.:.'c) and, more imp011ant1y, in the ·calculation of the 
prcssurc rl!s.pon~e following shut-ins oc flow-rnte tluc
tuatiüns (supcrpositinn in time).· 

Thc supcrpo;ition principie as applied hcrc can be cx
presscd as follows. 

Po(/ pD + !J.r ol "~""od 

~ P o(l pD +IÚo) dr•wdown -P o(At o) buitdup· • • • • (4) 

· .. 
"The cquation denotes that the observed dimcnsionless 
prcssure drop (and its propottional reru pressure drop) is 
cqual to thc prcssure drop causcd by drawdown, pre
sumcd to continue following shut-in, minus the prcssure 
drop cvaluatcd at At. 

From the solution for drawdown from Eqs. 1 and 2, 
solutinns for buildup m ay be devclopcd from Eq. 4. 

The solutions are signiticantly more numerous than 
those for drawdown since the duration of tlowing time 
hcfore shut-in presents an additional and significan! 
paramcter. Of all parametcrs considered, the fmcture 
pcnctration x 0 ¡ had the lcast effect on the prcssure 
respons~. To avoid the prescntation of a great numbcr of 
typc curves, only those with xo. =2 are published hcre. 
Figs. 1 thn;JUgh 5 show a log-log graph of p 0/ho vs. t Dxf 

with the production t pD as a parameter. The curves are 
for a dimcnsionless fracture penctration ratio of 2:1, 
while the values of the dimcnsionless fonnation 
'thickness vary from 2:1 to 20: l. · . · .. 

• 
F.xample 
Prcssure buildup data were recorded for a steam · well 
(Well 0-7) in Shell Oil Co.'s )cases in The Gcysers .. 
·shut-in bonomhole pressures were calculated, and a plot' 
oflog (p 2ws -p2.¡) [mcasured in (kg/cm2)2J vs. time ap
pears in Fig. 6. A type-curve match· with_ one of the 
curves developed for this work obtains the following 
points.-

P~s -p2w¡= 1150 (kg/cmi)2, 

Polh 0 =4.1. 

Al= 10"1 hours. 

Ar04=5.5. 

_r,=7.5hours. 

t,o=400. 

Pettinent reservoir parameters appear i~'Table l. ., . 
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TABLE 1-\'/Ell 0·7 r:::.s~r.'.'Oin DATA 

Flo-.v r<>tc q, ton/h 
Viscosity p. {average), cp 
G::!s dcviation fnctor z 
Comprcssibility e t, Jo'.g/cm 2 

Porosity (cstimatcd} 
Rescrvoir temperatura T, K 
Mol~cular weight M 
Flowing prcssure Pwl• kg/cm' 

5~.5 
O.Oi05 

0.87 
0.0-16 
0.05 
494 

18 
3.6 

1.291 X 10 2 ( 18)(k,k ¡) 'h X¡f~"-{ 1150) 
k 

4.1 = ------------- ·-·- ...... ·-' . .... _. ---
(0.87) (·!9.\) (52.5) (0.0165) 

:.(k,k,)'''xr'5.71 darcy-m. , ........... (5) 

From the ddinition of dim.:n::.innlc.ss time, 

5.5 
0.3604 k.(O.I) 

(0.05) (0.0165) (0.046) x/ 

. k, - .J .. - 2 -S.79xl0 darcy/m1 ....... _ ......... (6) 
X¡ 

From E4s. 5 and 6, 

k,k1k, =0.189 darcy'. . ..................... (7) 

With k,lx/=5.79xi0· 3 and tp=7.5 hours, we can 
calculate lpo =412, which agrees wcll with the obtained 
match. 

The practica} result so far is that imponant n:scrvoir 
paramcters, such as thc dircctional ~mll!abilitics ~nd the 
lcngth of thc fracture, ha ve bccn rclatcd through simple 
relationships. Thc pcm1cabilitics rcfcr to thc matrix, and 
full anisotropy is allowed by the rc,ults of Eqs. 5, 6, and 
7. lfisotropy wcre assumed and, hcnce, k~k, =k1 =k,, 
thcn k=0.574 darcy (from Eq. 7) and x1 ~99 m (from 
Eq. 6). Finally, the lcngth of thc reservoir is 198 m, 
sincex 0 =2 andx0 =xlx¡. · 

All these tindings are signiticant, since not only the 
pcrmeability but also the areal cxtcnt of the rescrvoir 
were calculated. The longevil)' of thc ticld, fu tu re drill
ing programs, and location of future wells are related 
directly to the reservoir pcnncability and the cxtcnt of 
the drainage area ofthe testcd well. 

Geothennal fonnations have been known to cxhibit 
anisotropy. In the case of Well D-7, a study on 
anisotropy can be done. 

From the detinition ofthe dimensionless thickness, 

and since h 0 = 10, a graph such as the one in Fig. 7 can 
be constructed . 
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Flg. 1-Pressure buildup type curve of a fractured well in a 
parallelepiped reservoir (h o.- 2). 
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Flg. 2-Pressure buildup type curve of a fractured well in a 
para~lelepiped reservoir (h o"" 3). 
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Flg. 5-Pr.:!ssure buildup typa curve of a fracturc-d w0ll in a 
parG.I!c!epi¡led resurvoir (h o = 20). 
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One c:m ~s~u111C a fl' '·llll:lhlc x¡ ~1nd h, ohtain the 
k.Jk~ r..~tio, ;_¡nd, u~ing Eqs. 5 anJ 6,· cakulodc al! 
¡x-nnc~bililics. Thcn, Eq. 7 cun be u~1.~d as a ~,.·he( k. Thc 
rl.'."ults of this calcubtion are x¡::-:20 m, li=<~OO m •. 
k, ~2.32 darcks, k,,o5.21 dardcs, and ky"'Ü.ÜI56' 
thrcy. · 

Thc cakulatiQri can be rcPeatcd. for aUy sét Uf fracture 
kngths and rescrvoir thickncsses. Gcotogic cvidcncc and 
futurc drilling prugr..~ms actuaUy ma,Y,Jimit thc iteration 
to ju~t thc rcsc..rvoir thiCknCss· since the fracture may be 
llll~a:::.urcd. . · · 

Condusions ¡-, 

l. Thc parall~kpipcd mcidel sccms lo ·be a rcaso••ablc 
intc1prctation of lfry·ste3m i"es6J.Voir beh.ivior. 

2. Buildup and druwdown data can be unalyzcd with 
thc 111odcl, allhqugh the analysis is more cumbcrsome 
with bulldup data because o(the prescnce of an addi· 
tional p~rametCr¡ lp· . . · · · . . 

3. Thc mcthod providcs significan! infom1ation othcr· 
wisc unavailable from such cslablishcd lcchniqucs as 
Horner. .; · 

4. Shell's Well D-7 appcars to be analyzed adcquately 
by use ofthe pamllelepipcd inodel. 

Nomenclature 
e = 

h = 
h¡ = 
k = 

• m(p) = 
M = 
p = 

p¡· = 
Pw! = 

;. q = 
S = 
1 = 

fp = 
tu = 
T = 
z = 

"'• = 

z¡ = 
y = 

y, = 

··.:: 
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isothennal compressibility, 
cm 2/kg (psi~~)'. ' 

fonnation thickncss; m (ft) 
frdcturc height, ·m (ft) 
pcnneability, :ctarcy. 
real gas pseudoprcssu're 
molecular weight, g/grnol. 
pressure, kg/cm2 (lbm/sq in.) 
initial pressure •. kg/cm' (lbmfsq in.) 
llowing boitoml]ole ¡iressure, 

kg/cm' (lbm/sq in.) 
mass flow rate·; ton/h (lbmlhr) 
source function' ... > ·. 
time, hours · ·.-:.:; ':· ~ 

· ..... 
production time befo~e shut-in, hours 
time since· shut.:in~· houts 
reservoir t~mper3iUre, K 
distance iit x diredion, m (ft) 
boundary locatimí in->: direction, 

m (ft) . ' .·,; .... .:·. 
half-fracture length, m (ft) 
distance in y direction, ·m (ft) 
boundary location· in y direction, 

m (ft) · -,_· ·· 
! •• :; 

·~· 

.· .. , '·, 

-:~'- .. " •.· 
·'J:~~~-· . 
. ' -~;:.t~. 

:·~·-: .. 
· .. :~' 

.. ·~·'. 

. ' 

z 
Z¡ 
Z¡ 
Ji 

4> 

diq:uicc in .: .1ir,;.·ti• •!1, m (ft) 

~,.·k\';J!Íl•n uf fr.tLitjt._' 1 :i.!¡1•··int, 1:1 lft) 

gas dcvi:.Jtion f::~·h·r. dim~·;J:-.i~•;llt=~s 

visco~ity, JliP;,¡ · s (..:·p) 

Suhsrripts 

D 

1 -

porosity, fr:.Jctiun 

Jim~nsionlcss 

L'.\kmal 

fracture 

i ll i 1 i::tl 
p pn •du •. :tiun 
w w~!lbLJrc 
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In té mal Flows in Geothem1al W ells: 
Their Identification and Effect on the 
W ellbore Temperature and Pressure Pro files 
Makorú A. Grant. SPE. New Zealand Dcpl. of S.:icntifit' &. lndu.~ui:JI Re~earch 

Paul F .. Bixley, New Zcaland M!ni~try of Wurks & lJ",·clupmcnt · <• 

Jan G. Donaldso~, New Zcaland Dcp1. of Sdemilk & lndu~trial Rc:.carch 

Abstrae! 
Geothennal wells exhibit a variety of interna! flow ef
fects causcd by the flow of water. steam. or both be

. twcen ~istinct pcnneable zoncs tapped by the well. 
These internat flow effccts are descrihed and it is shown 
hów th¡;y may be recognizcd from downhole pressure 
and tcnipcratur~ profiles. 

Prcssurc tmnshmts measurcd at depths other than that 
of the wcll's primary penncable zone can be corruptcd 
by such llows. The effects of such flows on injection nnd 
dischargc transients are discusscd. 

lnt rodud ion 
Two typcs of flow c<Jn occur in wclls in gcothcnnal 
n.:scf'.·oirs: (1) interzonal flow in which fluid enters the 
wcll at one depth, flows up or down the wellbore, and 
exits at a second depth, and (2) interna! convection in 
which fluid circulates within the wellbore. The first is 
more common. 

A geothern1al wellbore is a long, venical or near
venical pipe penctrating a reservoir of heated fluid. Most 
geothcnnal rcsc·rvoirs consist of fracturcd rocks, and a 
well draws its fluid supply from one or a few fractures 
(also called "penncable zones," "aquifers," "produc
tive horizons," or "feedpoints"). Nonnally no auempt 
is made to isolate individual feedpoints from one 
another, so multiple feeds are often exposed to the well 
over a venical distance of 3,000 to 6,000 ft (1000 to 
2000 m). 

0197. 752018310i.121·0317SOO 2~ 
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Over the depth of open hole the well is exposed to the 
reservoir; which may contain waters 'of · different 
temperatures or steam/water mixtures. In addition, the 
reservoir pressure distribution is not static 1 because the 
natural throughtlow of the reservoir causes a nonstatic 
distribution of fluid. In Wairakei, New Zealarid, the pre
exploitation venical pressure gradienl was, for exarnple, 
about 7% above hydrostatic (for the temperatures 
involved). 1 · 

The very high penneabilities encountered in good 
geothennal wells [penneability-thickness of the order of 
3 to 300 darcy-ft ( 1 to 100 darcy · m)] 2 mean that com
paratively small pressure differences from buoyancy ef
fects or from the nonstatic reservoir profile rnay cause 
substantial flows within a wellbore. lf a well has more 
than one significan! feedpoint, it is impossible for it to 
attain both thennal and pressure equilibrium with the 
reservoir, and fluid will tlow between the pe¡;rneable 
zones. Such flow up or down the wellbore distons 
temperature profiles, so measured downhole data reflect 
not reservoir temperatures but the physics of heat and 
mass tmnsfer within the wellbore. Pressure profiles 
measured downhole likewise reflect. not' the reservoir 
pressure profile but the ·fluid column occupying the 
wellbore. 

In the absence of these strong interzonal flow effects, 
the fluid-filled wellbore still represents an effective 
means of venical heat transpon by convective circulation 
within it. Jntemal_tl<;>w up or. down the wellbore or con
vection within the wellbore are by far the dominant 
features influencing measurements in geothennal wells 
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Flg. 1-Temperatura and flow IOgs lor Well NG9 at Ngawha, 
New Zealand (adaptad trom Rel. 23). 

in New Zcaland. For this reason, downhole profiles re
quire careful interpreta! ion. 2·7 lt is a rare we!l that, 
throughout the length of open hale, reaches a convincing 
static equilibrium with reservoir tempemtures. 

We now consider the diffcrent typcs of interna! tlows 
and the measurements that identify them. Unless other
wise specified, the discussion refers only to unexploited, 
liquid-dominated reservoirs. 1t also is assumed that the 
reservoir is fractured, although thc same wellbore effects 
have heen observed at Cerro Prieto, Mexico. 8 The tlows 
conccmed range from small (up toa few pound-mass per 

: sccond), which only affcct thc fluid protiles in the 
wcllbore itself, to ve!)' large (more than 200 lbm/sec 
( 100 kg/s)], which may form a significan! pan of the 
mass transf~r within the rcservoir. 

Downnow in the Wcllbore 
Most C!!Sily rccognizcd is thc downnow of Jiquid water 
in the wcllbore. With the wcll shut in, water enters atan 
upper feedpoint, descends the we!lbore, and is injected 
back into the rescrvoir at a lower permeable zone. The 
temperature pro file within the section of the wellbore in
volved is controlled by wellbore heat transfer to the 
downnowing water. 9 Geotherrnal wells, in reservoirs 
penneable enough to be exploitable, have high flow rates 
by petroleum well standards. 1t is possible for the 
downtlow to be so large that temperature is (essentially) 
isothermal in the interzonal flow section of the well. In 
the.shui-in we!l, this tcmperature will be clase to that of 
the water cillering at the rnaiñ fcedpoint. 1t need not be a 
low temperature. In many situmions it is little diffcrent 
from temperatures found in deeper fcedpoints in the 
same or other wells in the reservóir. ·, 

Fig. 1 shows an cxample, Well NG9 in Ngawha, New 
Zealand, in which both temper.llure and tlow mte have 
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Flg. 2-Downhole temperaturas mea~ured in Well WK47, 
Wairakei. 1968-69. · 

been mcasurcd in the wellbore. Here, with the well shut 
in, isothermal conditions are found over the 2,200- to 
3,200-ft (670- to 970-m) section of the wellbore. The 
mcasured downtlow in this section is 9 lbm/sec (4 kg/s)· .. 
Also shown in this figure is a temperature profile 
measured during cold-water injection into the same well. 
The wellbore is not filled with the cold injectioil water. 
At the upper feedpoint, hot water still enters the well, 
and it is the mixture that tlows down to the !ower 
pcnneable zones. There are wells in New Zealand in 
which such a downflow always has been present, and 
consequcntly reservoir temperatures are unknown 

. bencath the intlow point. The problem is prevalen! in the 
Ngawha field, and Well NG9 (Fig. 1) recently was 
worked over with a double completion to obtain "clean" 
temperatures and production from its lower zone. 

In some wells it is possible to use the downtlow 
regime to detcmline the reservoir pressure at the main 
feed zone. The intlow to the well from this feed must de
pcnd on the reservoir/well pressure difference at the fecd 
leve!. By comparing simultaneous pressure and 
tempemture profiles measured at different rates of injec
tion of water into the well, it is possible to determine the 
pressure at the feed leve! at which no intlow occurs. This 
must be the reservoir pressure at this leve!. 

The well with a 
1
small downtlow is more difficult to 

recognize. In this case, wellbore heat transfer results in a 
nonz~ro tempemture gradient in the downtlowing water. 
Such minar downtlows often can be recognized only by 
comparison of shut-in with discharging temperature pro
files. The downflowing water cools the well when it is 
shut in. Fig. 2 shows an example from Wairakei-an ex
ploited tield-where this effect is now common. Sorne 
measured stalic downhole profiles in Well WK47 are 
shown under shut-in and discharge conditions. The latter 
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Flg. 3-Temperatura and flow pretiles in a wellbore for 
upflow with boiling. 

curve ties in with reservoir temperatures established by 
use of data from different wells in the neighborhood that 
are (in pan) uncorrupted by interna! flow effects. These 
discharge tempera tu res are higher than the shut-in ones, 
indicaling water of higher tempemture enrering the well, 

. presumably from the deeper feedpoint. 

Upflow, in the Wcllborc 
An upflow of liquid water in the wellbore has 
characterisiics similar 10 those of a downflow. Thus it 
may not be possible 10 disringuish an upflow from a 
ilownflow with shut-in temperature profrles alone. If 
dównhole flows cannot be meas u red directly, 
temperature measuremenr during injection can be used to 
clarify the situation. 2 

A different effect is introduced if the rising water boils 
as it ascends the wcllbore., Liquid water enters al the 
lower feedpoint and rises up the wellbore unril it boils. 
From that leve! up, steam bubbles move up with the 
water. Provided that the upflow is srnall, the pressure 
gmdient remains oear hydrostatic. Al the upper 
permeable zone, water is injected into the formation. 
The stea¡n bubbles upward into the casing, heating the 
water in this section of the well and causing a small 
downtlow of condensare. Residual gas in the steam ac
cumulates within the casing. This mechanisrn creares the 
very high wellhead pressures from gas that can occur 
even in reservoirs of low gas contenr. The upper pan of 
the well acts as a distillation plan!. The gas column 
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Flg. 4-Warm-up and stable temperatura profiles in Well. 
· WK24, Wairakei. 

sometimes extends down to the shallowest feedpoint, 
where there is then a sharp change in fluid density, as in
dicated by downhole pressure. 

The flow and temperature profiles that might be ex
pected in the wellbore in this case are shown in Fig. 3. If 
the upflow is laige enough, isothermal conditions will 
apply in the liquid-filled interzonal-flow section of the 
.wellbore. Above the boiling leve!, however, saturation 
conditions rnust apply, and the temperature thus will 
decrease as the fluid moves up the well. 

The stable downhole temperature protiles measured in 
many wells aru of this form. In Fig. 4, the stable 
tcmperature profile for Well WK24 at Wairakei is 
shown, along with other profiles obtained during warm
up and the reservo ir temperature pro file thatthese warm
up curves imply (by extrapolation at different levels). 
[The higher remperatures at2,000 ft (600 m) derive from 
other data.] The final temperature profile in the shut-in 
well is smooth, featuring approximately isothermal ~on
ditions at depth and boiling point conditions at shallower 
levels. The cooler temperatures of the reservoir above 
1,300 ft (400 m) are obscuned total! y because of the 
flow-established conditions in the well. The contras! be
tween reservoir and wellbore tem¡ieratures al so is found 
w~en comparisons are made between temperatures 
meas u red during drilling (i.e., stable bottomhole 
tempemtures) and in the completed hole-e.g., at 
Wairakei Well WKtOl and al Yellowstone Well Y-4. 10 

If the fluid entering the well is boiling, ·the isothermal 
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Flg. 5-TemPeratura profiles measured in Well WK21, 
Wairakei, in 1953 showing conditions during and at 
the end of warm-up and after steam buildup al the 
wellhcad. 

section of the temperature profile is absent. In this case 
the well has a boiling-point profile-it appear.; to contain 
a column of water at boiling point. An example, for Well 
WK21 at Waimkei, is illustmted in Fig. 5. This well in
itially warmed to the boiling-point profile illustrated. 
Separation of the steam and water in the. well casing 
ultimately resulted in the second profile (marked "'stcam 

. ' .. at wellhead"J shown. The tirning of measurements thus 
also may play a role in interprctation. 

More. vigorous upflow in the··wellbore can rcsult in the 
steam/water flow being in the slug rather than in the bub
ble regime. In this event, the wellbore contains a 
steam/water mixture (recognized by a low-density fluid 
column) rdtht:r than the bubbles-in-water mixture (with a 
fluid column of approximately liquid water density) 
associated with lower rates of upflow. This type of 
wellbore flow has been called "interna! discharge" 
because of the high rate of discharge into the higher 
permeable zones. Fig. 6 shows the downhole 
temperature and pressure profiles in Well BR 2 at 
Broadlands and the rcservoir pressure profile in the 
vicinity of this well in 1966 when it was in an interna! 
discharge mode. By 1971, drawdown in this reservo ir, 
because of extensive test discharge of wells in this field, 
had rcsulted in the inversion of this flow. The later well 
and reservoir prcssures and well temperaturcs are plotted 
for comparison. 

Another wellthat shows an interna! discharge is Well 
Y-13 at Yellowstone. There, staged measurements show 
the contras! between the reservoir and downhole pressure 
profiles. 10 Because the interna! discharge permits 
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6-0ownho\e and reservoir profiles in Well BR? in 
Broadlands under upftow conditions (befare produc
tion testing in 1966) and downflow conditions (at the 
end ol the production test ir- 1971). 

greater differences between reservoir and downhole 
pressure gradient (a result of the lower density of the 
fluid in the well), flow rates are greater than for liquid 
flows. 

In allthese situations, the upflow in the well coritrols 
the dow~hole temperature profile. The only opportunity 
to observe reservoir temperatures is thus during warm
up, befare the upflow becomes established . 

Corrclation of Downhole and 
Reservoir Pressures 
In a single well with one doininant feedpoint. downhole 
pressure approximates reservoir pressure atthe depth of 
the feedpoint only. Comparison of pressures in different 
wells pern1its construction of a reservoir pressure pro
file. 1 Comparing this profile with the profile in a well 
indicates where flow into or out of the well may occur. 

In a region of a reservoir where fluid is rising, the ver
tical pressure gradient must be superhydrostatic. In 
outflow or downflow regions it is hydrostatic or 
subhydrostatic. Correspondingly, the prcssure gradient 
disposes wells to inteinal upflows and downflows, 
respectively (the vertical pressure gradient in the 
wellbore must be close to hydrostatic in most cases), 
with possible complications from changes in liquid den
sity with temperature. Thus, in an unexploited reservoir, 
.we would expect wells to exhibit upflows in the region 
where the natural upflow occurs, and downflows in 
peripheral gr outflow regions of the reservoir. Al 
Wairakei and Broadlands, nearly all early productive 
wells showed upflows. 
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1 1/a 

slotted liner 

Flg. 7-Coflvection cells observad in Wetl KA27, Kawerau 
(aher Ref. 13). 

. ' 

Exploitation will aller the pressure distribution in the 
reservoir, and interna! flow can change. This can create 

· marked changes in downhole prcssure and tempem1ure, 
which reflect not changes in reservoir values bul changes 
in lhcinternal flow in lhe well. Fig. 6 (discussed earlier) 
shows 1he effects from a reversa! of flow in Well BR2 al 
Broaillandsthal ha ve been brought about by exploitation. 

Given sufficient downhole data, it is possible to 
: estimate quantilatively the rnagnitude of interna! flows, 
· together with the reservoir pressure and injectivi

ty/productivity of each penneable ione. 11 •12 For a well 
· with a substantial interna! flow, such an analysis is the 

only way 10 estimate the undisturbed reservoir pressure 
at each feed zone. 

Allhough most interna! nows are small and canse· 
quently difficult to identify, sorne are not. Anal y ses ha ve 
found substantial interna! discharges in severa! wells in 
different New Zealand fields. The interna! discharge in 
Well BR28 at Broadlands has, for example, been 
estimated at about 200,000 lbm/hr (30 kg/s). Direct 
measurements by spinner of large flows a!so have been 
carried out. Downflows at Ngawha are typically up to 
80,000 lbm/hr (10 kg/s). l3 At Wairakei, with a dis· 
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pressure 

depth 

Fig. 8-Definition of a pressure pivot al th-e feedpoint during 
well warm-up {differences from hydrostatic are 
exaggerated) . 

turbed reservo ir. pressure pro file, a downflow of 650,000 
lbm/hr (80 kg/s) was measured in We!IWKI07. 14 . 

Convection Cells 
Convection cells have been identitied with a flowmeter 
in injection wells and in shut-in wells. 13 They appear to 
be influenced strongly by the geometry of the drilled 
hole and of the liner, 15 and they probably aré controlled 
to a·degree in sections ofthe well where the hole is larger 
than gauge. A convection cell often will tenninate at a 
break in geometry or at a feed zone. An extreme case is 
illustrated in Fig. 7. This convection cell pattem was 
observed in Well KA27 at Kawerau. The solid and slot
ted casing sections are indicated, along with atÍ estimate 

1 
of the shape of the actual drilled hole. 

Identitication of Permeable Zones 
For the discussion of transienl analysis, it is im¡xirtant to 
be able to identify the location of the major feed of the 
well-i.e., at what depth the well intersects the dominan! 
penneability. Penneable zones in a well can be recog
nized by drilling losses/entries; petrology (hydrothennal 
alteration); a zone cooled by injection; an endpoint of in-
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9-Pressure profiles measured during warm·up in Well 
KA16, Kawerau. in 1981. Temperatura curves for this 
well indica te permeability at the pivot depth 1- 2100 
ft (- 650 m)]. 

tertonal flow during wam1-up;, a zone wunning ahnor
mally rapidly; Oowmcter logs, if available; and thc lcvcl 
of phasc change. ~·5 ·6 

Sometimes one zone clearly dominatcs; at other times 
it may be difficult to decide. A method that can idcntify 
the dominan! zone conclusively, if it produces a unique 
re•ult, is the pressurc pivot. This is illustmted in general 
terms in Fig. 8 and for a specific well, Well KAI6 at 
Kawerau, in Fig. 9. After drilling and any subsequent 
cold·water injection, the wellbore contains cold water. 
Once any transient pressure effects of drilling and injec· 
tion ha ve died away, the downhole pressure equates to 
reservoir pressure at or near the dominan! feed. In the 

,. time span involved for these tmnsients to die out, the 
water temperature will not have changed. The pressure 
gradient in the well thus will relate to cold·water 
hydrostatic. As the well warms, the pressure at the feed 
will not change. The gmdient, however, must reOectthe 
increase in tempemture through the associated density 

· decre~se. The prcssure profiles pivot aboutthe reservoir 
pressure at the fcedpoint, simultaneously identifying the 
feedpoint and its rescrvoir pressure. Note that for Well 
KAI6 (Fig. 9), the permeable zone suggested by the 
pressure pivot has been confirmed by analysis of 
temperature data. Such confirmation always is sought if 
appropriate data are available. 

lf there are two significan! feed zones, the pivot ap· 
pears al a point between them that is a mean of the two 
depths weighted by their injectivities/productivities. 
Where there are multiple feeds, intermediate ones may 
be hiddcn, and the pivot point may reOect the inOows 
and outOows of the extreme points alone. 

An extreme case of lhe pressure pivot is in a vapor 
system. 16• 18 Downhole pressure profiles with the well 
containing cold water, and containing steam, have sharp· 
Jy contrasting gradients. The fccdpoint thus can be de· 
fined clcarly. 
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Flg. 1 0-Downhole and reservoir temperaturas for a group of 
Wairakei wells. 

Exploited Rcsenoirs 
An c•ploited rcscrvoir differs from an unexploited one.in 
that the rcservoir pressure profile may be far from stattc, 
an'd two·phase mixtures of any steam/water ratio can. be 
produced. Prcsence of Ouids of higher enthalpy can 
m'ake a reservoir more prone 10 intemal discharge in the 
wells. Such interna! discharges were, for example, quite 
common in Wairakei wells between 1959 and 1965. 19 

1 

Usually, after sorne exploitalion, a steam zone forms 
near the top of the reservoir. Corre,spondingly, ~ells 
often adopl a steam-cap profile-the wellbore contatns a 
column of liquid beneath a column of steam. The steam 
in the well may or may not correspond to a coherent 
steam column in the reservoir. Fig. 1 O shows the stable 
downhole pressure pro files meas u red in a group of wells. 
al WairJkei during 1971-74 and the reservoir profile as 
identified by comparison between many wells. 20 . 

Pressures in !he water columns of the wells agree with · 
the rcservoir pressures. In the steam zone, agreement is 
found only atthe permeable zones because the steam col~ 
umns have a markedly lower pressure gradient than does 
the reservoir. . 

When a well has a steam cap, it can equilibrate against 
rl!servoir pressure at two depthS: one.in steam and one in 
water. Within each fluid column in the well, interzonal 
now can occur. 

Pressure Transients 
The theory of pressure-transient analysis is based on 
Oow in a horizontal aquifer and on the pressure changes 
at wcllface that result from withdrawal from or injection 

' inlo thal aquifer. The pressure change analyzed .is the 
downhole pressure at. the well's producing depth.The 
pressure ar so me other depth can be u sed conveniently, 
provided tiÍat there is a constan! pressure difference be
tween that depth and the feed depth. 
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Fig. 11-Downhole temperaturas during and after cessalion al 
injection. 

Unrecognized flow effects result in a varying pressure 
difference betwcen other points in the well and the feed
point. Often this results in a tmnsient measured away 
from the feedpoint hcing so peculiar that it must be ig
r\ored. Less often, an apparcntly good result may be ac-. 
cepted as val id when it is not. In all cases, the problem 
can be recognized if downhole temperature or pressure 
profiles are measured during, before, or after the tran
sient test to see whether incorisistencies exist. In prac
tice, it is bcst to avoid such problems in geothennal wells 
by mcasuring all transients at the well's primary feed 
depth. Measurements at other depths, such as bot
tomhole or casing shoe, can be misleading. 

The flow effects on pressure-transient data can be 
regarded as extreme cases of humping, complemented 
by thennal effects and multiple entries. With suitable 
theor)', 2 1.22 ~nalysis may be possible sonleday. 

Different problems and effects may occur in injection 
and discharge tests. For example, an injection test in a 
well may pri>ve quite unsatisfactory; in contrast, a 
discharge test in the same well may provide excellent in- -
formation. We thus. consider · these two tests 
independently. 

Injection Tests · 
Problems with injection tests most commonly are en
countered in a well with interzonal flow. Undcr injec
tion, fluid may enter the well from the fonnation at the 
upper feedpoint, and . mixed water of intennediate 
temperature may flow down the well. Ata change of in
jection · rate, the inflow rate also will change (and will 
continue to change). Water of different temperdture 
begins to fill the wellbore beneath the upper feed (Fig. 
11), anda waier column of a densit?.' that changes with 
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Flg. 12-Falloff of the pressure chanpe during an injection test 
in Well KA22, Kawerau (aher Ref. 23). 

time plays a role in seuing the pressure. If one zone has a 
m u eh larger penneability, the pressure at that leve! will 
be set by the injection conditions. A good transient 
should be obtained at that depth. If both inflow and 
outflow zones are of comparable permeability, it may 
not be possible to get any meaningful result. 

Now it will be assumed that one zone does have a 
m u eh higher permeability, so that a good transient can be 
measured at that depth. At the wrong depth, the pressure 
transient measured typically shows an initial corree! 
response, but this is followed by a reversa! and oscilla
tions. Fig. 12 shows a transient measured in Well KA22 
at Kawerau. 23 Here a straight line fits the first few 
minutes of data, but then the pressure change decreases. 
It can be shown that there is a period of time in any well 
o ver which the interzonal flow effects are negligible. If a 

. semilog strJight line develops during this period, it gives 
/he correct result. This period, however, can be as shon 
as 1 minute. 

A discharge test in Well KA22 gave no problems, 
because during discharge and recovery the wellbore at all 
times contains a cólumn of 482"F (250°C) water be
tween the two feed zones. 

The interzonal flow problem under injection trpically 
causes humping or oscillatory response. At times this 
can be so severe that the first measurable response is a 
pressure change of the wrong sign. 2•24 This problem 
al so may be recognized from downhole te¡nperature pro
files showing interzonal flow · during injection, in the 
well as it warm·s up, or when it is fully wanned up. 

Discharge Tests 
Problems under discharge also arise from varying den· 
sities, but here they are associated with flashing in the 
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Fig. 13-0ownhole pressure proliles during recovery alter a 
discharge test, illustrating the ellect ot collapse of 
two-phase conditions in the wellbore. 

wellbore. Fig. 13 shows a simple illustmtion of how the 
pressure may change in such a wcll upon shut-in. The 
well, during discharge, has a two-phase column in the 
wellbore. The primary feed is above bouomhole, 
although some fluid must entcr lower down to maintain 
the flashing column. Upon shut-in, a two-phase column 
persists for sorne period in the well. 25 Then, however, it 
collapses lo form a water column with steam (or gas) 
above. From that time on, the pressure difference from 
bouomhole to feedpoint will be constant. The misleading 
pressures atthe wrong leve! occur this time in the earlx 
period. Fig. 14 shows a Horner plot ofpressure recovery 
in a well at feedpoint and at bouomhole. Late-time 
semilog slopes must agree, so both histories give the 
same permeability-thickness. The pressure change after, 
say, 1 hour is larger al bouomhole than al feedpoint, so 
the bouomhole data overestimate skin. 

A less common problcm occurs in wells with an inter· 
nal discharge. In these, a two-phase column is always 
present. Pressure changes al bouomhole are always 
larger than al feedpoint, approximately by a constan! 
ratio. In this case both permeability-thiokness and 
storativity (porosity/compressibility/thickness) will be 
underestimated. 

Seuing the gauge in the well atlevels below that of the 
primary feed for a discharge transient thus risks 
underestimating reservo ir permeability. The problem is 
recognized by checking pressure pro files (or carrying out 
calculatioils) for two-phase fluid in the wellbore. 

Conclusions 
Interna! flows in wel!bores in geothermal reservoirs do 
exist and need lo be recognized. Careful analyses of 
downhole pressure and ternpcrature data can give infor· 
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Fig. 14-A Horner plot of pressUre recovery at bottomhole ar)d 
at the feedpoint in a well. 

mation about. these. flows and about reservoir 
chamctcristics relating to the permeable zones tapped by 
the well. In rnany situations, such analyses are the only 
nJeans of obtaining infonnation regarding these reservoir 
charach~ristics. 

Changing densiry of the fluid in the wellbore during 
pressure-transient tests (both injection and discharge) 
resulting from interna) flows in the wellbore and/or 
variation in the two-phase nature·ofthe fluid can result in 
misleading or meaningless test data. Most problems in 
such testing can be overcome by ensuring that the 
pressure transiems are measured at the well's primary. 
feed Jevel. · 
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Chapter 7 

Quantifying Reservoir Properties 

7.1. INTRODUCfiON 

In Chaptcr 2 · we dcalt with thc conceptualiZation of the geothermal 
rescrvoir and the qualitativc infcrenccs that can be made from the natural 
state ofthe ficld. In this chaptcr wc go a stage further and treat the large
sc:olc mcasurcments that can be m:odc to quantify additional reservoir 
paramctcrs. This ideally lcads to a rcscrvoir model that may serve us a 
~asis for proje¡,;tions of fu! u re pc:rfurmancc ofthe rcservoir um.lcr cxploi· 
tatinn. \Ve would likl! sth.:h rrcdidiuns to contain sufticicnt t.ktail to in
dud\!, rthsihly, cvcn thc cllang~' in ma\s now, cnthalpy. antl wcllhcad 
rrc,~ur~..· of c~u..:h wcll arH.I thc c!wugcs tal\.ing place in various parts of the 
rc:scrvoir thaí control thc !'\Urfact.! performance. In practicc. such dctail 
and prcdsion is unlikcly since so me rescrvoir prorertics cannut he deter
mine<! prior to act'ual cxploitation. Rccharge, the rate of in O u x of make-up 
flui,! to thc rcscrvoir, is probahly thc most importan! su¡,;h prupcrty. 

!'¡'r thi' discussion it is assumcJ that sufficicnl singl.: wdl tests and 
anal)''~' ha ve bcen dune throughout thc rescrvoir tu define thc properties 
of n1c wcll and thc ncighhoring rcscrvoir. Hcre we discuss thc mcasure
mcnt anJ. cst!mation of tht.! rcscrvoir propcrties on a more cxtcnsive scale. 
Such rropcrtics can only he Jclcrmincd using data from many wclls, 
cithcr as a unit tu gct fie!J 'cale information or intercomparativcly to 
"''co;s lt'cal anú regional ·inhmnP!-!t'ncitil.'s. Wc Llcpcnd primo1rily on two 
typcs of tests: th<'"-·' ha,l·d Pll 1 h~..· '\l"laincd úischargc of ~~ gnttlp tlf wclls, 
arh! !~Hl,l' scckinf!. inkrkn:rh.:t: c!'fcx!' hctwt:cn gruups of wc!l~. In huth 
ca'c" the intcnt ¡, ll• t.~i,H!rh !~le rc,cn·t~ir ov~..·r •wmc substanlial arca an<.l 
thcn:hy dc!erminc ,~,.,me o!·,·ragc tc,crvt•ir pn1pl."rtics for thotl scLtinn of 

thc n!\C'f\'tlir. 

A pru~tmg~..·d and '""'!an~i;d t!i.\··lt.a·gc· frc.un ,cvcral wclls is intcndcd tu 
rcmt'\'C 'u!-~icicnt ~1uid ftl makc a llll'i"ur;tb!c c.:hanpl..' in that zunc t•f thc 
rc,crVuir. T:tl' dlill1t~t· !h;t! ta:...c, nh~Ll. rtWV '!to\v ttp ::m y 4tnomttlous r~scr
voirhchavit.lr a' WL';.~ ''" ;!H!i~;t!ft,;.~ '''-''ll'raltrcni.!s. t\ ~tant.l4trtt intcrft~n·m·t• 
ICJ!. U!i:izinc sunil.-ii..'H!~\· f'!""l."l.·j..,l' !n'\ll'ttrllCnWtinn to :11fuw ffiC4t,urcmcnl 
nf smaH ~rc~ ... urc c•lolll~~~.~'. (;t!t ~:ivc u .. 1r;trhmissiviiy ~nd sturativity <lVCf 
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a large area. Again, anomalous areas and inhomogeneities can be notcd. 
Chemical and other changes iri discharge from wells affected by remJ(C
tion provide an altemative type of "interference" test. lnjection of trac
ers is another means of seeking interconnections between injectors and 
production wells. . 

Many factors will affect the type of test that may be camed out and/or 
the information that may be obtained. Environmental restraints, for ex
ample, may preclude long-term discharge tests in many areas. Field dm~
down data may not become available until the surface plant has been m 
operation for sorne years. · 

The nature of the reservoir and its surroundings is also importan!. For 
example, contmst a homogeneously permeable low-temperature (liquid) 
reservoir with a· fractured high-temperature (two-phase) one. In thc 
former the liquid state of the fluid means that pressure changes are trans
mitted over long distances in short times, and because of the homoge
neous nature of the reservoir the measured properties can be relate<! 
unambiguously to the reservoir rock. Such a field can be well define<! b~ a 
thorough program of pressure tests on single wells supplcmented woth 
sorne sclectcd intcrference tests. In the two-phase reservoir an)' prcssui'c 
changes move out slowly, making it almost impossible to meas u re p~rmc· 
ability on any field or zonal scale. E ven when the pressure change mlor
mation is available the fractured nature of the system limits its uscfulncss. 
There may be no clcar indication of the thickness of any aquifcr in a 
transmissivity evaluation. ·In this situation a sustained wcll dischar¡;e is 
the only test that can indicate the long-term changes in wcll performance, 
i.e., we cannot prcdict, we can only measure. 

The nature of the reservoir can al so determine the time scale neccss;ory 
for any test. A wcll near a boundary, for example, cannot show_thc 
prescnce of that boundary unless the test runs long enough for thc prcs
sure change to propagate out to the boundary ami back to the wcll. Nur 
can anv rcchllrge etlccts be seen unless measurements are motdc ~.lvcr 
times ~n lhc orcJcr of thc charactcristic time T of thc rcscrvuir (!-.cc Sc&:
tions 3.4 and 7.4.3). A large flow rate is nota substitute for a long time. 
The time pcriod is esscntial for the data to cxist; the siLe uf thc flow rate 
merclv controls the magnitude of any changc. 

Get;thcrmal rc~crvoirs are, in gcncr:ul. complcx. und complcxity musl 
mc~tn unc.:crtaintics in our conccptualizations of thesc rcscrvoir~ and uur 
intcrprctations uf lhc mcasurcmcnt data. Evcn with thcsc u_nc.:crtaintics 
uscful n.:sul" m:oy still he ohtaincd. lfrechargc, forcxamplc,os unkohl\\'11, 
a ·worst .Cit!\C m a)' he assumcd-thi.ll of no recharge. Any rech~trJ;,c _hl lhc 
reservoír must then meaf!_ a lesser drdwdown. lt m¡• Y ""'' be P\lS\thlc IH 
prcdict prcs<ure and _cnth .. Jpy changcs in a 1wo-ph:tSe .fidd. Onc """· 
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howevcr. predict which wells (the shallow feeding ones) will go dry if a 
steam zone does form. No good theory of a fractured reservoir curren!! y 
exists. Tracer tests provide a way lo detect in a short time any 'f!lsl return 
from injection wells. 

7.2. INFERENCE FROM FLUID DISTRIBUTION 

7.~. 1. lntroduction 

In almos! al! decisions regarding reservoir behavior, it is convenientto 
assume sorne specific property as bcing representative: a meán pressure 
.or temperature, for cxample, ora mean chloride content. For changes in 
such field propertics-local variations may not be-that important-lumped 
parametcr modcls are thcn successful. 

In actual rescrvoir:-; thcrc wil! he a markcd variation in sorne properties 
ovcr thc tield, and thcsc propcrtics will general! y no! change as a unit. The 
m!'!0Un! and ratc t'f ch¡mgc·wil.! vary with position in both thc vertical and 
hnrizt,nta! dircctions. 1-!aving collcctcd rescrvoir data (pressure. tempera- _ 
tu re. chcmistry. pcrmcahility), thc first task is to corrclatc or plot it''· 
against relevan! variables (distance, depth, time). From such plots it 
s!wuld be clear what controls thc distribution of observcd rcsults. For 
cxamplc, Figure 7.1 dcmonstratcs that depth is cssentially the only pa
ranll'll'f controlling prcssurc al Kawcrau. In othcr ficlds arca! variatiun is 
!mrlwtan!. Not only prcssurc changcs are important: tcmpcraturcs, or 
ent!1a~py iftwo~phasc conditions occur, are cqually so. In ga!'tsy ticlds gas 
\.·ontt:-nt can be twccU with time or position or by changcs in chloridc or 
sil ka contcnt. Examplc!'t of al! of thcsl.! occur in the ficlds discusscd in 
( ·¡~:l;"ter ~-

Thi.· p:tramctcr most scnsitivc to uny altcration in Row amito exploita~ 
til'rl in general is prcssurc. In an uncxploitcd rcservoir thc vertical prcs~ 
'\U re graéicnt is normal!y dosc to that of a static column of water or stcam 
a! thc fL''>l'rvoir tcmp~:r;1turc. Horizontal prc~surc gradic11h are nnrmall]i 
sm:,:L Once thc !ic!J i~ c.\f'll•itcd thi~ prcssurc pallcrn may changc mark~ 
cdiy. ilnd it is thi~ chüngl· tllal \\.'C lonk for in uur intcrfcrcncc anJ hH1g~ 
!l·nn rl·..,crvoir test'\. 

·~·he i.·han!;!CS in vcrlil:';ll pn .. · ... surc di,trihution ~~~ Wairakci 01rc :-.htlWn in 
F!p1rc..' :-:. !6 a~ b 010 idc;t~!l.atil•n t.'f lht! prc~surc·;,md fluid Lfi,trihution into 
va:'l'l'· ;md liquid·t.1,,minalcd /.t.Hl\.'"i aftcr a transition pcriod. Thc 
Hrt.•adl;!nd' cxamplc illustratcd thc dc.·vdurmcnt uf !I.Uhh~·Jn,~t~ltk gr¡,di
cn'.' in ~!ac rc,crv<,ir. In cou.:h c.;."c.·h)' ct,rrdating Jata hctwecn· wctls we 
are :ahk to _,imrlify !11~..; da~;a intt• •• '>ing~c prc ... ,urc-dcpfh pn•filc fnr thc 
·rc..;crvoir at ·C41Ch ·lime. 
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Auid chemistry and temperatures in liquid regioas respond much more 
slowly to flow changes than does pressure. Chemical changes, being Huid, 
tagged, only show up when the different fluid reaches the production or; 
test wells. Temperature changes may be even slower, since the movement; 
of heat between roe k and fluid buffers the effect. -Chemical changes are of · 
greatest importance in situations where the entry of cold water or return 
of reinjected water is possible. Tracer tests are a varían! in which the 
reservoir is tested for preferential return between production and injec
tion wells. 

7.2.2. Kawerau: Upflow 

Both'the uniform upflow and BPD models are idealizations in that to · 
apply either, both horizontal and structural effects in the reservoir must 
be unimportant or ignored. Few real systems are that neat. In particular, 
!he uniforrn upflow model may be applicable only partly in sorne syst~ms 
and not at all in others. 

Kawerau, New Zealand, may be approximated overall with thc uniform 
upflow model, although lateral flow is also present. Here we dcscrih~ thc 
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fluid profile in the Kawcrau rcscrvoir ami thc implications that can be 
t!rawn from this al)d thc asso~:iatcd pres~urc profilc. 

The pn:ssure and tcmpcraturc profilcs for Kawerau are illustrutcd in 
Fip. 7.1 and 7.:!, respcctivcly. This lidd has beco exploited al a low leve! 
,incc• t~c mid-1950s, hut therc havc bccn no detectable, systcmatic 
cbn~.:s in prcssurc (Dcnch, !%:!: Smith, 1970: Donaldson and Gran!, 
1%1:~'. T!1c il!ustratcd prcssurc profilc thcrcforc rcprcscnts both the cur
n::1: ~k!t! .... :;.1~c and its undisturhcd com.lition. The tcmpcralUrc!\ are intcr
;"rl'lcd r~'ervoir tcmrcraturcs from ml.!asuremcnts in wcll!-o bcforc suh
s!an!ia! di ... ch~:rgc. 

·~-~"~· r··e~"nn: profilc is ulso wcll ddined. since wclls uf an unusually 
wi• 1L" r:m:~\_· of dcpth ha ve hccn drillr:J. f)rcssurc!\ al fccdpoint'\ of thC!-oC 
wc'l.., !1:n·c thcn hccn used f<.l builtf up thcsc prnfih::s. Thc prcssurc!\ cxcccd 
a hy~.!nl'i:a¡i¡; column at BPD hy 71/f•. 

From :he cxct:ss prcs!'.llf\!' graúicnt it is possihlc to cakulntc thc vcrti~,;al 
f"l~rmc:th:lity k.., by applica!il•ll uf Darcy·~ law. Thc natural di!-o~hargc of 
:~1L" !iL·ld wa' givcn by ThompslH1 (flJ(,~) &ts ~0-70 M\\'. At thc Uet.:p tcm· 
pcra~urc o~ ~9occ thi!\ i!-o \\' = 15-5:'i kg/~ of water. If thc arca of urllow is 
. ·~, ;md aS\UIHing kr .. :=.::. J. 

/,,A (el/' \ k,.A 
IV = - - - 1' ~ = - (0.1l7 p.,l,'), 

t' \ ti:: .. . .1 " 
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which gives k,A = (3.5 - 12) md-km2• The field area is 6-8 km'. so that 
the vertical permeability is estimated as 1 millidarcy, with an uncertainty 
of a factor of 2. 

In this field the difference between the actual pressure (and tempera
ture) profile and BPD gives us information. lt is to be noted that here the 
excess pressure showing in the profile is due to a fairly uniform e~cess 
pressure gradient rather than to any fixed absolute pressure difference. Al 
all depths the pressure exceeds hydrostatic, the absolute excess increas
ing as we go deeper. This excess pressure must therefore be due to the 
resistance of the reservoir to the upward mass movement at all lcvels. 
There is no indication of any specific capping or higher resistance !ayer. 

The absence of any capping structure al Kawerau has been proPQsed as 
a reason for this reservoir's history of cold water intrusion into producing 
wells. The water is apparently suñace groundwaier, making it tempting to 
associate the inflow witti the absence of an obvious structural restnoint 
suc~ ~·.a capping layer. It must be noted that Wairakei had nearly identi
cal mrtral press~re~ lo Kawerau and is also regarded as having no cap .. 
Eve~ wtlh thc stgmficant drawdown that has occurred in Wairakei, pro- ¡ 
portlonately much less cold inflow has been observed there. , 

The temperature distribution in the Kawerau reservoir falls signifi- · 
cantly bclow. ~PD and hence furtherbclow satur¡¡tion for actual pr.:s- ¡ 
sures. In addttton to the BPD curve Ftg. 7.2 also shows the boiling tem- ' 
perature, assuming that the upflow consists, al depth, of water al 290"C 
containing 1.2% carbon dioxide (using the method of Appendix :!). Dis
charges from deeper feeding wells have a similar amount of gas. 1t c:m be · 
seen that maximum temperatures are close lo this revised builing curve. 
(The lower tempemture and the gas content increase thc water dcnsity 

. above BPD and so would decrcase the exccss pressure gradicnt and in-
crease k,.) Dischargc enthalpies of ncwly drillcd wells are somctimcs at 
that for downhole liquid and sometimes highcr, with exccss cnthalpy 
being more common and larger in shallow wells. 

Thus, the fluid distribution in the high-tempcrature parts of Kawcrau is 
el ose ro that of a uniform vertical upflow of water and carhon diuxidc. 

7 .2.3. Vapor Systcm 

An estímate of vertical permcability in one part uf" vapor systcm h:" 
beco givcn by Hite and Fehlberg ( 1976). Figure 7.3 shows the tcmpcr:tture 
profilcs t>btaincd during the drilling oftwo wells into rart ufThc Gcyscr> . 
In ·both thcre is a linear incrcase in temperature with dcpth !hro11gh thc 
eaprock aml a much lcss.cr incrcase bclow. Using thc uppcr. tcmpcrarurc 
gradient and availablc thermal conductivitics. Hite and Echlhcrg csti-
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nwtcd thc vertical heat flux through thc carrock. They then assumed •.liis 
!o t-e thc convcctivc hcat flux up through thc stcam zone dueto !he upfl<'W 
t''. s~carn ~1nd Uown!10w of (an cqual mass oO condensa te. From the neces
..;;1ry m;!..,, ~~O\\'S ami availablc prcssurc lbta thcy wcrc ablc to estímate thc 
rro\';\~!c v.:nic:d pcrmcahiliti~;s. f.ur tht: tWll \1./CIIs, both drillcd in an 
~~nrnldt!rtivc r:!~! ~~~·thc rcscrvoir, thcy oh!aincd values of0.2 md ami 0.5 
.,~-.~. fl''\f'l,.'('~;,·..;!y. 

7.3. JNTERFEHE"'CE TESTING 

"' wc.· ha ve pllintc:d out, thcrc are twt' ways of tcsting thc hchavior of a 
si1-!1~i~·1..:imt o.;cctinnt,fa gcothcrmal rc~crvoir. Onc i~ to watch fllr thc llHlg
t~r~l (h;m~·c~ !h;t! may occur whih: thc rcscrvoir a~ a .wlwk is hcing 
cxn:L'Ít~..·t!. Thc o!:1cr is to attcmpt tu mc.:asun.: thc cfTcct uf Ji,1.:hargc of a 
,•·~:·'~..· \\'eH, or grour of J.clts. on sorne othcr nci!,!hhtlring (oh~crvatilln) 
"~_..·: ... Ih,~h un:. in cffcct, intcrfcrcncc tC"ih in tha! witlll~rawal of fluid 
'rP~!1 ~l'l11C wc!ls affccts prcssurcs in othcrs. In pr;t~ticc, thc tcrm ''intcr
!'cn:ncc test" is primarily t.tpplicd to Íhc lattcr situation, anO for gruund
w;!'cr and oi1 and g;ts rcscrv<'irs thc thc0ry ami mcthuú~ for analy~is uf thc 
k'! t.~i!!:t an: n:aL!i!y avai!ahlc:. This ¡, proh;.1hly thc must imrortant test 
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available for defining the propenies of a reservoir over an extensive di s
lance. 

In an interference test we measure the drawdown atan observation well 
(oran array of observa! ion wells) caused by the discharge of other wells 
tapping the reservoir. Thus, the time,changing draw.d.qwn at the observa
tion well due lo sorne specitic prod'uction pattem (areal as well as time) is 
experimentally known. The result could be extrapolated if that were of 
specitic v.alue. More valuable is !he information that we can extrae! from 
this data about the reservoir in the area between the production and 
observation wells. 

lf the test gives results that conform to !hose for a homogeneous aqui
fer, i.e., if the drawdown in the observation well follows !he line-source 
solution, a transmissivity and storativity may be determined for t!Íe aqui
fer. The transmissivity may be interpreted as a representative aquifer 
value. The storativity S= cj>c,/r may be further interpreted: assuming !ha! 
!he aquifer is contined and contains only liquid water, e, = <'w-a value 
that may be obtained directly from a table of water propenies. The 
~orosity-thickness <l>h ofthe water-tilled aquifer that was disturbed by the 
mterfcrencc test can then be.obtained. The test demonstrates the exis
tence of as much water as tills the thickness 4>h of an aquifer of known 
transmissivity. lfthe transmissivity is high enough the ability to produce 
this water has been demonstrated. A fluid reserve has been proven and 
the test has shown both its existence and the fact that we may extmci it. 

This fluid reserve estima! ion has been carried over directly from petro
leum and groundwatcr applications. lts use in geothermal reservoirs can 
be risky. The major problcm is the dependence of the storativity on the 
compressibility of the fluid. Because !he compressibility of liquid water is 
so small, cven a small amount of vapor in the aquifer will result in a much 
gre<tter stomtivity (Bodvarsson, 1979). Such boiling fluid necd not be 
apparcnt at the rroduction depth, it need only be somewhere in thc aqui
fer. For this reason a large storativity in a high-temperature reservoir 
should not be immediately interpreted as meaning a thick high-porosit}' 
aquifcr. The possibility of contact with more compressiblc tluid should 
alw<tys be considcred. One cxample of difficulty in intcrpreting storativity 
is the Svansengi reservoir in lceland, discussed latcr in Scction 7.6. 

Naturally, in many situations the test will not give a drawdown curve 
that matchcs the solution for the homogeneous aquifer. As in petrolcum 
and groundwat:r reservoirs, the drawdown in the obscrvC~tion wclls mity 
in<fic<~tc that the reservoir is latcrally bounded.- Sorne obscrvation wclb 
may rcspond strongly, whereas othcrs do so only toa lesserdegree or nut 
a.t 4111. In thcsc cases we leam other things ahout the rcscrvoir strucll.lrc, 
such as its boundaries, its heterogeneous n<tturc, ¡md the c.\tcnt of thc 
p=rmeablc region tapped in that panicular test. 
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7.:0.1. Chingshui Geothcrmal Ficld. Taiwan 

Chingshui gcPthcrmal field on thc islnnd ofTaiwan has been describcd 
hy Chiang <'1 al. ( 1979) and Lee <'1 al. ( I'JMI ). Wcll tests carried out in t~,e 
arca havc been discusscd by Shcn and Chang (197'1) and Chiang arid 
Chang ( 1979!. Wc shall discuss he re the comprchcnsive interference tést 
t'cscrihcd hy Chang and Ramey ( 1979). 

Ficure 7.-:b shows the loc"tions of the wclls in the field and the iso
thcrt;" at1 

!5tH) m dcpth. Thc low tempcratures al this dcpth (mcasured in 
wa!l..'r-li!!c:t! w~!ls) indicatc singlc-phasc fluid. For thc intcrfcrcncc test, 
wc: 1 !hT was nowcd at a ncarly stcady ratc of 22 kg/s and wellhead 
r!·c,,un·s \v..:re obscrvcd on six othcr wctls. On onc of thcse a pressure 
r:,c W<t' rccorc.kd duc to failurc of a gas n:!casc pipeline. At the oth_crs 
;·~!~; ... in rrcssurc of X0-1:!0 kPll wcrc ohscrvt.:d. Thc: transient drawdowns 
\\L"h.' nt~tit..'hc-d !o tht: Thcis st1!ution, !!JC'\Iat:t giving snmc good and sorne 
r'nt'l' !it-. tFig. 7.4a). Thc rcsult\ ofth~..·~t· nwtdtc:~ are listcd in Tahlc 7.1. 
'!'h..: fivc uh,crva:ions givl! rcrmcahi!ity thiL"krH:sscs of ~.5-M.R d~m, Í.C., 

within ~~ f;,tctor of 4. This ¡.., J..!l"llt.T<t'!y n:panJcd a' good agrcement for a 
~etlthcrmal rcscrvoir test. rrc~h on a sin~lc wd!, t.h:scrihcU by Shcn ¡md 
l'hang ( !Y7'J). givc kh = 3.~-." . ..J d-m. !n thc ..¡ame rangc as thc intcrfcrcncc 
~c,t. 

Tl, ohtaiil !he porosity-thickncss valucs a tluiU comrrcssibility of 1.5 x 
~q '' P01 1 was usctl. The votlucs of poroshy-thi~;kness obtaincd. fl0-2.00 m. 
lcxchtding t~1c ptlor rcsults frum 5TI suggcst an cxtcnsive aquifcr. 

7.3. inlerference Tesring 

TABi.E 7.1 

RESUL TS OF CHINGSHUI INTERFERENCE TESr 

Marchpoinl 

P0 (at t.P = 70 kPa) 
t0 trA (al 1 "" 100 hr) 
Distance (m) 
kh (d-m) 

<l>h (m) 

4 

0.90 
1.20 

300 
8.8 
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• From Chan8 and Ramey (1979.) 

0.26 
1.55 

65 
2.5 

790 

Well 

9 

0.80 
1.07 

300 
7.8 

60 

7.3.2. Baca, New Mexico 
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12 14 

0.90 0.44 
1.67 0.70 

200 250 
8.8 4.3 

120 200 

Baca geothermal field is located in the Valles Caldera in New Mexico. 
Another part of this same caldera-ene vinually impermeable lo water at 
depth-is being u sed for the Hot-Dry.-Rock geothermal experiment. That 
section of the caldera at Baca contains a liquid-dominated reservoir at 
temperatures of 25o•c and above (Dondanville, 1978; Atkinson, 1980; 
Grant and Garg, 198!). The interference test discussed here is described 
by Hanz (1976). Prior lo that test, individual wells had been teste.d and 
these had shown pcrmeability-thicknesses in the range 0.7-2.7 d-m. The 
ainl of the interfcrence test was to determine reservoir transmissivity and 
storativity and to prove or disprove the continuity of the reservoir fr.•c
turc system. 

Thc ficld layout is illustrated in Fig. 7 .5b. Wells Baca-6, 11, and 13 wcre 
used as producers; Baca-5A, 12, and 14 as injectors; and Baca-4, 10, 15, 
and 16 as obscrvation wclls. Calculations made befare the test, using thc 
aquifer propenies dctermined from the single well tests, ifidicated that a 
mcasurablc response should occur within 90 days. The test ran for JOO 
days. 

Prcssures wcre measured weckly in observation wells using conven
tional Kuster gauges. Stops of 30-60 m in at observation depths were u sed 
to ensure equilibrium betwcen too! and well. The same instrumcnt was 
used for repcat mcasurements. Only Baca-lO showcd a response; the 
other three observations wells exhibitcd no measur:oblc pressure trend. 

The pressure trend in Baca-IO.!Fig. 7.5a) was initially obscured by thc 
scatter in the data. Considerable improvement was achicvcd by thc inst"l
lation of a gas purgc prcssure.rnonitor. The quality of the-two dat"pcriods 
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.. foig. 7~. Baca inteñerence test. (a) Response of Baca~ lo. (From Hanz. 1976.) (b) Field 
m:tp. tFrom Atkin~on, 1980.) · 

indh.:~,\1::-. thc importancc of bcing ablc to measure the response in an 
intcrl'cn:nt.:c test. Thc early data indicatcs that a response cxists; thc la ter 
c.!íJL.!, with i~s liner detail. makcs possiblc a much more extensive intcrprc
~a!iL'n of thc rcsults. The response uf Baci.t-10 was mafched using a homo
gcncous ..:onl!nt:LI liquid aquifcr mude! with all production and injcction 
wt.·l!:-. in that aquifcr. Using liquiU water viscosity and compressihility. a 
:--crrnc;lhi:i!y ~h:c.:kncss of l.K d-m .ami a porosity thickness of 27 m wcrc 
l'h!.dncd. Thc"c valucs are of thc.: samc ordcr as those obtaincd in thc 
"ingle wc!~ !t:s!s. This modcl was not consistcnt with the nonresponsc of 
thc llthcr O~'s'-·rva!ion wclls. 

7.3.3. llratly's llot Springs, Nevada 

1n thc Ji¡¡ca rcscrvoir tc:-.t dt:!<.crihct! ahovc. thc aim was to determine 
ctmtinuity l,f pcrmc;J~ility ¡!s wcll a:-. thc rcsc.:rvoir raramctcrs. Thc test at 
lh;u~y· ... ~ lt'~ Springs in ~evada. dt.·st:r!hnl hy Rudisill ( 1978), had thc 
"\<Hlh: r11rro"c. lt wa\\ madc !"' ,,h!ain inf~.,nnatit'n to assist in siting a 
t.!i"'~"'';t' wcll. 

·!·!~i, ~it:uit! rcscrV<.lir has tcmpc.:raturcs rcaching ahout t60°C. l-lot w~1h:r 
;" ~,!.lldt~<..:~t! !"t'r dirc~,;t u ... c. Thc layout of thc tt.'"\l wclb is shown in l·.ig. 
-: ·''\'· ;:·~,~ :~ :-.c'-·tion showing thc intcrprctcd s!ructun . .: is shown in Fig. 
-.'•:!. n-s ¡, !~1•: f!!"('Juccr. Prcs:-.urc cffcct:-. prur••go.•tcd out quil.:kly to hoth 
!~--! ':l''n~:: !~'.\ ~l~) :md B-1 (ahout400 m) hut tnok much lon¡;cr to rca¡,;h 
:\-.~ ';!h<'~!! 2'.'" m. )"catcd _roughly ha1fway hctwcen B-t and B-·n. This 
::h! ... ~!":!!c' ~~~·.: !!! 1\0m"'J.!Cilcous natun.: uf gcuthcnn:,l rc"crvoir-i as indi
(;~'c·-~ ~~~ 't!C~~ te"~'· 
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Flg. 7.6. Rmdy's Hot Springs inteñerence test. (a) Conceptual model of re!locrvoir as 
indicated by interference. (b) Field map. (Both from Rudisill, 1978.) 

It was intended to use well EE-1 asan injection well. This well was 
drilled about 500 m deeper than B-8 and, although it was only 43 m away, 
the hope was that there would be no interconnection. On test, howevcr, 
EE-1 showed interference with B-8, apparently through a shallow casing 
break and sorne perfomtions: The risk of a fluid retum was considercd too 
high and alternative waste fluid disposal arrangements were mude. 

7 .3.4. Broadlands lnterference Tests 

A considerable number of interference tests ha ve been carried out at 
Broadlands, New Zealand. For a map of the westem boreficld, showing 
all affcctcd wclls, see Fig. 6.1. Results of thc tests are shown in Tablc 7 .2. 
Thc response of BR2 to BR8, described in Section 6.3.2, uscd repcat 
Kuslcr gauge measurements. All other tests used water leve! mcasurc
mcnts in wells containing stable water columns. One test u sed the water 
leve! in Ohaki Pool. the main natural dischargc vent. 

The rcsults fall into two groups. The group ofwells around BR 13 and ~3 
all givcs vcry consisten! results. One of thcse tests is shown in Fig. A 1.1. 
These wells aJI feed at depths of 800-1000 m. and rescrvoir fluid al thc 
time of thc test waS liquid water. (Dischargc enthalpics wcrc somctimc~ 
abovc liquicJ water at largcr now rates.) Thc sccond group rcllc<:ts thc 
intcrfcren<:e between shallow-fceding wclls. The tests (sec Fig. A I.IK for 
an cxamplc) show two-phase tmnsmission, .and all show vcry high lrans-
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TABLE 7.2 

BROADLANDS fNTERFERENCE TESTS" 

kh/11 klr <f><'lt 
o o~• sec . m) (d-m) (10~" m/Pa) 

2.2 60 90 

Comments 

PllUI 
35 

H, - 1440 kllkg, 
T = 260" 

Scc Chapter 6 
Viscosity of 260° 

water used 
Viscosity of 260° 

BR~ BR8 0.4 

DKJ) HR8 17 

BRJ) HRII 21-25 

BR~~ IIRI3 8.7 

BR~3 IIR19 ~.M 

~m:;~ IIR 19 11-1) 

;; :~::' ~ BRO lnjcction 

' ·.·.~ ·' BRl3 "j 

p '·!~3 BlCIJ x.n 
!;:{.1.; BR:'J ~ .~ 

H :o.; lllOl 3-5 

15 
200 

)00 

120 
80 

150-200 
9) 
'JO 
lltl ., 

45-M 

4 
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0.31 
0.56 
0.5 

0.2M 
0.08 
{l. :'O 
tUÚ 

O.Y-Ul 

water used 
Barrier shown 
1980 
1977 
Hurrier 

Possihlc b<~rrier 

~ ~~R~. ~. anLl 11 fecrJ at :.thuut .;_c;o m. IH0.1 :ti .'\JO m. ;md Oh:t\.:i Pool ;tt 200m. T.he other we~l~ ~~~ 
~ce.: .tt ~111;1-IUOO m Jcrth. Al'. tc~l!> hu1 nw.; ;m: tl.'"fltiO'\C\ !ti di~\:hargc. h·acturc rclattve pcrnH:::ththtu:!a 

\\t'!-l.' U"Ct1. ftlf IW<1~ph01''~ ';·''· 

mi~siviti\:s. St,mc boundarics are also indicatcd. Individual well tests gcn
~,.-:·:!l!V ind;~il!C much lowcr transmissivitics. This C(lUid he intcr¡1rl.!tcU ns 
.... ~Kl\~·in'..!. J~\TH~\·~c in thc wclls. Altcrnately, thc Jowcr transmissivitics 
cot!!ú ¡~,di~.:a~L" ·-!hat thc intcrfcrcncc n.:flccts thc largl!st fractures in thc 
···~·'c:!·vp;r. w!Jc~·t:;•,.., wcll tests rcflcct tht: fracture uctually intcrscctctf hy a 
\\C!~. ·~·hu,, ~h: tc"ting. indic;ttcs thc prcscncc of an aquifcr of vcry h!gh 
... :.:r,1c: 1 ~,¡·¡:\'. with r~lssih'.c pcrmcahi!ity restri~..:tions m::ar sorne wclls and 

:•' ···e\~ m;!~·!!ins. 
·: hl' rtt:!Ú.~rmarH:c ()f thc flc!J undcr cxpltlit:tlion, Oiscusscd in Sccti~lfl 

S.7. 1,:n.nfllfi!H.'t~· rartly to this pattcrn. Thc prl'ssurc-dcpth p!t~t~ sho\\' 
,.: 1 ,!1..;idL·r:!b~L" !hn·izontaluniformity. conltnning tlu: hi¡;h pcnncabd!ty. Tü:
l''1:~rt~L' is \'l.'r\' "'lll'f, indicating that !1i¡;h pt.T!lh.:ahili:y must he houndcd 
t:\'t:!.:,.\\'hcrL' ;;!.l~und thc lh:!d. Sin¡,; e: the anwunl of n.:chargc i~ dctcrminccJ 
·,y !!.1c not,rc•· externa! pcrmcal.1i!ity. thcsc tests do not givc any guidc to 
!i~·:.J rl.'~·han:e umkr cxploitation. Individual wcl!s varicd grcatly in perfor
rn::~lL'L': ,t\IT~L· , !'t'r cxamrk. H f{~~ ~ ran down raridly. which is in~on~i~tcnt 
v:!!l• :1 we:J 1\:c:din~ frnm a h¡ghl~, flL•f'mt.•ahk &U..!Uifcr .. wi~h or witht,tlt ~k in 
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at the well. The interference test thus serves as a partía! predictor ol 
reservoir performance under exploitation. 

7.3.5; Summary 

The preceding examples give sorne idea ofthe types of results that may 
be obtained from inteñerence tests in Ji quid conditions, where a prcssure 
signa! can propagate over substantial distances in a shon time. 
Broadlands shows an example ofthe response in a two-phase reservoir. lt 
is seen that the time scales are quite ditferent. A lack of response in the 
time scale expected for a liquid system does not necessarily indicare a 
lack of connective permeability; it could indicate sorne two-phase condi-
tions. ·· · · . . 

The basic results obtained from these inteñerence tests are tra.nsmissiv
ity, storativity, and the pattern of continuity in the reservoir. Transmis
sivity is usually con verted immediately to permeability-thickness by mul
tiplying by the water viscosily at sorne appropriate temperature. In 
productive rcservoirs kh values of 10 d-m or more are usually obtained, 
and sorne in excess of 100 d-m ha ve been reported. lf valucs much bclow 
10 d-m are obtained in inteñerence tests,'the ability to deliver Ouidto thc 
wells may be a restraint on dcvelopment (Hodvarsson el al., 19MO). 

Storativity can be convcrted to porosity-thickness by dividing by liquid 
water comprcssibility. This porosity-thickncss is a val u e that can then be 
checked for consistency with anticipatcd aquifcr thickness or reservoir 
dcpth. A high value of porosity-thickness may indicatc the presenc.: of 
sorne vapor in the system rather than a very thick aquifer. For this reason 
unless thc reservoir temperatures are low and liquid conditions thus guar
anteed, it is often preferuble lo stay with stomtivity and not con ven itto a 
porosity-thickness that may be incorrcct. 

Sorne measure of reservoir continuity is obviously obtaincd from an 
inteñcrence test, although difficulties arise if sorne vapor is prcscnt. 
Nonethcless, the tests do indicate connections, barriers, and boundarics . 
lf thc wclls are not all drillcd and cased to similar depths or into nnc 
hydrologic stratum, thc tests can also indicatc interconncctions bctwccn 
aquifcrs in thc rcscrvoir. Ca re must be takcn to check that nny conncctiun 
found is not within thc wclls thcmselvcs, eithcr through cctsing brcaks or 
through externa! channcling. 

7.4. LONG-TERM RESERVOIR TESTS 

Thc only way to find out just how any particul"r complcx rescrvuir will 
bchavc undcr exploitation is ;¡ctually to exploit it. Thc dischargc asMoci-_ 
atcd with thc exploiwlion will dislurb thc rcscrvoir. This disturhancc will, 
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in·turn. r~rmit detcrmination of the reservoir parameters required, in the 
dewil aprrorriate tu that resérvoir ami that modc of exploitation. This 
approach is thc one that has been u sed with curren ti y exploited tields, and. 
discussit>ns and models of the well-known tields show up regular! y ¡n the 
!iterature. In Chartér 8 we discuss these better-known tields that ha·ve a 
!ong hiS!orv uf cxrloitation. Hcre wc considcr sorne examrles of. 'more 
limited tcsting, where. although sume results have been obtained. thé 
interrrctation may be incomplete or only sorne parameter values can be 
defined. 

7.4.1. Kamojang. Indonesia 

Wcll KMJ-11 was the first dcep well c:lrilled into the Kamojang rcser
voir. Thc re~crvoir is vapor dominated (Hochstein, 1976; Gran!, 1979a) 
anJ the steam produced is slightly wct. A shorHerm discharge test of 
KMJ- 1 1 gave a pcrmeability thickncss of about 35 d-m. 

To test long-term bchavior. the well was discharged for 450 days at a 
con .. ·.!anl \\'L·I~hc;tU prcssurt! llfXOO kPa. Figure 7.7 shows thc flow rah: for 
part uf 1 !1is time. corrccteU fllr thc minnr lluctuations in wellhcad prcssurc 
using !hL' s!ort.: of thc most reccnt output test mcasuremcnts. lt is ~ccn 
that thc :low ratt: declines ovcr thc period of ohscrvat1on. Thc now ratc 
t 1ecline tha! wuuld be expected if thc wdl t¡¡pped an aquifer of kh = 35 
t.l·nl is plo~ted lln the figure for comrarison. \Vithin thc limits of mcasurc
ment scattcr. thcse curves are comparable. 

11 is of intcr~st to determine the Vl'!umc of the adjaccnt rescrvoir uf
fected h)' ~his 450-day dischar¡;c. In tcrms of the ficld parameters this 
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volume is 

(7. 1) 

where the diffusion radius is 

.r =-(K1)'12, K = klcf>fl.Co," • · · (7.2) 
so 

V = 'ITkht/cf>fJ.Co. (7.3) 

For vapor-dominated conditions, and the temperatures involved, these 
parameters may be specified: 

ILo = 17 X 10-6 Pa · s;· 

cf>c, = 1.1 x lO-• Pa- 1; 

kh · = 5 d-m = 3.5 x 10-11 m'. 
For the test 

Thus 

t = 450 days = 3.9 x 10' s. -.. 

V= '11(3.5 X 10- 11 )(3.9 X 107)/(17 X 10-6)(0.11 X JO->¡ m' 

= 0.2 km'. 

This is not a very·large volume. If a layer thickness of, say 300 m is 
assumed it implics a cylindcr of mdius 450 m. Unless channelin~ is signifi
can! ~nd other wells thus '"r> the same unit, no inteñerence with any other 
wellos to be expectcd. and the test will not glean any information itbout 
reservoir structure at greater distance. Beca use of the two-phase fluid in 
the reservoir. prcssurc propagation is inherenlly slow, even in this high 
permcabohty example. One could not, for example, use pressurc tests 
here as in a liquid water systcm to detect reservoir boundaries. We can 
only w_ait and monitor production and pressures on an cven longer time 
scale, .t.e .• during actual exrloitation and operation of the surlitec plan! 
that woll be associatcd with this field. 

7.4.2. Momotombo, Nicaragua 

In view of the_inability of the extended discharge at Kamojang to define 
the rcscrvoir. one might as k just what su eh a test might achieve. A test at 
Momotombu in Nicaragua is u good example of its usefulncss. 

}he Momotombo rescrvoir is liquid dominatcd. Wclls ha ve penctratcd 
a regron ofupflow whcre temperatures increasC with depth andan eastcrn 



mnnow r~gi,,n. with tcmrcraturc rever"'" (Dykstra and Adams, 1978; 
Lo11t.'Z cr al .. !lJXO). . 

'l'hc prot!uctivc capacity of the wells was initially assessed by short
rcriod tcsting, i.c .. discharges of up to 30 days. Later it was dccidcd lo 
run a Jongcr wcll discharge (Lopcz and Eckstcin, 1980). Over this ~is
charge rcriod of 6 inonths, a clear rattern emerged: wclls in the urflow 
zonc ran down modcmtcly; wclls to the east of this zone ran down more; 
wclls to the far casi cxrcricnced extreme declines in tlow. Examrlcs of 
cachare i\lustratcu in Fig. ?.X. In audition to the tlow decline, all wcll 
dischargcs incrcased in dryness. 

Thc rundown hcrc has been explained as being due to the inward ad
vancc nf coolcr (externa!) water and conscquent silica deposition t~.át 
sca!ed off furthcr rcchargc. The importan! result is the discovery of the 
rundown, which indicatcs that only part of the reservoir will sustain :rro
duction for power generation, at least if exploitation is carried out as is 
currcnt!y pbnned. This conclusion could not be drawn from the short- · 
tc:rm test da!a. 

7 .4.3. Broadlands 

Hn,:tdlands. Ncw Zcalund, is intercsting in that wclls tapping this rcsc.:r
vl'1r wcrl..' di..;~:h~~r~cd long-tt!rm and thcn shtrt in for an cquivalcntly long 
rcriL'd. '!"!11..' rL·..,~n·oir thus suswincd hoth ~~ drawdown amJ a rc<.:overy. An 
an:li\'!>.i~ l'f thL' <..bta shp\\'S that in this douhlc test wc can gct sorne ficiU 
rL'S~J~l, !Wt c.::tsiiv obt:tincd otherwisc. 

·n1c s:mrlest p<,ssihlc modcl that can be applicd toa reservoir to simU
~:t!l.' 'ith.:h 1 l~rawdlnvn and rccovcry is thc basic modcl of Scction 3.4, 

-f¡ 

JI' w == u p + ~,. -· ' . Jt 

1 JMF. fLOW!NG twws 

{IJJ 

(7.4) 

lcl 

,.-;., 7 M !~·~~h~~•wt• ,,f three wells in diffen:nt parb of Munwtombo field. f;tl ~1T-:!tJ in the 
::: .. ·\~\-, ;.,:1c .~, \~ :· .• ,~'''·~e uu!flnw. k! ~1T-:-I u! cxtreuu: end ofoulflnw. IAII fr\llll l.opct. 

·'" : .-· ..... ~·t·in. ''.l."'.' 
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Aug 1971 TIME 

F1K. 7.9. Paramcter variution of simple modcl fiued to pressure history of Broadlands 
reservoir. (From Marshall, 1975; personal communication.) 

The ratio T = Y' M/n, is a time constan! for the model. In seeking a best fit 
for the Broadlands data this ratio was varied (keeping maximum draw
down constan!) and the results plotted. These curves are shown in Fig. 
7.9. It will be noted that for ihe values chosen there is little difference in 
the curves over the drawdown time period (D. C. Marshall. 1975; per
sonal communication). The curves can only be distinguished during the 
recovery. Basically the recharge is low and the drawdown approximates 
to the drawdown that would occur ifthere were no recharge. The storage 
constan! Y' M is determined during this phase of the test. 

In contras!, with no withdrawal and no other input offluid the recharge 
controls thc m te of recovery. The time constan! T is thus defined by this 
phase. 

1t should be noted that, with longer-term withdrawal and greater draw
down, thc recharge begins to play a more significan! role. Ultimat~ly the 
various drawdown curves would therefore separate and a bést time con
stan! could thcn be estimated. The best fit has a value T = 6 years. 
Observations over only 3 years cannot define T. 

7.4.4. Tongonan 

Wc now return to Tongonan, a high-temperature reservoir containing a 
two-phasc zonc. For such a reservoir it is desirable lo estímate not only 
the futurc mass tlow from a wcll but also the future enthalpy. Both will 
change with time, and knowlcdge of both is needed for prorcr surfacc 
plant dcsign. From cxpericnce in otherfields wc know that thc cnthalry is 
most likcly to incrcasc with time and with flow' ratc, but wc ha ve no a 
priori idea of how fast or how far. We al so know that with cxpluitation a 
steam zonc may form at thc tor of the two-rhase zone ami shallow wclls 
may go dry. Again, wc havc little knowlcdge asto how hi¡: this wnc will 
be or how quickly it may form. _ 

To discover just how the enthalpy of a particular well may changc thcrc 
is thereforc no good altcrmtt..ivc to an actual trial discha_rgc for sorne 
extended time. Such a disclmrgc will not give any informal ion ahout the 

- @ 
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Fi~. 7.10. Rundown ofthrec wclls at Tongonan. (EDC Division ofPhilippincs Nutional 
Oil Comp~my/King~lon Reyriotds Thom aritl Allurdice, New Zealand, 19MJ; personal com
m!tnicali~m.) 

possibk futurc steam zone (a major and extended field discharge would be 
!lct:JcJ for that). but it can indicate thc \vell's own local characteristics. 
\\'e ;:m.:: a~!cmpting to define thc ll)Ca! n:scrvtlir phy~ics whcrc they cannot 
yc1 he prcdictcU. 

Fi:,:ure 7_ !O shows the dischargc history of scvcml wells. Wcll 202 
-.hows a ILl\V-cn!halpy wcll-cnthaipy rcmains const;.mt and mass Oow 
lkclincs. \Vc~i 401 !>.hows '' normal two-rha!\1! well-enthalpy riscs and 
mas' flow fa!!s with time. \\'el! 40-l shows anomaluus bchavior-enthalpy 
fall~ with time. Such anomalous wclls represen! a dcviation from the trend 
cxp~c~..:d for w~lls tapping. a !luid-charg~d tay..:r with homogeneous char
actcri"tics. p~,so.;¡bJc cxplanations are thcrmal stress cracking, thcrmal 
..:<'!1tr;ti:lit'n !S!..:fansson anJ Stcingrimssun, 19XOb). presence of two 
Ztl'11..'" in t!~c Wl·~i. and cntry of cm1Icr water from outsiJc the arca. Thc la~t 
l"DI::t~ ~,e ~\.·r!t'tl" and so comprisc a warning uf a rotential problcm. 

h1r thl.! vcry long tcrm, i.c., undcr full cxploitation conditions, thcsc 
~n:n~'' c;1!l !,e t;tkcn on!y as indicators. Anomalous wclls mayor nwy not 
r ... ~ u'cd. t! .... n..:m1;f1'! on outrut charac!cristics. thcir locations, and thc 
~.·~n'::•J:•!~t''l' ~~~· 1~~~ ¡momalous h.chavior. An average trcnd may ht.: as
,~.,,~.·t1 ftl!' :t\x:y rroduction wclls and this shou!J at lcast givc hasic infor
:";·•;,,.,, fnr r<an~ úc"'i~!l. 

7.5. -OTII!·:R ·n-:sTS 

7 5. 1 . Thc l.! se of T nu.:cr' 

Th..:- hctcroccncous and fra<;turcd naturc of many gCllthermal rescrvuirs 
(ft.:a!t.:S pn1l,~:·m:-. ftlf tht: pr~tcti,a! ~ngÍth.!C!' ami a!so for thc thcori~t. for 
t"\;!:~~~k-. in ~l¡, otncm.rt:-. to prL·~!ict rc-.~rvoir hL·havior trom wcll i.ITlJ 
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inteñerence tests. In many reservoirs we deliberately dril! for faults, for 
best production. In others we seek sites for injection wells that are both 
permeable and yet somewhat isolated from the main production zone. We 
want to gel rid of the waste water and we would like the benefit of sorne 
pressure maintenance, but we do not want cooling of production wells. 

One testing toolthat provesuseful in such fractured ;m_d )leterogeneous 
systems is the chemical or isotopic tracer (Vetter, 1978). Sorne of these 
tracers are natural, i.e., they airead y occur in the Huid in sorne part of the 
system and the changes in them from one zone to another may be rele
van!. T~ese changes may give sorne sort of time scale for the movement 
of ftui.d from one-location lo- another, or they may indicate a mixing of 
ftuids · from diffcrent zone·s or the dilution of thermal waters with cold 
groundwaters. For example. the low chloride content of cool groundwater 
surr'!4nding a geothermal reservoir may ultimately be the tracer that indi
cates;l~at recharge water is reaching the production zone. 

N~}~f'dl tracers that lag water directly could be of particular interest. 
The~(! áre the hydrogen and oxygcn isotopes: tritium, deuterium. and 
oxyg<;~-IK. The incrcased tritium in meteoric waters resulting from the 
atonji~ bomb tests al Bikini Atoll has been u sed as a time marker for sorne 
hydro!ogic studics. Thc presence of tritium in wcll discharges, as al Lar
derellq (D'Amorc et uf., 1977), shows recharge of recent groundwatcr. 
Natu~dl tracers have been used at Krdfta to indicate the velocity of the 
natural ftow (Stefansson, 1981). 

lntroduced tracers are thc most common means of tracking inhomoge
neities in the reservoir. Such traccr studies ha ve becomc an essential part 
of the tcsting procedure whcn reinjection into a fracturcd reservoir is 
contemplated. As a too! the introduced tracer indicates, and in sorne 
respects cvaluatcs, a basic physical property of the rescrvoir: !he prcfcr
ential naturc of the pcrmeability. lt should be pointed out, howcvcr, that 
if the ~eservoir is sufficicntly hetcrogencous for marked conncctions to 
show iii sorne places, a poor conncction elsewhcre in that rcservoir docs 
no! nccessarily mean (unless therc is other supporting evidcnce) that thc 
traccr is not gctting out lo that arca quickly. A pcrtinent ftow channcl m ay 
be only mctcrs awa~· from thc ohscrvation wcll and yct may not cunncct 
with it. Conscqucntly, a traccr te~t in an injector may only be a~sumcd to 
give informatiun rclating lo conncctions with existing wclls, nut lo pro
jcctcd oncs in thc SilffiC arc~t. 

7.5.~. Traccr Tests at Wairakci 

Threc wclls al Wairakei (WKXO, WKIOI, and WKI07l havc
1
dcvelopcd 

cooJ downflows. Natural rcinjcction cakes place as stcam-hcatcJ gruunJ
w;.ttcrs cntcr thesc wcll~ nt a shallow fcedpoirit. flow Jown, and.arc in-
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' 
1 

Fi~:. 7.11. lsotopc tnacer te'ih at Wairakei. (From McCabe ~~al .• 19M l.) 

jectcd int<' the reservoir al greater depth. To determine where this water 
was going, raUionctive traccr was relcased into the downflowing water 
i\kC'ahc <'la/., 19XI). Figure 7.11 s'wws thcrcsults. The panero oftmcer 
Cnw shlw.:s strong prcfcrcntial n:turn. In the test at WK 107. returns to 
\VK~.: an\~ \\'K...t~ werc fullowcd hy a fairly uniform return to a11 wells 
"""rice! :dong thc Waior" F"ult. Thc tests at WK~O ami WKIOI show a··. 
,•.reng. ori~nLttil'" uf fh,w ~l!t'!lg_ thc Kai~1pu fault, and all show a generJ.I 
trcnd of !\nv to !ht! southwc~t. ln cach tcst lcss than 10% ofthe traccr was 
rccc.wcrcd, so it is not km,wn whcrc most uf thc injccted water went. 

1~· tllc mcdium wcrc homogcncous, no rcturn at al! would have oc
currcd. A chcmical front shou!d at!vancc les~ than 50 m from any welt 
ovc::r the ~O t!~1y detcction pcr!od of thc traccr. Thus, the observed returns 
int!:c:dc stror.g. prcfcrcnt:a! f\,w paths within thc rcservoir. Thcre was 
alSl' ,(,me.~ \:crtica! stru~tun: h..' :he rcturns-thc traccr was travcling 
C~..nvnwan.L 

This pattcrn of rrcfcrentia! now pnths und markcU hcterogencity con
trasts w!'.h t~c un!formity tlf the drawdown anJ thc general uniformity of 
\Vairakci hl!havior. !n sorne rcsp1.'l'h thl! \V¡Iirakci rcscrvoir bchaves likc 
:! homogclh.'(l~Js mct:•um: in pthcr'i i~ docs not. 

7.~."'!>. Thl' l'arti;,l Shutdl'\\'fl nf \Vairakci. llJ6H-1969. 

/\1though a long-tcrm di,turhancc in a rcscrvoir is nccdcd in ordcr tu 
dc!I.!P!linc somc rar<~mc!cr,. sth.:h •~' thc rcchargc. a sudden cht.mgc in 
,(,:~~:.· !~\.·:t! d~aractcris!ic can alsl) ~:vc!l intúrmation. A good examplc of 
s~:~..·~~ ;1 L'hi!!1);L' was thc partio!l shutdll\\'!1 of thc \\'airakci ficld in I'JhX. At 
~h:t! !imL· ;, tcmpl.)rary surp!us tlf h;"c gencration capacity mcant that 
;!:'l)n; ~\\'t'<!lird-; of thc production wc!ls ;tt \Vairakci coukl be shut down 
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Fig. 7.12. Recovcry or average rescrvoir pressure at Wairakci during partial shutdown in 
1968. (Ministry of Works and Dcvclormcnt. New ZeaJand. 1981; personal communication.) 

for 3 rronths. The shutdown was not fully representative of a·verage field 
respqnse as it was the high enthalpy wells that were kept on flow. All 
avail~ble wells were monitored for changes in pressure and other measur
able properties. Figure 7.12 shows pressure observations made in the 
period around the shutdown. These measurements were made in wells 
throughout the reservoir, and are all adjusted to standard Wairakci prcs
sure leve!. Therc is an observable recovery in the ficld pressure. Sume 
outlying wells al so showed fas! responses to the shutdown, whcreas uth· 
ers did nut produce any observable response. 

In absolute lerms the field prcssure increased at the rale of about 470 
kPa!yr during thc shutdown. Allowing for !he prior falling trend, this is a 
change of abuut 570 kl'a/yr, with a mass discharge reduction frum 1.9 t/s 
to O.H t/s, i.e., 1.1 t/s. 

lf we assume that the pressure change is controlled only by the change 
in mass tlow and ignore the enthalpy changes, this test gives us the reser
voir storage cocfficient 

~-M= (1.1 t/s)/[(4.7 X lO' Pa)/(3 X 107 s)) = 70 t/Pa. 

Note that from this data alone, only ~M can be computed. A similar test 
could be carried out on a new field by simultaneously opening a largc 
numbcr ofwclls. In esscnce such a test is carricd out when the firsl power 
plant is commissioncd. 

In lerms ofthe simple model ofSection 3.4, wc have determincd one of 
thc two paramctcrs nccdcd to estimatc rescrvoir performance. In thc Cilsc 

of this particular test !he other paramcter can al so be found by using the 
prior hislory ufthc ficld. Before the test thc reservoir pressurc was falling 
at the rate of 100 kl'a/yr and the mass withdrawal rate was I.'J t/s. We '"e 
thc Storagc l:(lcfficicnt just computcd and assumc that it applics tu thc 
total withdrawal. (Note that thc enthalpy is diffcrcnt from that of the 
partial shutdown withdrawal.) This rale offall thcn implics a nct "'""lo" 
of O::! tls from thc reservoir. and it can thcrcfore be assumctf tlwt the 
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remaindcr of the discharge, i.e., 1.7 t/s, was heing replaced in the reser
voir. Thc rcchargc at the time of the test ( 1'!68) must ha ve bcen this 
l. i t/s. 

At that time the rressure drop in the reservoir was 2.1 MPa from its 
.initial valuc. Assuming that this recharge is proportional to the pressure 
·oror. thc rcchargc coefficicnt is 

a,; (1700 kg/s)/(2.1 MPa); HIO kg!MPa · s. 

Whcn comrared to the values ortaincd by analysis of field history <Table 
H.~). thcse figures show that thc 3-month test rroduccd results for a, and 
~·" that are about 135% and 50%, respectively, of the historical results-a 
good match by g~othermal standards. The discrepancy is probably due to 
real dilrcrcnces in short-term and long-term behavior. 

7.6. SVARTSF.NGI, ICELAND 

\\'e )t;,tvc choscn \Svartsengi in IcctanJ as an example of a reservoir 
tc,ting rn,_icct from which Jcfinitivc rcsults wcrc obtained. Although 
!hcrt: :trc ... l,!lll' rroblems in intcrprctalit.)ll ofsnmc ofthc parametcr v¡tlucs 
lll'!~tincl!. tlu:'c intcrprctations are not important for thC particular aspccts 
,,r li~ld !1chavior being considcrcd. The analyses are therefore valid for 
!;ll,:{!- f't!l"pt'\CS. 

T<1c f'.C<'~llcrmal field of Svartscngi has been described by Thorhallson 
1 l'J7'11 i11d c:c,,,·gsson (llJKI). lt ¡, locatcd on the Rcykjanes Península, 
¡¡lonl; a!l c;~nhquake zonc. Jn that rcgion gcothcrmal arcas are associated 
wi:h Sllr!';,L·c li ...... un: zoncs. En~o:rgy from thc Svartscngi rcservoir is uScd 
!·t,,. di~1ri..:t lll':ll;~,g and t:ogcncratinn nf clcctricity. Thc rescrvoir history 
L!i,._:u~scd bL·!tnv was Lkscrihcd in t.h!t;.til hy Kj¡1ran l'l al. ( 1979). ami our 
com•tlcn:ary !s :tda:-'tcd frt.lOl ! hc!r p:.tpcr, anJ Kjaran ( 19H 1; personal com· 
:l:unk·a~ ;l '!l). 

:\ fnllt.lt·l o~· ~'1c natural llnw in thc c:u·thquakc zonc is iiiListnttcd in Fig. 
7.1.~:t. T~!C.: n~l~l~ tarpt.•d in Wt.•::, ;ti Sv;Tfht:n!!i is a hrinc. apparcntl}' llc
rivcd frlHP. ~~ m;.xn~rc t.'f scawottl'r <t!H1 fn:-..~1 w;~lcr t:t.mccntratcd by boiling, 
and it i..; :.11 "' tcmp~:ratun: of ;d1( 1 ~!l ~-~~!''(.' i11 lht..• rc'icrvoir. Thc hyllrolo}!}' of 
!!H: H.t:ykjanc..; Pcn!n:-.u!;t, iw .. :ludin:; Svarh.cngi, i~ modclcd conccpttlotlly. 
A rcg!nrwl fll'W l'!. frc•d1 w:t!c•· frnm !.:d"c Klcirarva!n to thc sea mixcs 
\', ;:h intru'il'P.' o!· \t..':tWat~!· whih: g:1ining hcat tt\ it movcs through thc 
... \ -.lL'!l~. T~~c~·c ¡.., \O!llC' !"'" P~· s:l':t!ll ''' o.,nrf:~~..:c a~.:!ivity. Thc cstimatcd 
!1c:!: i!lru•. into ~!!t..' S\':trt-.cngi n;..,cn'l'ir ¡.., 311~1 \1\V qhl!rmal). . 

~11 ~~rN fin: wc!!s had hct..'!l t..!ril!ctJ in Svarlst:n!!i; of thcse, two are in 
~"H\lt~!IL''il 1 !1 ant..i onc fs ll'ot:d as an (1\'l,crv:tlilm wcll. This wcll. H·5. re· 
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Fic. 7.13. Svartscngi ficld. (a) Regional ftow on the Rcykjancs pcninsula. (b) Drawdown 

in observation well ~·S, on semilog plot. (8oth from Kjaran d·al., 1979.) 

sponds to the two producers and also to barometric pressure. The baro
metric efficiency of 75% implies a storativity of 3.0 x 10-1 m!Pa. 

The resronse of H-5 to the first 750 days of production is shown in Fig. 
7.13b. For an initial period this drawdown is approximately linear with 
log(time). A transmissivity of 170 d-m anda storativity of 1.5 x 10·• m/Pa 
is obtained from this relationship. 

The dmwdown later deviates from this log-linear form and ultimately 
approaches an almost linear pressure-time trend. This has been modeled 
as a system contained within a semi-infinite trench, with impermeable 
walls, but one end ofthe trench.at great distance. A model of this form has 
been uscd to match the entire pressure history. In this model the "box" is 
boundcd by impermeable walls defined by earthquake activity. With these 
bounds thc average storativity is reduced to about the Vllluc suggcsted by 
thc baromctric e!Ticiency. This average reflccts the stiffer wall struclurcs. 

In thc analysis by Kjaran et 11/. (1979) this model is u sed to determine 
future prcssurc drawdown. The future performance of the wclls muy be 
estimated from this expected future drawdown. Because the wells are 
subject to dcposition where therc is tlashing in the wellbore, the future 
pressures are also used to rredict likely future scaling dcpths. On !he 
basis of this analysis it has be en dccidcd to increase thc well casing dcpths 
and the casing sizc in any further wells drillcd. 

This modcl of thc rcscrvoir as a liquid·charged box with " spcdflcd 
tr:an:-,.mi!'osivity and storativity is-almost ic.Jcal for prcdictive purposcs. 11 b 
simple and casy to undcrstand physically, and it mate hes thc rcscrvoir 
bchavior ""¡"' :1 rñinimurn numbcr of paramctcrs. It is intcrcsting tu note 
that il ' -·~cribe all aspccts of thc rcservoir. For thcir analysis 
Kjar;· . '1) utilize !he storativity of 1.5 x JO·• m/Pa with obvious 
goo,' .,¡, storativity is difficult to interpret. lt implies eithcr 
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an uncon!incd aquifer of 1.2% porosicy or a confined one of porosity
thickness 1 km. am! both cases are difficult to explain. The surface dis
c~argc of steam. coupled with chemical evidence ofboiling and two-phase 
nuid encountcrcd in onc shallow-fceding well, suggests the. existence of 
tWt'·rhase Ouiu in ·che rescrvoir above the 240"C water. As previously 
indicatcd. this wou!d drivc up the siorativity value. These conceptual 
prohkms do not influencc the prcdictions made. 

7.7 RAFT JUVER 

R;•ft Rivcr in Idaho is a low tcmperaturc field with maximum tempera
tu re of ahout 14s•c that is bcing dcvelopcd for a 5 MW binary power 
stati,,n !Millar, 1979). The testing of the wells and rcservoir is dcscribcd 
"v A liman "' al. ( 1979) and Spcnccr and Callan ( 1980). Thcre are se ven 
J;·er ( 1!!10-1000 m) wclls-four producers and thrcc injcctors. In addi
·.:l'fl tht:rc are a numbcr of monitor wcll" up to 400 m Jeep and irrigation 

''l.'~~s U" ll' !Ol' m dcep. 
Tht= :leer wc!!s are l\pen to thc scdimcntary Salt Lake Formation, and 

fvt..' nenetrate t!ndcrlying quartz monzonitc. Shallow \'1/ells in the area 
.,~_·nc~ratc unconfincd aquifcrs. whercas dccpcr wclls find ~onfined aqui
;;t!!"S with incn:asing ovcrpn:ssurc (up to 1 M Pa in sorne of the production 
\\·t!~'s). Sint..'c ~t,mc sh;Jl!ow wclis art..• hot anJ ncarly alt show thernical"and 
!ht..'r!'ll;~l cvit!cnce ofupward lcakagc, thcrc is sorne lcakage bctwecn aquí· 
f·::-,. Fi!.!urc 7. !..:a "hows a modcl of thc natural statc of this field, intlicat
i:-1~ u~,~--e:lint: from t.krth of two chcmically distinct watcrs that mix with 
~-~·:!, ~,!!~L·r· ~~~H~ w~~h l.!fl'umlwatcr (Aikn t•t al., 1979). 

;·-:\!L'!l~ivc :e"!~ h;!\:C bccn carricd t.lllt un thc wclls in ordcr to determine 
!he t!!·;,wdtl\\"1~ in production wells. thc wcllhcad prcssure in injcction 
".\"\,;~: .... and hcncc thc rumr rcquircmcnts, at givcn flow ratcs, for hoth. 
T!lt''~: !L""'' art..· o.tl"'t.' uscd to c~!imalc tcmpcraturc changcs and thc cffect 
n~· t'·.:vc\'rmcr.~ Ol'. 'ha!!uw aqt!il'c..:-r"'. 

!!:'c..·rfL···L·~~CL' te-.~.., !..'.i\"C Jd1 ...; ';'(l d·Ín. whcn:;ts singlc-wcll tests givc kh 
, .• ,·~!;.;-. l'!. ~-;:o t.!·rP IKt!lli.L'. Jtl77: 1\lnnc..:-d ,., al .. I'J79; 1-tanson. I'JHOa). 
···: 11 .. ·:-l.' ;.., ;1 L'l':l:r:L".\ d!...;!rihut;P!l t,!· rt..·nncahi!ity (AIIman el al .• 197lJ) 
,~ .. ~::~11 n11.;;!:1-. ~~l;!·~ ·~,f1~·.:L'nll !"""~c~l:tvinr dt'l.'" Tl\)! lit simple analytical modcls 
1,~:(!~ ;1.., nrL"s"~'rc !,¡!i~L~un in ;t unifnrm infini!c aq~Tircr). Figure 7.14h 
... ~ll \\\ ~ t ~~~:. !1\1 i ~t! ur t.'~' \\'C 1: !;C:Ill prc ...... u re i ll R !H. j! -h. Ex pcricncc has shown 
~··::' :l -.L'mi~tl!..' straicht !in~: u~n:dly dcvclnp.., :tftcr ;.thtHJ! IU hours. Thc 
.. .-~~·:!r ;1..,¡ bt.:!\\~ccn si;l!..!:e-wdl ~ttH.I intcrfcrcncc tests n~so shows thc prcs· 
l.'!~·.·c tlr add:!!ona! ~tructun . .:. l.onf,!-tcrm injcction has shown furthcr 
~~ 1 ;~:1;.!'-""': ~n.icc!i\"i~y incrc~,..;cd wi!h timt.: a!lll wcllhcad pressurc fcll. Con· 
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Fig. 7.14. Raft River low.temperature fietd. (a) Natural ftow paltern. (From Allen ~'al .. 
1979.) (b) Buildup of wellhead pressure during injection into RRGI.fl (From Allman ~~ ul. 
1979.) • 

sequcntly, the shorter-term transient tests did not predict Iater well per
formance (L. L. Mink, 1981; personal communication). 

Dctailed intcrpretation of downhole and other data has defined the 
naturc of thc pcrmeability. Tempemture changes during warmup define 
producing zones (Kunze, I977; Stoker et al., 1977). From analysis of 
barometric and tidal effects, the porosity of the producing formation has 
been found lo be low (:55%) in RRGE-I, 2, and 3, but high (14-24%) in 
wells 4, 6, and 7. The first three wells penetrate the Bridge Fault or thc 
Narrows Structure, amlthe low porosity confirms production from frac
tured crystalline rock. Tht: latter three wells produce from the Salt Lakc 
Formation, and thc high porosity is consisten! with core samplcs (Han
son, 19X0b). 

In mcasuring pressure transients it has bcen found that results are 
easily biascd by tempcraturc changcs in the wellbore. A changc of0.35 K/ 
hr is sufticic.ntto affcct pressure data collcctcd at wellhead or boltomholc 
(AIImun t'/ al., I<J7t.J). In conscqucncc. it is nccessary to flow a wcll al ;t 

,Jow ratc for a wcck bcforc a dischargc test in order to warm it up. 
Thc manugcmcnt of the injcction welb has bcen the objcct of sorne 

study. lt is dcsircd lo avoid thcrmal degradation of production water or 
chcmical dcgradation of irrigation water by injecting into an aquifcr that 
does not rapidly communicate with cither lhc producing wells or shallow 
wells. Injcction wclls RRGI-6 ami 7 are intermediatc dcpth ( l!XO m). 
Here. formation tcmpcraturc iS too low for production. Interferencc lests 
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betwccn the dccp wells and shallow monitor· wells show a variety of 
responses !Skiba eral., 19XJ; Pctty and Spencer, 1981). Observations in 
!he shallow wclls are affected by the pumping of irrigation wells and 
scasona1 groundwatcr changes. Sorne monitor wells show only these.ef
.fcch, whcreas two show dircct connection to the dccp produccrs. lt is 
cxpcc!cd !ha! production wiJJ lowcr water levels in shallow wells in this. 
arca. Onc monitor well responds rapidly to injection, and a prcssure
sensitive vertical fracture is hypothesizcd. 

Spenccr and Goldman ( 198()) describe a numerical model in which a 
laye red rcservoir has so me near-vertical zones of high permeability. The 
mc•dcl fits thc obscrvcd response of thc shallow wells to the deeper injec
tion ami production wclls. Simulations using this model indicate that long
term opera! ion '·or the field will contamina! e groundwater, and alternative . . 
disposal sites are being sought. 

The tcsting ofthe rescrvoir at Raft River is strikingly similar to high
tcOlpl.!ra!un: ficlds as rcgards some of the problcms that confront the 
,m;1!~·:-.!: th!.!rmal ctTccts in thc wclls. vertical communication, am.l the 
Uif!icul!y of characterizing thc pcnncability Uistrihution. 

7 .ll EAST !\lESA 

7.X.I. ln!roduction 

Onc purposc of our attcmpts to quantify conceptual models on a re ser· 
vo!r ~cale is to dcvdop a n:scrvoir modcl thatmay givc us sorne idea asto 
how that rcscrVL'ir may hch:tVL' tm~.:c exrluitation is undcrway. Most gco~ 
therma~ rCscrvoirs are inhL·rcn:ly complcx ami may not behavc in so 
simp~c a m;mrlcr. Thc rcscrvoir at Eao,;t ;v1csa in California appcars to he 
onc l'f thc !css c0mp!icatcd cxarnplcs. :t abo h;.ts thc aUvantagc of having 
!'cl'n th~'n.,ughly tc~tcd anJ is thcn:forc an appropriatc rcscrvoir for illus~ 
!r:!:in~ rn'j\!l'!ion of thc hclwvior of a real lil'ld undcr cxploitation. Sincc 
!!{l rn,dtiL·til'n h~!s yct takcn p!;t<.:c, th~ prcdil:tions are :.tllthcorcticul, but 
:~~~~h t~i.;,tri!,~!h:d~paramctcr ami !umpcd-paramctcr simulations havc hccn 
C:!!Til't! t'!!~. 

:\ ..._-';!~ L":!.., pvcr!ics u n.:st'rvoir of sand anJ intcrbcdJcd shalcs that 
C•'~1';~;,~, w;~!c!" <t 1• ~cmpcraturc-; (\f up to ~IIO"C. Figure 7.15:.1 shows a plan 
-.·!·.·\·, ••·· ~':·.: lic!d ami 7.15h. ~h('\\'"i a ~c~.:tion through thc ficld. A Uomcd 

··· ~!L:! ... tnH .. '!Urc is rrc~cnt. Thc sur1'acc h..:at tlow shows a simil¡tr maxi
·~1~:P• l1Vcr t~h: dome. Thc ccnt~r of thc éomc corresponds to thc intCI'!\CC· 
!'t''! of f;¡ul~s. 
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Flg. 7.15. East Mesa field. (a) Plan view, with contours showing depah in k.tik>mclcrs to 
thé 't70"C isothcrm. (Aftcr Morris and Campbell. 1981; copyright C> SPE·AIME.: lb) Seclion 
tiuough the reservoir along line shown on (a). (Fro~ Riney ~t.al.. J9KOb.) 

7 .8.2 Reservoir Parameters 

Severa! wells have been drilled, and rock propenies such as net sand 
thickness, porosity, and (air) permeability ha ve been obtained from corc 
sk~ples. Values of these.propenies for a selection of wells, both potential 
p'roducers and injectors, are given in Table 7.3 for one depth interval 
(Morris and Campbell, 1981). 
· Numerous wcll and inteñerence tests have also been peñormed. Val· 

ues of khlfl. obtained rangc from 2 x 10-• to 7.5 x 10-• m'/Pa · s, equiva· 
lent (for water at 160•c¡ to ¡¡ permeability-thickness of 3-1~ d-m. A 
ilistinct trend in permeability is present, wi!h higher values to the north of 
the field. Considerable inhomogeneity is present (McEdwanls el al., 
1978). 
. From the interpretation of this well and other data, a clear picturc 
emerges of a reservoir that is confined abo ve and below, of n:asonably 
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homogcncous pcrmeability on the reservoir scale, and charged with liquid 
wa!cr. Vertical r>crmcability in thc sandstone aquifer is limited by the 
rrescncc of shalc brcaks, but these are not continuous and sorne vertical 
permcability must remain. The shale layers are also thin and so are as
sumcd to remain in thermal equilibrium with the sandstone and the water 
in it. On thc gross scale thc mcdium is thus assumed to be homogeneous. 

7.8.3. The·Natuml State 

Two independent simulations of the natural state ha ve been made: by 
Goyal and. Kassoy (1978), Kassoy ami Goyal (1979), and Riney et al. 
( 1979, 19X0a,b).· Both simulations employ a similar conceptual model. 
Figure 7.! 6a shows the model of Riney <'1 al., including the system ex
tem.!!ng to thc mantlc and the subregion that is the rCservoir. 

;:¡~U!'l! 7 .l 6b shows thc rcscrvoir modd of Kassoy and Goyal. A perme
:1h\.· ::tyt:r h:s b~:twccn thc irnpc-rmcahh! t:ap ami the basement layer. The 
'a::er is "''" takcnto be imrcrmcablc excert for the fault permeability 
w!h:rl! ht): water rises from grca~~:r dcpth. Fluid now is up the fault aod out 
~dt,ng thl! H4uif1.!r. Hcat is Ct'flVL'Ctcd with thc fluid into and out along the 
·~~~::~·cr ant~ i~ lost by contluction through the capto thc sutface. produc
'n~! th" ""·face hcat flow anomaly. Thc Kilssoy and_9oyal model is a two
l;in!cnsit':la! vertical .scction that qualitatively reproduces thc prcssurc 
~t!ll' !I:TPf'l!raturcs found. \Vith this simple moti el it was possiblc to explore 
:;11..· s~n..;i!ivity of thc thermltl p;.tttcrn to rcscrvoir paramcters. 

· ..... ,, . , . /."! 1 ~ '·~ 
- .~.,·-re 

ClayCap 

Reservoir of 
lnterbedded 
Sediments 

h:.:. 7.1t .. Con~ertual modd., of Ea.,! \1c .. ;,. la) l.;.,r~C·!<.Calc mude! of Rinc)' d uf. 
f!'J.'''~··· •bl ~l'\Ct'\'l'~r mudcl of Ka.,.,o}' ;md (ioya\ fi 1J71Jl. 
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· Riney et al. (1979) described an axisymmetric model that ,.·as later 
expanded to the three-dimensional model of Riney et al. ( 19Ho-... b). The 
upflow is localized along a narrow zone. U sing horizontal permcabilities 

· found from well tests and allowing other paramete~s to vary, Riney et al. 
(1980b) produced a good match to the surface heat flux and to !he isother
mal cross-section. The vertical permeability was found lo be 0.25-0.5 md, 
more than an order of magnitude smaller than the horizontal permeability. 

Both models of the natural state assume that it is steady, and good 
agreement with the thermal pattem is found. There are, however, strong 
variations in salinity not consisten! with these models, so that it has been 
argued that !he system is changing (Hoagland and Elders, 1977). Thc 
chemical data provides reservoir informal ion not readily apparent in pres
sure or temperaturc data. 

7.8.4. Distributed-Parameter Simulation of Exploitadon 

lf we ignore any possible changes in inllow from depth, the only 
changes that can be stimulated by exploitation are changes in flow. both in 
distribution and in rate, and in temperature in (and around) the sand
stone-shale aquifer. lt should be noted that the temperature changcs 
follow the flow changes as colder water is pulled into the reservoir. 
Changes in both flow and temperature ha ve been evaluated using a thrcc
dimensional numcrical simulation of thc reservoir by Morris ami Camp
bell (1981). 

Figure 7.17 shows a section ofthe simulation model, with !he assigned 
prorcrties in onc nodc. The small-scale inhomogcneities fouml in thc 
testing are ignored in this larger-scale study. Since the pcrmcabilitics 
Óbtainec.l from the wcll tests are less than !hose measured in the cure 
samrlcs, corc values are scalcd by a constant factor to match the well-tcst 
valucs more closely. 

The aquifcr in which the geothermallluid is found continucs out bcyonJ 
the hut houndarics. Thc ortiuns for the modeler are eithcr to cxtcnd thc 

1-ig. 7.17. Sectiun uf Ew~t Mc!!.a nu
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mmkl funher out into the cold region (in which cvent he may still need tu 
include a "'urce ror additional cold water) orto cut the model ofT at sorne 
arrropriate point near the boumlary of the hot reservoir and allow sorne 
f<.•rm of press!lrc-drop-stimulated intlux. Morris and Campbell ( 1981) took 
'"" :atter ortion and allowed an in flux over their boundaries proportional 
!t' !he dror in pn:ssure from its initial vulue nt lhese boundarics. · 

Undt:r production the wclls in this rescrvoir will be pumpcd. Each 
production wcl! is limited toa drawdown uf 3.5 MPa ora discharge of 8!! 
kg/s. lnjection wclls may ha ve wcllhcad prcssure up_to 2.8 MPa and/or a 
!low up to 190 kg/s. For thc simulation the total production was kept al a 
lt.~vd that woultl maintain a powcr plant gencrating 64 MW. 

Thc general results of the simulation are shown in Fig. 7 .18. The tem
re_rature uf the water produccd gradua!ly falls. To maintain !he leve! uf 
powcr general ion, increased fluid. production and· additional we!ls are 
rcquired. Thc fa!l in production temperuturc is one of the importan! out
r'..J!s of this sirnu!ation: thc other is the rescrvoir pressure. which shows 
.,._ ~~e:!ll.·r or m't !1ow can he maintaincd from the wclls. The initio.tl well 
!l't.:;1:ll'n plan ;\'.;sumcd on!y pcriphcral injcctors. rcsulting in too grcat a 
r,~:r in thc rrl,dUL"tion zonc. Interior injcctors wcrc subscqucntly aUdcd. 

'J:her rara meter variations wcrc considcrcd. lt waS assumed, for exam
r:l·, that there was no hydrologic conncction bctwcen ·thc rcservoir and 
:~e st:rrounding coldcr scction of the aquifer. ln this cvent thc tcmpcra
!~Jre:'\ fa!! more rapid!y hecausc thc rcinjcctcd water is co!Ucr than that in 
th..: surrounding :tone. Thc vertical pcrmcability was also chang~d. Al 
~o·;; l'~ kss than t!1c horizontal thc pcriphcral shallow injcction could no 
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longer maintain production pressure, indicating that !he peripheml injec
tors would need lo be deepened and/or more interna! injectors used. The 
more intensive use of interna! injectors, utilizing the "five-spot" pattem 
of alternating producers and injectors commonly employed in oil produc
tion, resulted in a severe fall in production temperature. 

Detailed models of this nature can ·provide much'irifórmation. How
ever, in order lo establish such models and ensure that the results are 
meaningful requires a large amount of high-quality daia. In this case (East 
Mesa simulation) .!he engineers obtained not only information about 
changes in prodJ!Ciion temperatur~ and reservoir pressure but also an 
insight into !he efTects of difTerent sitings of the injection wells. Sorne of 
the gencml information may be obtainable with the simpler field-scale 
lumped-parameter modcls. These are much cheaper and quicker to run 
!han a full distributed-parameter model, but !he y are al so much more . 
limited in the information they can produce. 

7.8 .5. Lumped-Parameter Model 

For the East Mesa reservoir a three-zone .. lumped-parameter model was 
devcloped by Castanier et al. ( 1980). There is no allowance for vertical 
efTects in the aquifer. A central zone contains all producers and interna! 
injectors, and the fluid in this zone is assumed lo be well mixed. Outside 
thc central zone is an intermediate zone with a mdial temperature distri
bution, and beyond that is an outer zone corresponding to the externa! 
aquifcr. This outer zone is assumed lo remain al a constanttemperature. 
As the fluid moves in from !he outer zone through the intermediate zone, 
!he temperaturcs are swept in with it. Pressures are computed at each well 
using solutions for a wellface pressure and average pressure in the inner 
zonc. 

The rcsults of this lumped-parameter analysis are plotted on Fig. 7.18, 
with thc results from the distributcd-parameter study by Morris and 
Campbcll (1981) given for comparison. The initialtemperature decline is 
fastcr in thc lumpcd-parameter study due to thc assumed mixing in thc 
ccntralzonc. 

In these two analyscs ofthe East Mesa reservoir an encrgy reserve or ¿1 

recovcry t<tctor has no! been specifically dctermincd. Thcsc could havc 
be en cstimatcd from thc reservo ir data and anal y ses, but a dccision w~1s 
madc lo go directly lo !he next stage and attcmpt to predict how thc 
rcscrvoir rriay bchave under actual cxploitation conditions. i.c .. whi!c 
maintaining an clcctric power production of M MW. Unfortunatcly, no 
pr~lduction history is availablc with which to check or improvc thc nwdcl. 
Hov.·cvcr, ~incc thc rcscrvoir is rcasonably homogcncous, boundcd a hove 
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"nc h~low, and water charge<l, similarity to groundwater systems pro
vitlcs considerable testeo experiencc to <lraw on. The appropriate reserve 
es:imate ft>r a geothermal reservoir is further discussed by Morris and 
Campkll ( 19XI). 

7.9. SUMMARY 

The tests dcscribe<l in this chapter complete the information that may 
be gathered prior tu exploitatiun. Local properties of the reservoir an<l 
rescrvoir fluid ha ve bcen obtaincd from individual well tests. Analysis or 
modcling'<lf thc natura\ flow in the field or system containing the reservoir 
provides sorne rcscrvoir-sca!e parametcrs (such as vertical permeability). 

·Extcnsive (in both time and <listancc) testing of the reservoir yiclds 
at.!ditional propcrt!cs. Most importan! of !he tests is tbe interferencc·test, 
wi~ich. if succcss~\1:.. mcasurl!s transmissivity-anU storativity over an urca 
nf ~ =1c n:"'crvt,ir a m! prov!dcs possih!c ;nfonnation about connectedness of 
t:1c nc:·!lH.:;t!,lc ztmcs cncountcrc1.! b; diffcrcnt wdls. E ven with such thor· 
oul!il mt:asun .. ·m~~1! it Ci!n be difficul! to chara~:tcrizc a rcscrvoir by a single 
C('~'t;!T1! p~·r:·~·.:a:_,:!i!y bccausc tlf dis~.:n.:r;•IH:i.:~ bctwccn single·well H~tl 
!!•'crfcr~.-·fll.:l' !..._·,~..;. a!~d t'll! im~!"ovemcnt in injcctivity oftcn observcd m 
:t'Tl!.!-!cn1~ :111d ~!~t~h-ra!c i!~jc(litlO. · 

~-h,~s!vc di\l..':t~re.c can vicld thc storagc cocflkicnt of thc entire rcscr· 
\'4.lir. :,roll)fl!.!l.'d Ui~churg~ of indiviUual wclls, particularly in two·phase 
rt.·,!..'rVt'irs. :-.-!wws thc tyrc of bchavior charactcristic of long·tcrm floh' 
;!'ltl !::ivc..; ~~ C!t!1.~c to thc physical mcchanisrns important in the rescrvoir-. 
t._oi1i;l!!. Ui~t;!iun and cold swccp. drainag,e, or tlccompression. Still not 
<..~t."!e:·!~~incd, in must cases. is tllc cxtcnt of rcchargc of dccper fluid, or 
~~flll!!H~\\':.l!cr, t.o he cxrcctcd undcr cxploitatiun. 

Chapter 8 

Long-Term Behavior: The Observed 
Response of Fields to Exploitation 

8.1. INTRODUCfiON 

In this chapter we review ·!he changes tbat have occurre.d in exploited 
geothermal ficlds, as reported in the literaturc, and the interpretations 
now placed upon these changes. The ultimare test of any approach lo 
explaining geothermal reservoir behavior is comparison with observation. 
Th~ behavior observed in these fields provides a guide lo what may occur 
els~where. ··. 

Nine fields are described: two are vapor dominated (Larderello and The 
Geysers), two are low-iemrcrature fields (Reykjavik and Selfoss), and !he 
remaindcr are high-tempemture,liquid-dominated fields (Wairakei, Cerro 
Pri~to, Broadlands, Kawcrau, and Ahuachapan). In all cases there is 
sufficient history of exploitation to define the character of the rcservoir's 
response to exploitation. A considerable variety of physical mechanisms 
is prcsented in thesc ninc fields. Seven show substantial rccharge (Thc 
Geyscrs and Broadlands do not). In four of the scven the recharge is 
identified as heing cold, al leas! in par!. Thc rescrvoir storage mcchanism, 
whcre identificd, is eithcr two·phase expansion or drainagc of a free sur
face. Singlc-phase flow is prcscnt near sorne, many, or all wclls in each 
field, bu! apparcntly in no case docs !he response of thc reservoir rcflect 
!he expansion of a single phasc within sealed boundaries. 

Given the varicty ofresponse prcsent in thcse·ninc lields, it is likcly that 
this list is not a comrletc survey of possible mudes of behavior of gcother· 
mal fields. Many more ficlds are now undcr explora! ion and devclormcnt 
around thc world. and thcsc will add substantially lo !he expcrience uf 
exploitation in the ncxt dccade. 

An aUJitional sevcn powcr stations on six ficlds have not hccn de· 
scribed hcrc for lack of puhlished information. These are !he station> 01! 
Pauzhctsk, Kamchatka, U .S.S.R .. and !he six Japancse stations (Ot .. kc, 
Matsukawa, Onuma, Onikobe, Hatchobaru, and Kakkonda). A m"'krate 
amount uf information is availablc about the Japancsc plants. Of this thc 
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Chapter 9 

Field MQnitoring and Management 

9.1. INTRODUCTION 

Management of a geothermal field entails making decisions bctween 
possiblc courscs of action. Such dccisions are hascd on an estímate of or 
belief about the rcsults exrcctcd. Thcrc are Jarge dccisions (i.e., What 
size station?) and small dccisions (i.c .. Docs a well need remedia! work'!). 

In many practica! cases thc uncertainties about a geothermal ficld's 
future bchavior are so large lhat any estimule is a guess, although sorne 
gucsses wi:l he hettcr than othcrs. This particularly npplíes to .thc most 
imrl'fL\'1~ c:H'iCr..' oral!: ~he dcsign ofthe rowcr planl. Although thc posSi
h:~..· ..:l"-;! nf l.";tc~1 clwice can be cstimatcd anJ thc critcria for choice clcarly 
'l~l..'!~~!~il."l:. ;!~ :: ... ·-.:~:ratt .. · ba!ancc of Ct~'lls anU hcncftts is not possiblc. The 
·-.,ue~ n1~!:-.: lhr..·n:!"~oxc be Uiscusscc.! in ~u:ditativc tcrms: 

. -\flt.'r :1 st:!!i('fl has bccn producing t.) ver sume rcriod, rcalistic estimates 
c¡lfl b~ madl.' o!'thc valuc ofincremcntal ch~tngcs in ficld cxploitatio_n, c.g., 
i!dding an additional Plant _or udapting an cxisting plant. In thcsc cases 
lruc management is possible. · 

1 • 

Thc existence ,of a production history makes analysis of the field much 
simrlcr. .\'lany properties of the rcservoir that can be only subjects of 
conjccturc in the development stages are demonstrated directly once pro
Uuction has started. Sorne pleasant Or unpleasant surprises may ap¡)ear, 
:~nd lhcir implications will be considcred. Given all this, the opportunities 
:o manage-to exercise a choice of action-can be analyzed far more 
c!carly and accurately. 

Thc possiblc management choices that may arise are as follows: 

J. Whether or not to cxpand gcncralion 
~ Whcrc lo site infill wclls as the ficld runs down 
3. Which wclls lo leave idle if lhcrc is a surplus 
4: Whether or not lo shut sorne wells that are proving deleterious (i.e., 

close injectors). 
5. Whether or-not lo modify station, well, or pipi:Jine design for eco· 

nomic rcasons. 

. ·tn adúition to these decisions, more work must ·be put into moniloring 
thc performance ofthe wells arid ofthe surfacc equipme.nt. This is ncces-
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sary in order to detect irregularities that may signal the need for repair 
work, orto measure the trend of declining performance and so anticipate 
the need for additional wells, ora reduction in wellhead pressure. Numer
ous problems can occur in the operation of a geothermal project, and 
regular monitoring is needed to ensure that they do not gel pul of hand. 

9.2. MEASUREMENfS 

9.2.1. Well Performance 

The most basic monitoring requirement is a record of the ftow of each 
well. The variables to be recorded are mass ftow, enthalpy, and wellhcad 
pr~ssure. These variables may be modified as appropriate. lf the ftows are 
dry steam or single-phase Jiquid, temperature rather than enthalpy is re· 
cor<ied. If a downhole pump is used, pressure al the pump or pumping 
power consumption would replace wellhead pressure. 

Chemical samples should be taken al convenient intervals and vapor
and liquid·phase chemistry recorded. lt is normal! y more convenient to 
record !he gas content and sol u te content of separated steam and water 
flows than to compute these as fractions of total flows. In addi1ion. if fluid 
samples are taken from steam or water ftows, the results should be re· 
ported as such. When total flow values are computed, an erroncous en • 
thalpy will result in an erroneous total value. lt is a better practice lo 
report results in a form that ·is no! subject to such externa! errors. 

For each well a history should be kept in ·a convenient form (usually a 
graph) that showschanges with time. Any abnormality should be investi
gal,ed. The first slep in an investigation should be lo check recen! mea
surements. 

9.2.2. Downhole Profiles 

Wells should be shut at convenienrintervals to measure downhole pres· 
sure and temperature profiles. Soon after the start of major production 
such measurements should be made every month or every few months. 
Later the frequency can be decreased to once every year or two. The 
frequcncy of measurement should be adapted to the rate at which thc 
·reservoir is changing. Roughly, the measurements should be made al 
equal intervals of change in downhole pressure and temperature. Such 
profiles are less importan! in a vapor-dominated field since there is Jess 
detail to observe downhole. 

lf the monitoring of the well's production shows any abnormal change, 
downhole profiles should be run to check possible causes. Caliper or go· 
devil (drift gauge, sinker bar) runs should be made if there is any doubt 



Fiefd Monitorin¡: und Managemmt 

about tbc casing or if tbe well appcars to be blocked. If fluid of abnormal 
chomistry is prcscnt in !be discbargc, downbolc chemical samples may be 
rcqutrcd. If tcmperature profiles indicate a possible llow in tbe well, a 
spmncr (flowmctei') ·.run is indicated. A new output test should also· be 
considcrcd if a well's pcrformance.bas. ~banged ~ubstantially. 
: Most ficlds normally ha ve sorne nonproductive wells that make conve~--

nient monitor boles. When such wells are available, downhole data should 
·be recorded more frequently, and wbenever possible a continuous pres-
sure record should be obtained. Sucb a record may be obtairiéd. conve
nicntly by placing a float in a well"that stands open to atmospbere and has 
a water level. Specially drillcd monitor boles may also be useful. For 
example, tbe possibility of vertical inflow of cold water can best be 
cbecked by using wclls tbat feed from diffcrent depths. Pressure cbanges 
m sballow wells sbow tbe extent lo wbicb deeper pressure changes propa-
gare upward. · 

In adúition to the pbysical ta.sk of continued measurement and record
ing, tbc intcllcctual task of updating cPnccpts or modcls of the field is al so 
rcquired_ At times this can be difficult. Pcrhaps tbe easiest method is to 
develop prcdictions or projections US!ng modcl or analysis. Tbe validity of 
that modcl or ana!ysis can he vcrificd latcr. 

9.2.3. Geophysical Measurcmenis 

As part of monitoring th.e changes undcr exploitation repeat gravity 
surveys at intervals of severa! ycars are very uscful in defining the extent 
of Huid rcchargc or dcplction in the rcservoir. Al Wairakei, Broadlands, 
and Tbe Geysers such surveys bave provided a strong constraint on reser
voir models. 

Rcpeat rcsisdvity surveys· may detect changes in cbloride content, or 
the dcvclopment of a steam zonc. Base leveling survcys should be made 
very carly in dcvc!opment, and rcpeat surveys for detcrmining vertical 

- ané horizontal dcformation should be madc at a frequcncy that is depen
den! on thc rate of subsidence and the importance of its effccts. Cbanges 
in !he natural activity sbould be meas u red as indicators of the intemction 
of t~1e rescrvoir with near-surface aquifcrs. 7 

9.3. CHANGES IN WELL PERFORMANCE 

Thc regular monitoring of well performance gives a record of the mass 
flow and úischargc cntbalpy of cach well. Wc shall now discuss sorne of 
tbe types of abnormality that_m<•y appcar. Tbe list is -not·exhaustivc. 
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9.3.1. N.onnal Behavior 

First, for background, we shall examine "normal" behavior-the his
tory of a well in a simple deplcting reservoir, with no casing break, depo
sition or other mechanical problem. If the reservoir is vapor dominated ' . . .... 
or liquid; there will be little · change in enthalpy. Under sucb circum-
stan'ces the mass flow at constan! wellhead pressure or constan! throttle 
should decline smoothly with time as reservoir pressure falls. 
Ab~ormal behavior appears as a change in mass flow, a ·change in 

entbaÍpy, or botll.. A change_ in enthalpy normally signals a change in 
reservoir fluid. 1t may also indicate that the well has become partly 
blocked and taps a different part of the reservoir. NQrmally, mass flow 
al so changes with changing enthalpy. This is due tó the change in (flow
ing) pressure drop in the well. A change in mass llow (beyond that caused 
by pressure drop) without a change in entbalpy generally indicates me
chanical problems in the well, such as a casing break, liner collapse, or 
deposition. 

9.3.2. Scaling 

Figure 9.1 -shows the history of well M-9 al Cerro Prieto (Dominguez, 
1978; Bermejo et al., 1978, 1980). Mass llow has decreased without large 
cbange in entha!py; since other wells in the field ha ve not declined pres
sure changes are not responsible. The decline in the well's ability to 
deliver Huid indicates that the well is becoming blocked, and the progres
sive nature of the decline indicates that deposition rather !han a collapse 
is responsible. The increasing decline in flow as How approaches zero is 
characteristic of deposition. Well M-9 was restored to production by 
workover, but the deposition continued. (For another example of tbe 
effects of deposition, see the discussion of BR2, in Cbapter 6.) Normal! y. 

· scale is deposited in the well and performance can be restored by a 
workover. Deposition in formation is not a reported problem in producing 
wells. 

>-
~ 1300~ 1 
~ ~?Ot . . '\ --1 

w f40~water \1· 
O 20 Steaf"n -:J\ . 
it ~4 1975----- 1976 197~-, 

Fig. 9.1. ~cpeated. scaling in well M-9, Cerro Priclo; (From Be~mejo ~~al .. 19KO.) 
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The tendcncy for scale to be deposited is quite variable betwcen fields 
ant! between wel!s in the same field, depe.nding on the fluid chemistry. 
AITected wells may need to be clcaned évcry few months or cvery few 
years; othcr well~ in the field may remain totally una.ffccted. · 

9.3.3. Changes in Enthalpy 

If a liquid-dominated reservoir at or near boiling p~int i_s exploited, 
falling pressures will cause more boiling. The higher stcam fraction in thc 
reservoir will result in higher discharge cnthalpies in producing wells. The 
changcs in dischargc enthalpy reflcct thc manner in which boiling fluid is 
p_rcscnt in the rcscrvoir. · 

In Chaptcr 6 we uset! BR~ to illustratc the rise and fall of discharge 
enthalpy in a reservoir that is ncarly all two phase. Figure 9.2 shows the 
changcs in three wel!s at Wairakei. The reservoir, which was initially 
liquit! dorninatcd, underwent considerable boiling and by-1961-1962 had 
formet! a stcam zon~ (sec Chaptcr X for more uctail}. The cnthalpy of a 
c!ccp-fccding well is shown by WK27. The discharge enthalpy is vcry 
stablc and rcmai~s at the enthalpy of liquid water at the well's feedpoint. 
An cxccption was a pcriod of cxccss cnthalr)y around 1960 when reservoir 
prcssurcs wcrc f~!lling rapiUiy. rcsu!ting in incrcascd hoiling. 

In contras! WK9 is a sh;i1low-fccding wdl ami shows the development 
of ~- dry stcam discharge. Thc carlic~t dischargc was. atan enthalpy a little 
ahove liquiu water. After 1n0 thc dischargc was nearly dry steam. In 
between, thc enthalpy rose with considerable variability. This intermedi
ate r>cr'iou was rrolonged in WK9. In most other wells that went dry, the 
process took only a few ycars. 

WK4/J and 4/2 are shallow periphcral wells located close to each other. 
Individually they are erratic in performance, but taken together their 
performance has varied· smoothly with time. Their discharge enthalpy 
rose as boi!ing increases in the reservoir, and a steam zone formed. But 

Fig. 9.2. Enthalpy chimgcs in thn:e W:~!r.1kei wells.'ü~·rom Ministry ofWorks and Devel
opmcnt, Ncw Zealand~ 19M!; personal communicatiun.) 

9.4. Decline Curves and Trend Analyses 
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Fig. 9.3. Che mica! and physical changes in well WK31, Wairakei. (From Glover, 1977, .J 
and Ministry of Works and Development, Ne~ Zcaland. !981; personal communicatiOn:l · ¡ 

enthaipy laterfell again, a!though the wells' common feed zone líes within 
· the steam zone. The fall in enthalpy is abnormal since such shallow wclls 

normally go dry. lt is interpreted as reflecting groundwater entry. 

9.3.4. Coid Water Entry 

Figure 9.3 shows the history of well WKJI at Wairakei. Discharge 
enthaipy and chloride content fell with time, as did maximum discharging 
pressure, reflecting the fall in enthaipy. By 1964 enthalpy had fallen too 
low to sustain discharge and the well failed and was cemented. Thc falling 
eilthalpy and chloride content indicate increasing dilution of the t!ischarge 
by coid water. Thc downhole profiles show that a shallow fecd, originally 
hot,· had started to discharge colder water into the well. (For anothcr 
example see KAS, Section 8.8.) 

9.4. DECLINE CURVES ANO TRENO ANALYSES 

9.4.1. Introduction 
\ 

If non e of the eiTects of the previous section occur, the mass flow of a 
well declines smoothly as expioitation reduces reservoir pressures. One 
mcans of predicting future mass flow is simply to treat the past history as 
a time series. lt may then be fitted toa convenient formula, which in .turn 
is used for extrapolation. No rcservoir model enters such an argument: 
the trend of past performance is fitted · and extrapoiated, no matter 
whether the data concem mass flow of a geothermai well, population of 
the earth, or sunspot frequency. 

This technique can be very effective. The best predictions of futurc 
performance ·derive from ·such methods, even if they are no more than 
extrapolating a decline of so many percent per year. However, the tech
nique is limited by the Iack of a theoretical model basis. It cannot predict 
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;he cfl"ect of a change in management practice, outside of past variation. 
fhe flow of "."e well can be cxtrapolated on!y as long as the control of 
oth':r rnterfenng wells does no! change. For example, if another power 
statwn JS ac!ded. the trend with time is likely to change. 

9.4.2. Decline Curves 

The name "decline curves" is given to a standard set of curves that 
show mass ftow against time. Chicrici ( 1964) found that Larderello wells 
could be fitted to the formula 

~V= \Vur", (9.1) 
where t is the time thc wel( has bcen ftowing. A standard set of curves is 
av:ulablc m the pctroleum literaturc (f'ctkovich, 1980).Theytake the form 

1 t/W 
" = --- = KWh (9.2) w tlt .• 

whe~e 11 is the fractiona! decline. This r~sults in a standard set of curves 
p!ottmg tlow ratc a~ainst time on log-log scalc, with h having different 
valu~s. Of grca!cs! tmporfancc is the case in which b = O (exponential 
lkchnc): · . 

(9.3) 

. The standard t
1ecline curves can be u sed in a numbcr of ways. Futurc 

C!scY..·trt•c ·md •h ~ • r • 1 - ,. h 
· ·•• ~ • • l: .o.a: cumu attve ~...tsc argc at abandonment (the fluid 

r~~crvt.• producibi.c hy !he wci:) can be projccted by matching a dischafge 
htshJ~Y to ~ne of the curves. A more immcdiatc use is to match for a 
:crt:un pcnod of time so that deviations in later performance can be 
oJcntofico.l as indicating possihle mcchanical problems in thc well (Rivera 
!Y7SJ. . • 

. Zais and Bodvarsson (19ROa.b) fitted a substantial number of well 
. t;ostones from Wairakei. Cerro Prieto, Larderello, and The Geysers to 
ucchnc curves. In general the fits obtaincd werc not good, and the value 
o! thos tcchmque thus appears limitcd. Figure 9.4a shows a fit to one well 

. a! !..arccrello. The bcst fits obtained were to exponen tia! declines. Rather 
!!1;m !Jsmg typc_ curves. cxponential decline is more conveniently repré. 
scntet! b~ plottmg flow rate on a logarithmic scale and time on a linear 
s7alc. as Js commonly done for petro!cum wells. Figure 9.4b shows such a 
P•ot of the flow of two wells at Thc Gcvscrs. 

Dykstra (.1981) found that an averag~ pruduction well at The Geysers 
best fittcd to harmonic decline (i> = 1 in Eq. 9.2), or · . 

W = W1/(l + th) (9.4) 
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Ftg. 9.4. Decline in flow of steam wclls. (a) Lardercllo 82, fitted to log-log type curve. 
(From Zais and Hodv:trsson, 19KOb.) (b) Semilog plot of thc decline of two steam wells a1 

The Geysers. Dashed lines imlicute a decline ratc of9<'fl¡ pcr year. (After Dykstru, 1980.) 

where T is a time constant. 

9.4.3. Wainwright's Wairakei Model 

Wainwright (1970) madc extensive projections of future behavior of 
wells at Wairakei using curve-fitting techniques. The wells were divided 
into three groups: water fed, two phase, and steam producers. Future 

. ftow from the wells was estimated from a projection of future pressures. 
.Two pressures were used: the deep liquid pressure at standard elevation, 
anda steam zone pressure. The change in deep pressure was fitted by tria! 
'and error to a formula 

'W a'W 
Po - p ·= 1 - lo 1 + a'W' (9.5) 

where '\V is the cumulative discharge since time 10 and a is a fittcd con
stant. Steam zone pressure was defined as the shut-in wellhead pressure 
of those wells with steam cap profiles. This pressure was extrapolatcd 
linearly at.the then-current decline rate of70 kPa/yr. Flow of steam wells 
was estimated using a form óf the deliverability equation (5.20) and a 
similar but more complex form for water-fed wells. Two-phase wclls werc 
treated as combined water-fed and steam wells. Empírica! constants in 
the delivcrability formulasand Eq. (9.4) were fitted to past history. Figure 
9.5 shows the projections and what has since occurred. · 

The projections were used to designa major modification ofthe surface 
plan! that added 30 MW of generation. Wainwright's model illustrates the 
strengths and weaknesses of trend-curve analysis. The weakness is the 
lack of a physiCal model beliind.the analysis; No allowance can be made 
for:any change in the character of the reservoir su eh as cold water cntry, 
that was n~t pres¿~t in the fined period. The strengths of this techniquc 
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Anothcr problcm is that the maximum subsidence is not linearly related 
to the dcep pressure drop .. Figure 10.9 shows subsidence at benchmark 
A-97. a convenient refcrence point. Although there is initially a linear 
relauon, the_ rate·of subsidence increases with time.:Inierpreting the sub
Sidence as stmple compaction (Pritchett e(al., 1976), the elastic moduli óf 
thc rock must decrease with time by.a·fador of more than 10. _.. ·-··· 

. . Bccause of thc difficu1ty in explaining the subsidence at Waimkei as 
simple compaction of the _reservoir rock, it has been proposed that the 
maximum subsidence area may be thc rcsult of a different· mechanism, 
although the field-wide subsidence would rcrrescnt normal elastic behav
ior. Pritchctt et al. (!9R0b) suggest that ascismic slippage along existing 
faults is rcsponsible. Thcy a!so observe that until 1963 an arca at the 
southern boundary was also rapidly subsiding. Recent work (Ailis, 1982; 

· Ministry of Works and Dcvclopment !9X2; personal communications) in
dicatcs that most of thc ·subsidcncc occurs in shallow unconsolidated 
breccia abovc the main production dcpths. Casing damage indica tes com
pression nt these dcpths: and thc amount of subsidence correlates in 
space ané time with pressure chang~s in the steam zone. -

10.5. CO:\'CLliSION 

ln this chaptcr wc ha ve briefty surveyed th~ee main problems that are of 
conccrn ~o n:scrvoir engincers anú dcvclopcrs at prescnt. These are by no 
"'""'" the oniy problém arca~. nor are any or al! of them likcly to be 
importan! ore ven present in any spccific fiel J. A !so, the problems are not 
ncccssarily insuperable. Al! are undcr study. Pcrhaps the main feature of 
t''c measurements and analyses to date is the extreme variability of what 
may occur in diffcrent geothcrmal reservoirs or within one reservoir. This 
variability of likely behavior-a charactcristic feature of al! aspects of 
;;eo!hcrmal reservoir engineering-is one of the clements that kcep the 
l'cld alivc, challenging, and exciting foral! who are involved with it. 

Appendix 1 

Pressure :rransient Analy~is. 

Al.l. INTRODUCfJON 

In this appendf,( we review the theory of pressure tmnsient analysis and 
its application to geothermal wells. The theory has been developed in 
great detail in the groundwater litemture beginning.with the work ofTheis 
(1935). Groundwater techniques were applied sporadically in the 1950s in 
various geotherma! fields. The first systematic use was in the early 1960s, 
in the analysis ofthe results of a field discharge at Pauzhetsk, Kamchatka, 
U.S.S.R. (Sugrobov, 1970). 

Pressure transient theory is al so developed in the petroleum literature. 
The petroleum and groundwater disciplines ha ve developed almos! inde
pendently, and they employ different notation to develop similar or idcnti· 
cal results. We here follow the petroleum development, in common with 
most other geothermal literature .. For a survey of groundwater tech
niques, see Walton (1970). A comprehensive exposition of petroleum 

· techniques is given by Matt~ews and Russell (1967) and Earlougher 
(1977). Examples of applications to vapor-dominated systems are given 
by Barelli el al. (1976), Ramey (l976a), and Strobel (1976). 

We shall describe these techniques only briefly and concentrate instead 
on examples of their application in geothermal wells and on the many 
practica! problems that can confuse or obscure pressure measurements. 

1t should be noted that pressure transient analysis has not becn.proven 
in geothermal practice in the sense that predictions from well tests ha ve 
been made and validated by subsequent experience. The frequént obser
vation that kh from interference tests exceeds that of single-well tests 
indicates that sorne problems remain. 

Al.2. BASIC SOLUTJON 

Al.2.l. Line Source Solution 

. The basic aquifer· modél. for pressure transients is of a well thal fully 
p~netrales an aquifer of uniform and homogeneous permeability. The 
fluid is uniform and of constan! compressibility. Flow to the wcll is hori-

277 
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zonw! und radial. Prcssurcs al thc middcpth of the aquifer represen! the 
•.krth-uvcragcd bchaviur. Al any other depth, pressures di!Ter by a con
stan! amount, so that al al! depths pressures change by equal amounts. 
The equation. for pressure change, ignoring matrix compressibility, has 
becn derived in Eq. (3.27). 

lf the reservoir rock has significan! compressibility. compared to the 
fluid, the expression <Pe must be replaced throughout by Cm+ <Pe. This 
exrression is the total compressibility of the rock-tluid combination. 
R0ck compressibility is usual! y ignored but may be significan! if the re ser· 
voir fluid is (compressed) liquid. The compressibiliÍy e is often replaced 
by e,, the total compressibility of the aquifcr resulting from all mecha· 
msms. 

lf an aquifcr is initially at rcst and al time 1 = O a well begins discharge 
at rmc q (m'/s) or W = p1q (kg/s). thc solution is givcn by Eqs. (3.29-3.31). 
lf thc well raúius is known, it is thcn rossiblc in principie to identify two 
paramcters: kh/JJ. (thc transmissivity) and o)("il (thc storativity). Note that 
only thesc comhinations are itlcntificú. not the scparate parameters k. h, 
~'-· ~~. '"· !!ere arises one of the distinctive rroblcms uf geothermal well 
tests. A groum..lwatcr or pctrolcum aquifcr is clcarly dcfi"ned geologicaÚy: 
thid~n<-'~' ¡._ k:H,\\;n. pon.,sity and pcrmeability may be measured by tests 
o~ (tH·c:~. v;:-;cl~..::!t:• t!!~d f1LJid compressibility are similarly available from 
bb ~t:sh t'!. :;~~":i~<!ICL: v;~iut:s. Jt is sclt.!om clcar whnt the· thickness of a 
gcPt!1t:rma: al;::ikr is. A fracture in!crsccts thc wc!! <tt a narrow intcrval. 
[\u! throl!g1 !l:is :hc·wcll prcsumahly draw~ tm a much grcater thickncss 
of fracturcd rock. The dcpth ovcr which production has been found in a 
rescrvoir may he known, but permeable fractures might extend to consid
erably greatcr depth. Thus, thc thickness is no! known a priori bu! must 
be found. Similarly, !he porosity is va¡;ue. lt could be total porosity or just 
the porosity in and near the fractures. Fluid properties can at times be 
unclear if therc is doub! as lo whcthcr single-phase or two-phase fluid is 
rresent. This las! uncertainty can in principie be removed by better en-· 
tha\py mcasurcment and knowlcdge ofrelative pcrmeabilities. Beciwse so 
'llUCh is unknown, it is importan! to be clear and to report clearly which 
narametcr groups are actually measurcd hy a particular test. Usually !he 
!rar..;mis~:vi!y is of greatest intcrest sincc it controls the ability of the 
~1.! ... ~~·\'o:r '.l.' CcEvcr fluid. 

A1.2.2. Semilog Analysis 

Thé Cl(ponential iinegral E 1 has, for small x (long time), the asymptotic 
fNm ·(fol!owin~ Scction 3.3) . · 

E 1(x)- -In x- "Y= -2.303 log 10 x- -y,' (A 1.1 J 

A 1.2. Basic Solution 

·where -y= 0.57721 is Euler's constan!. Then 

-:-AP = Po- P = 4!~h ( 2.303log10 (q,:k:) ~ 0.5722] 

where 

= m (rog1ol + log,.(.l>~~,.,) - 0.5772]. 

2.303qfL 
m= 4nkh ' 
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(AI.2) 

(AI.3) 

(A 1.4) 

is measured as· pressure change per log cycle, and this unit is wrinen as 
Pal- and r is the mdius of observation. 
; Thus when pressure change is plotted against time on semilogarithmic 

scale, an asymptotic straight line should be obtained. This line_ is cha~c
terized by two numhers: its slope m, and the value at sorne particular lime 

· t .. When !he slope m is identified, the transmissivity can be found: 

kh . 2.303q 
. -; = -¡.;;;;-. (A UJ 

assuming !ha! a vol u me flow is specified. In geothermal wells it is usually 
more ~onvcnient to specify !he mass flow W. Then Wv is substituted for 
q11 an~ Equation (A 1.5) is replaced by · 

kh 2.303 w 
V 4nm 

(A 1.6) -= 

Using the value of the drawdown AP al sorne time 1, (AI.3) gives 

AP [·(4kh) · 1 '1 · m= -log,. -¡;:- <!>eh . ,., + 0.251 (A 1.7) 

or 

<j>ch = 2.25 (k:) (],) 1()<-•Piml. (AI.8) 

Al.2.3. Example: lnterference BR19-:BR23 

Figure Al.! shows an example, from an interference _test ~~ 
Broadlands, of such an analysis. Wells BRI9 and BR23 commumcate (m 
1980) through. 270-280"C Jiquid water. At this temperature. J.Lw = 99 
fLI'-d · s. BR 19 discharged al a tlow.of 64 kg/s = 0.084 m3/s. The pressurc 
change at BR23 is measured as a water leve! change. The slope of the 
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HOURS 

y:¡~· Al. t. lnterfercnce hetween URllJ :mt.l BR23, Broadhmds, as. measured wilh fluat 
n.·n1r\kr. fFrom Mini)¡,try of Works antl Dl!vclopml!nt, New.Zeólland. llJRI, personal cum
:n~!!lit:a!ilm.l 

sc•ni'og slraight line is 1.98 m/-. Thc water at the top of the well is col d. 
''·' !ha! ! .9X m = 19.5 kPa. Then 

kit (2.303)(0.084) 
¡; = 4-rr(l9.5 X 10') = 7.9 X IQ-7 m'/Pa . S 

k/1 = 7.8 'x 10~ 1 ~ m' = 80 d-m. 

Alternatively, the calculation could have been made using the mass flow 
· of 64 kg/s, and kinematic viscosity v = 0.132 x lo-• m2/s: 

kit (2.303)(64) 
4-rr( 19.5 X 101) = 6·0 X JQ-• m . S. 

Storativily can be evaluated using any poinl on lhe straight line. 1t is 
convcnliona! in pelroleum analyses lo use 1 = 1 h. In lhis example lhc 
•lraigh! linc inlersccts AP 7 O al 1 = 11 h = 39600 sec.·Evalualing lhere, 
\Yi~h !~terwcll GiStance r = 350 m, · 

~ 1 ~ ~~ 7 9 I0-7 (39600) - . -7 . '"CI = -·-- ( . X ) 350, - 5.7 xJO . m/Pa. 

,U .2. Basic Sol111ion 2RI 

Using the compressibility ofliquid water c.,= 1.9 x to-9 ra-1 gives cl>h = 
300 m, which may or may not be physically realistic. 

Asan exan'lple we used an intérference test to avoíd problems with skin 
(see Section Al.3.2}. The radius r in Eqs. (AI.2), (AI.3), (AI.7), (AI.8) is 
the 'radial distance of the observation point from the origin r = O. For an 
interfereóce test this is the'interwell.distance. · 
: ¡;{5tead ofthe graphi~ se~ilog analysis, the dat~ ~~~-also be matched by 

a· simple regressión (with the parameters-transmissivity and storativ
ity-fitted) to the exponential integral solution. · 

Al.2.4 .. Superposition 

Since pressure transient equation is linéar, solutions can be superim
posed. The most useful case is when a well is shut after producing for a 
period at constan! rate. The solution is a sum of the pressure changes 
caused by !he flow increase at discharge start and the decrease at shut-in: 

· qfL ( <l>fLcr' ) qfL (<l>fLcr') 
AP = - 4-rrkh E, 4k(t + Al) + 4nkh E, 4kAt ' (AI.9) 

where 1 is the time flowing andA 1 is the time shut. If the asymplotic form 
(Al.!) is valid for both E1s, 

•p ·= (2.303)qfL (' + Ál) 
"" 4"' kh log •• ------¡;;:¡- . (AI.IOI 

A plot of AP against (1 + Al)/ Al on semilog scale is known as a "Horner 
plot," andO= (1 + At)/At is sometimes called the· "Horner time." 

The drawdown caused by severa! wells can also be superimposed. In 
addition sorne types of barriers or other reservoir disconlinuities ca.n be 
r.epresented by image wells, whose drawdown is superimposed upon that 
of real wells. · 

Figure Al.2 shows a welfand an adjacent plane boundary. Three types 
of boundary can arise: an impermeable boundary, a constant-pressure 
b<iundary, · and a free surface. An impermeable boundary is one across 
which there is no flow. The eff~ct of the boundary is equivalen! to that of 

!'le· Al.%. Image wcll creat~d by planc inteñace 
ín rcscrvoir. 

Well 

Interface 

lmage 
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an ima)!c wel! with Jhe same tlow as the real well in a medium of infinite 
ext<nt. A constant-pressure boundary could be produced by a fault or 
somc other feature of much greater permeability than the reservoir near 
the_ \ilcl!. This is equivalen! toan image well of opposite sign. Finally; if 
the source wcll wifhdraws fluid from beneath ari aquifer. with a free sur
face. this is equivalen! to two images-one _at the image point, and a 
douhlc image of opposite sign that moves away at constan! velocity (Zais 
;,nd Bodvarsson. J·'IXOa.b.) · 

Al .2.5. Dimensionless Variables 

The prc.ssure change in a· test dcpends on the particular tlow rates. 
pcrmcability. and othcr parametcrs. These parameters can be absorbed 
;nto thc dcfinition of prcssurc and time ·lo define dimensionless variables: 

2Trklr 
Pn =--!!.P. 

e¡ p. 

Then the drawdown equation is 

Po= Po(lo) = lE,(41o). 

(AI.ll) 

(AI.12) 

(Al. 13) 

Thc function P, i~ defincd independcntly of the tlow rute, transmissivity, 
ur storativity. lt docs dÍ::pend on thc rcservoir gcometry. The dimension
!css var¡a~les P.,, r0 • are principally of use in more complex situations, 
wherc corrcspondingly more complex forms of drawdown can be rcpre
sc:l!ed in a standard formal. 

Tite asympto!ic (long-time) form of !he dimensionless préssure for a 
wcl! in an inflnite aquifer is (Al .3): 

Po = -(J. 151 Jog10 10 - 0.2886). (AI.I4) 

Thc log slope is L !51 per cycle, in dimensionless form. The dimension
'es- t imc r11 is dcfincd on the basis of the well radius rw. Other time sea les 
•ha! are t!cpcndcnt on other relevan! Jcngths can be uscd, but they are 
ccnotcd by some appropriately varied notatioñ. 

A L2.6. Type-Curve Matching 

Givcn the single function Puf tul. thc drawdown in an actual situation is 
relatcd lo it by the scaling (A l.l !). (A 1.12) of the · pressure and time 
variables. Thus if Po is plottcd against lo on ·log-Jog scale, a plot of !!.P 

A/.2. Basic·Soll41ion 283 

p (m) 

10' 10' 
TIME (HR) 

Fig. Al.l. Type-curve match to BRI9-BR23 interference. (From Ministry ofWorks and 
~velopment, New Zealand, 1981, personal communication.): 

against 1 is obtained by shifting the graph along the time and pressure axes 
. while kecping these axes parallel. To match observed data, one first takes 
it'type-curve and plots the data on the same scale on tracing paper. The 
tracing paper is then shifted until the points match one of the curves. 

Figure A 1.3 shows !he ·data of Fig. A 1.1 plotted on Jog-log scale and 
matched to the line-source solution. The correspondence between the 
dimensionless and dimensional scales can be evaluated ·at any match 
point. The chosen one is t.P = 0.1 m= 980 Pa, 1 = !Oh, at which it is 
found that Po = 0.057 and 10 = 0.265. · 
Thcn, evaluating the definitions of the dimensionless variables, 

· kh Po q 0.057 0.084 
-; = t.P · 2Tr .= 980 · 2;:-- = 7.8 X 10-7 m3/Pa · s, 

__!__ - l;,r ~ (0.265)(350)2 - ; 
cl>¡.o.c - 1 - 39600 - 0.9 m /s, 

and 

4>ch = (kh) /( ... k ) = 8. 7 x I0-7 m/Pa. 
J.L .,.¡.o.c • · .. 

- Compared to the semilog analysis, we find a nearly-identical value of 
transmissivity (and hence of kh) anda 50% larger storativity. When both 
semilog and log-log analyses are possible, the semilog results are gener
ally preferable. The log-Jog analysis in this particular case yiclds sorne 
additional information: it shows that the data for less !han 20 hours dcvi
ates from the la tú data-a fact not apparent in ihe semilog plot. 
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A1.2.7. Productivity 

Following thc- line-source solution (Eqs. A1.2)-(AI.4), pressure . 
changes increasin.gly slowly with time as time increa)>~. so that a quasi
steady state is reach~d. In ·this state the dniwdo.wn· is related to ihe' flow. 
rd!C. by !he productivity 1: 

W = J(Po- P). (AI.I5) 

Comparing with Eqs. (AI.2-AI.4), 

1 v r ( 4kt ) ] 
}- = -4 k/ 1 2.303 log"' ::;:---,- - 0.5772 . n · 1 L w¡..t.crw 

(AI.I6) 

An alternativc exprcssion is obtained if therc is a distan! radius r0 al which 
prcssure is hcld constan!. Then n·ow docs ultimately stabilize, with. 

1 _ 2.303v 1 ('") - - --- og,o - . 
J 4-rrk/z Tw 

(AI.-17) 

For h.trge valucs of t or of r111rw, thc exprcssion for J is not very sensitive 
to r or '"· Thcn Eq. (Al.l6) or (AI.!7) can be used lo obtain a rough 

· cstimate of pcrmc~~bility. A similar cxprcssion is u sed ~or injection, defin
!ng injectivity /. 

Al.3. WELLBORE STORAGE ANO SKIN 

Two simple cffects that can occur in or near a well may affect pressure 
c'•anges mcasurcd in the well. These are wellbore storage and skin. 

\Vel/borc .<IOftl/:e is wellbore's capacity to store fluid. With an increase 
in prcssurc. more fluid is stored. Thus, if a wcll is shut al wellhead sorne 
r.ow wj!l continuc into the wellbore. The flow in the porous medium does 
not stop instantancously, but tapers off. 

Skin. refcrs to the possibility. tha! immcdiately adjacent to the well, 
!herc exists u rcgion of differcnt pcrmeability-most often caused by side-· 
effects of drilling. This is idcalized· as a.resistance (possibly negative) · 
concentrated at the wellface. 

A 1.3.1. Wellborc Storage 

Wellbore storoi.ge is defined in tcrms of a coefficient 

!J. V 
e= !J.P'. (Al. 18) 
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wh~re A Vis the change in fluid volume, al wellbore conditions, for pres
sure change AP. A dimensionless coeflicient C0 can be defined. In most 
groundwater and petroleum wells filled with liquid, if !he wellbore vol u me 
is V, imd the compressibility of the fluid in the wellbore is e ,ce-= Ve. 
However, in geothermal wells a different effect controls wellbore storage. 
After shut-in, fluid continues to ertti:r the well. The \vellbore cools during 
discharge because downhole pressuré is lower. As pressure recovers, thc 
wellbore and adjacent rock reheats, and steam to supply this heat con
denses in !he well. This results in much more fluid storage than would be 
achieved by .~imple compression (Barelli el al., 1976). The wellbore stor
age coeflicient cannot be. interpreted literally to give a wellbore volume. 

. Wellbore storage, basically a "nuisance effect", affects the form of pres
sure transients and must be recognized to avoid our being misled. 

Al.3.2. Skin 

.Skin is defined asan additional pressure ·drop AP,.,. al wellface: 

Ap . QfL 
skin = 2 -rrkh · S, (A 1.19) 

where s is dimensionless. This is added to· the pressure drop caused by 
flow in the homogeneous medium away from the wellbore, so that the 
drawdown equation becomes 

, q fL [ (<l>fLCT
2
) . J 

!J.P = 4nkh E, --¡¡¡¡- + 2s (A 1.20) 

or. in dimensionless terrns, 
' 

2nkh . 
·qfL AP = PoU)o + s .. (A 1.21) 

The presence of skin does not alter the evaluation of transmissivity in 
semilog analysis. lt does affect storativity. Equation (AI.8) must now be 
written 

<!>che-b = (2.25) (kh)(~)to(-t.Piml 
JI. r.. 

[
AP . ( kt ~\ · ] 

S= 1.151 --;;- Jog 10 <!>fl.CT!:/ + 0.251 , 

(A 1.22) 

(A 1.23) 

~-In Equations(A1.21)-(AI .. 23) !J.P is the difference between the pressure 
al time 1 and that before the flow change, i.e., if the transient is for 

_drawdown it is Po - P; if for buildup !J.P =· P - Pwr, where_ Pwr is thc 
flowilig pressure immediately before shut-i:ri. · 
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In oetroleum or groundwater, <l>, lt, and e are known from geologic 
structure, coring, and fluid samples. Then skin can be evaluated unambig
uously through Eq. lA 1.23). In geotherma1 wells none of these may be 
known. Equation (A 1.22) groups'the unknowns together, since it is this 
single combination that is measured. The range of unéertainty of <!>lt is 
such that a very large positive or negative value of .<can still be detected. 

Skin can be more clearly identificd by type-curve matching. In place of 
the single curve P 0 (10 ) corresponding to the line source solution, a family 
of curves is gcnerated for different C0 and s. Such curves are calculated 
by A~arwalc•r al. (1970), and Ear1ougher and Kersch (1974). Figure A1.4 
shows a match to one such curve. .... 

!:.is the s;.in that is of greatest interest. lf a positive skin is obtained, 
now ,,r nuid to thc wcll is obstructcd, pcrhaps by drilling mud or cuttings, 
:md thcr<' is the hopc that largcr flows mighl be obtained by changing 
dril!ing practicc. In the case of !he well in Fig. Al.4, it was concluded that 
t::c ~""' wtd<.l ha ve been doubled if the .skin were alisen! (Saltuklarog!u 
:!~d :.tivera. l<J7R). 

The !\'De-curves are al so of use in refining the use of semilog plots. The 
earlv d~t;, in anv test are influenced by storage and skin, or other possible 
fac!~1rs. anJ i: i~ possible that an apparcnt scmilog straight line may not be 
cerrcct. If :·t spurious early scmilog straight linc is prescnt in addition toa 
:ruc !:<!cr o~c. :he method of Garcia-Rivcra and Raghavan (1979) can be 
'J"c:C :~ ~1iH.:c of ~og-log matching to analyzc thc semilog curve. The initial 
~~opc- lln !he: !og-log pfots with s!oragc prcscnt is always unity. The semi-

e; 

10.------------.-----------.,-----------, 

e,= to• 
S=S 

~ , ~ 
i 
¡ 
1 

0.1 •. L, -------::,:!:-0------.1:;!00;;--------' 
di (minf 

. fi¡::. A!A. Type-cu~e match to injection tntnsient to· deterini_~e wcllbore sto~.tge and 
skin. f!=rwl, Sa~tu:.:.lamglu and River.s, 197K.) 
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log straight line begins 1.5 cycles after this unil slope ceases, and this 
identifies the corree! straight line. . · ·. 

The use of type-curves suffers.from the defect that the curves are very 
· similar,· so that any match is imprecise (Barelli et al., 1976; Ramey, 

1976b). For this reason semilog analysis is preferable if possible. Alter
nately, semilog analysis to obtain transmissivity may be combined with 
log-log matching to obtain skin. Note that Eqs. (AI.20)-(AI.23) with skin 
present apply only to drawdown at the producing well. The pressure drop 
due to skin occurs only at wellface. For an inteñerence test the original 
form without skin applies. 

Skin may be caused by permeability impairment near the well. At high 
flow rates the pressure drop near the well inay increas¡o more rapidly with 
flow rate. This can occur if flow ceases to be laminar and beco mes turbu
lent. Then a pressurc drop near the well, proportional to !he square ofthe 
flow rate, can be added to the normal pressure. drop. This can be detected 
if pressure transients at different flow rates show an apparen{ skin that 
increases with flow rate. 

A1.4. INJECTION 

So far, the analysis has been for discharge. Since injection is, in princi
pie, the ·reverse process, the equations are altered only by changing the 
signs of f),p and q .. lnjection is a simple ~nverse of production if the fluid 
injected is ofthe same enthalpy (quality or temperature) as that produced. 
More commonly the fluid injected is cold water, or water cooler than 
reservoir temperature. Then the injected water has different viscosity and 
compressibility from the reservoir fluid. 

For short time scales (such as govern pressure tests), Fig. 5.17 shows 
the fluid distribution in the reservoir in plan view for injection into an 
aquifer of homogcneous fluid. Near the well is a bank of cold injected 
water. Beyond ihat is injected water heated by contact with roe k, and 
beyond that, reservoir fluid. The reservoir fluid "sees" an expanding 
volume of water at reservoir temperature. In addition, !he region of dis
turbed pressun! extends far beyond the region of cold water so that the 
bulk of the fluid controlling the pressure transient is close to undisturbed 
reservoir conditions. Thus, the appropriate,fluid properties are those of 
reservoir fluid, not injected fluid. The injected fluid acts as ·a vol u me 
source to the reservoir fluid. With a volume source specitied injection 
testing yields the transmissivity kltlfJ. and storativity <!>eh of the aquifer. 

. Over longer. times other effects can occur if sufficient cold water accu
mulates to affect pressure gr¡¡dients or if mixing ofthe injected cold water 
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into reservoir fluid .occurs. In !he la!!er case !herma! effects can then 
inftuence pressure clianges. The most striking example is injection of cold 
water into a two-phase. reservoir, which can ultimately lower pressures 
(Grant. J9Hla). (See also .. SectionALJ2.). · 

Al.S. TWO-PHA!m FLOW 

Al.5.1. Fluid Parameters 

A frequent occurrence in géothcrmal fields is that two phases (steam 
and water) flow togcthcr. This may occur in a liquid-dominated rescrvoir 
or in a vapor-dominatcd rescrvoir (in which case the water phase may be 
immobilc) .. The pressurc transicnt tcchniyues remain valid provided that 

'the fluid propertics are rcdcfined (sec Chapter 3). Compressibilit}' is 
given by 

<be = (pC) dT, (Pw - p,) 
1 (lf,wl di' r~ p, 

(A 1.24) 

!'luid viscos<ty is defined by 

1 k,., k., 
-=-+-
XI X.,.. X., 

X::::; !J., V, (A 1.25) 

and density by 

_!_ = _1_ (/f' - lfw + JI, - lf'), 
P1 H"w· p, Pw 

(AJ.26) 

where lf, is the enthalpy of the flowing steam-water mixture and all other 
:hermoúymtmic variables are evaluated al undisturbed reservoir condi
tions. Equations (AI.25) and (A1.26) also imply fL< = p,v,. 

To compute the viscosities requires knowledge of the relative permea
bility functions k,., and k,.. They need no! be known as. functions of 
satura! ion b~l mus! lo be known as functions of each other. The enthalpy 
111 is Ucfincd as 

·Jl (lfwk~ /l,k,.) 
1 = -- + -- " Vt, 

Vw l'" 
(A1.27) 

and this can be rearranged to yield 

krw Vw ·H .. - //1 Vw J - X 
- kn. =-;:- flt .- //w = V, -;r-• .. _, . 

. (AI.28) 

where X=· (lf,- lfw)llf,~ is the flash fraction or dryness. Ifone other . 
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relation between k,. and k,. is known, Eq. (AI.28) yields k,., and k,., and 
then Eq. (A 1.25) gives ¡.o.1 (or v1). (See Appendix 3 for a graph of vwlv, as a 
function of temperature.) In the ·absence.of such knowledge (the relative 
permeability functions for fractured media are no! presently known), a 
transient test yields a measurement of khi~L< or klúv,, and not kh. 

·Al.S.2:· Relative Permeabilitie·s··· 

·For transient analysis it is not necessary lo know ·!he satura! ion. Only 
the relative permeabilities k,., and k,. are needed to compute the viscosi
ties fL< and v,. Rather than specify both relative permeabilities as functions 
of saturatioit, it is more convenient to specify !k,! =k,., +k,. as a function 
of k,.,! k,.. This relation involves only observable quantities. Then in an 
application, Eq. (A 1.28) gives k,./ k,.. The relative permeabilities are then 
evaluated from 

k,. = !k,!l(l + k,./k,.), k,., = k,. : (k,.lk,.). (AI.29) 

There is considerable doubt asto the appropriate relative permeabilities 
for frdclured geothermal media. (For further discussion see Section 
A2.3.2.) Unless otherwise specified, all two-phase transient analyses in 
this book use the ''fracture" relative permeability: 

'"·' = l. 
(A 1.30) 

Calculations can then be simplified since it can be shown that 

v, ~·x,;, + (1 - X)vw. (AJ.31) 

and !he dynamic viscosity is found from fL< = p, v,. 
A1.5.3. Numerical Approximation for Compressibility 

A convenienl numerical approximation for Eq. (A1.24) is available: 

cJ>c,. = (pC) X (0.42 X J0-5p-1.66), (A 1.32) 

where e, is in MPa-•, P in MPa, and (pC) is in J/m3"C. Taking a typical 
value, (pC) = 2.5 x Jo< Jlm'K), 

(AJ.33) 

lf noncondensible gases are presenl, the two-phase compressibility is 
decreased. For a liquid-dominated reservoir, Eq. (AJ.33) is modified to 

. . 

~ =·..!...p•· .. + sp·•.2• 
e, 10.5 .., 1 ' 

(AI.34Í 

whére P.., is !he steam pressure and P1 gas .Parlial pressure. The gas .is 
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_ assumed to be carbon dioxide. Effects of gas on viscosity can usual! y be 
ignored_ 

A 1.5.4. Example: Tests on KA28 

Figure A 1.5 shows two examples of two-phase transients measured in 
wcll KA28, Kawerau (Grant, 1980b), pressure change on shut-in from 
iniection and from discharge. The semilog plot of the fall-off after injec-· 
ti~n at arate of 11.5 C/s = 1.15 x 10-2 m3/s, has a slope of 140 kPal-. 
Then 

kh _ 2.303q _ (2.303) (1.15 x w-'> = 1 5 10_, 'IP .. - _ -- _ ~ . x m a s. 
fLt 4nm 4n( 1.4 X 1 O·) 

Evaluating Eq. (AI.22) gives, with well radius rw = 0.1 m, 

<J,c,he-2' = 6.7 X tQ-> m/Pa .. 

These ¡tre thé results ofthe test: measurement oftransmissivity klt/fL, and 

~oc~ 
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!•il:. At.5. PreSsure tr..1nsients in KA~K. Kawcr.m, afler injection and after discharge. 
~F10m Gr.ant. llJK!Jh.) 
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-. storativily times e·2•. The skin might be better defined by a log,-log plot, 
but a tria! shows that the data is not matchable. 

To evaluate kh it is necessary to calculate 1'1· Testing subsequent to this · 
injeclion iest shows that the well has a discharge enthalpy of 1200 kJ/kg, 
drawn from a feed point at 264"C 

k.., = Vw h, - h, =· (0.133) (2794 - 1200) = 
6 1 

kn ' v, h, - hw (0.70) (1200 - 1155) , ' ' 

Assuming Corey permeabilities gives, from Fig. A2.2, ¡k,¡ = 0.29, k.., = 
0.25, kn = 0.04. and 1'1 = 220 11-Pa · s. Assuming fracture permeabilities, 
k,.,~ 6.7/(1 + 6.7).= 0.87, and kn = 0.13. Then 11< = 64 ¡LPa · s, and 

kh = 3.3 d-m (Corey) = O. 96 d-m (fracture). _. 

The compressibility ofpure water-steam at 264"C is tl>c, = 0.73 MPa-•. A 
C02 partial pressure of 1.28 MPa is present, giving e, = 0.22 MPa-• = 2.2 
x' 10·7 Pa·•. Then tl>he-'' =300m. 
'Beca use of the present uncertainty about the relative permeabilities, kh 

dmnot be uniquely calculated. Transmissivity klt/Jit is the result_ of !he 
injection analysis. Note also the oddity that, because !he injection tran
sient measures reservoir Huid behavior, kh ·cannot be calculated without 
knowledge of the enthalpy at which the well will later discharge. 

In the discharge test a slope of 1 MPalcycle is obtained. Discharge was 
a!! arate of 37.5 kg/s. ' · 

kh 2.303W . - = = 6.9 X 10-om ' S. 
v1 4nm ' ' . 

Th~ density oflluid of enthalpy 1200 kJ/kg at 264"C is given by Eq. (AI.26) 
as Pt = 430 kglm3• Then 

kh 1 kh - = - ·- = 1.6 X 10·8.m3/Pa ·S. 
1'1 Pt "• 

khlv, or kh/Jit is the result of !he tesL A value for kh still depends on the 
relative permeabilities. , 

Al. S.S. Validity of Two-Phase Analysis 

The_ principal practica! problem in a two-phase analysis of this form is 
· the value of discharge enthalpy used. In a two-phase reservoir discharge 

enthalpy normally varies with time and with llow rate. The standard tech· 
nique of evaluating al undisturbed reservoir conditions (i.e., at cünditions 

' . . 
distan! from the wellface) indicates that it should be the flowing enthalpy 
of the undisturbed reservoir that is used. This will normal! y be thé dis-
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charge ~nrha~~y measured at small fiow rdtes or at small discharge times. 
Wirh !argú drawdown, higher enthalpies may be obtained due to heat 
tnÍnsf~r from roe k near the well (see Section 5.5). In the example ofKA28 
ab,we. dischargc cnthalpy varied from 1200 to 1320-kJfkg. Given the 
uncertainty aboutlhe corree! enthalpy to use (and,'in·consequence, aliout· 
the flowing density p,). it is best to regard thC: discharge.test as mcasuring 

klzlv,. · · - ·· - .... 

. Thc validity of two-phase transient analysis has been checked, mainly 
l:>y analysis of simulated data. For vapor-dominated reservoirs, good 
"~recmcnt is obtained both with. simulations and with laboratory experi
mcnts (Moench and Atkinson, 1978; Herkelrath and Moench, 1980). For 

. rcscrvoirs with both phascs niobile, modcrately good agreement is ob
!ained with thc rcsults of simulations (Garg, 1980; Sorey er al., 1980; 
A?'dclotte. 19~0; Garg and Pritchett, 1981). 

Al.6. PSEUDOPRESSURE 

As a gas flows 10 a well, pressure may vary sufficiently that the assump
tion of ncarly constan! density may no! be valid. This problem can be 
overcomc by !he úclinition of a pscudorressure, a modified préssure func
;;on (A 1-Hcssainy et al., 1966). 

Thc equation for (isothermal) flow of a dry gas is 

ap (.¡' ) <)>cp - = V - - 'Fl P O( . V 
(A 1.35) 

·( a (1)] k =k-- (VP)2 +-V'P. 
OP V V 

(AI.36) 

The normallinc:irization omits the first tcrm on the right-hand side. lt can, 
hcnvevcr. be accommodated by dcfining lhe pscudopressure m(p): 

·¡dP 
m(p) = -;-· 

Then Eq. (A 1.35) becomes, exactly, · 

11m ~ · 
<1>1'-<"ii/ =kV-m. 

(AI.37) 

(AI.38) 

There remains nonlinearity in that IL and e are pressure dependen!. This is 
'~no··cé by evaluating thesc '(Jaramctcrs at undisturbed conditions: · 

(
<I>IL<') Bm , . 
-- -.-e: V·m. . k . u i)f 

(AI.39) 
··· .. ·: 
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This is the linear diffusion equation again. Experience shows that it is 
valid for Jarge drawdown, whereas a linearized pressure equation is n~t. 
A simple justification can be given. Consider a ~ell tu;ned on to dl~
charge. After sorne time the region near the well 1s quas¡-steady- In th1s 

· region the equation satisfied is .. _ . _ 

. v-(~vP) =o= V2 m, (AI.40) 

so that Eq. (AI.39), in its.quasi-steady form, is corree!. At distance, _th_e 
terin invo!ving aP!ar is importan!, but since drawdown 1s small there, 1t 1s 
cor'rect to evaluate parame(ers at an undisturbed state. The pseudopres
sure approximation is -a .;uniform approximation"-valid in regions of 
both large and sma!l drawdown. 

It ¡5 commonly assumed that the dynamic viscosity IL varíes little. 

Then, 

JP lfM,P (1 M, )pz 
m(p) = ¡:;: dP= ¡:;: RTZ dP = z IJ-RTZ . 

(A!.41) 

The: density is proportional to pressure, and this makes the pseudopres
sur~ proportional to pressure squared. A dimensio~less pseudopressure 
mo 'can be defined and the liquid solutions Po used m place of m o. 

- -rrkhM, P' 
mo- WILZRT 

(AI.42J 

The' expression ZRTIM, =' Plp is approximately constan! forsaturated; 
steam at 1.9 x JO' Pa · m3/kg (see Appendix 3). 

Expressed in terms of P' the line source solution then becomes 

· · ( WIL )(RTZ) (<1>1Lcr 2
) t.P' = p~- p> = 2-rrkh M, E¡ ---¡¡:¡-- . (A 1.43) 

Note that t.P' is the.change in P', not (t.P)2• Then, ifthere is a slope of ..ti 
on a semilog plot of pressure-squared against time, 

kh =-(;:~)(R:) (2.303). 
(A 1.44) 

and 

<!>che-b ·= (2.25)( ~)(;,) JO<-APZ/JL) 

" . 1~ geothermal sieam wells, flow is usually no! isothermal. Temperature 
fo!lows pressure along the saturation curve. However, Eq. (3.54) f~r fiow 

- of steam with immobilewater is identical in:form to Eq. (AI.35), usmg the 
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twci-phase comprcssibility. The pseuc.lopressurc argument remains val id. 
The .dcfinition [Eq. (AI.37)J should be integrated along the saturation 
ccrve rather than an isothermalline. An accurate pseudopressure for dry 
stcam is given by Mannon and Atkinson (1977), and one for saturated 
steitm by Grant (1978). Both are close to pressure-squarcd. 

Thc pseudoprcssure is used only for wells in vapor-dominated reser
voirs. For two-phasc flow with-both phascs mobile, the variation in ftow
in~ cntha!py means that it is not possible to define a pseudopressurc by 
s;mplc analogy to Eq. (AI.37). 

- ---· 

A!.7. VAIUA!H .. E FLOW RATE 

· A l. 7 .l. SLipcrposition 

lt can often be difficult to maintain a constan! (mass) flow rate for a 
gcothcrmal discharge. If !he re are a series of step changes in flow. !he 
i'rt:ssurc ch;~nge can be supcrimposed: 

!:.P = 
4 

vkl I :::, W;P"( In - 1m), 
1T l ¡_.•(, 

(AI.45) 

and a continuous variation can be represented by an integral 

V J.' . !11'_ = 4-rrkl! · • Po(/ o - tb)dW'. (A 1.46) 

Given actual obscrvations at varying flow rate, the function Po mus! be 
reconstrbctec in order to compare it with standard solutions. This can be 
dor.c numcrically (Barclli ami Palama. !980). Superposition can also be 
c:~:c,.!!att!d !hrough thc use of injltu•llce functions (Zais and Bodvarsson,
'~XObl. O~hcrwisc. the most common mcthod is !o ignore !he flow rate 
varia! ion on !he assumption tha! it is no! importan!. Thus, for example. if 
the ftow is slowly running down. one can attempt to obtain !he form of the 
dr:twdown for constan! ftow by plotting llP/W ins!ead of llP. This should 
remove sorne of thc variation ca u sed by nonconstant flow. 

A1.7.2. Flow a! Constan! Pressure 

One impoitant case of variable rate is flow at constan! pressure. The 
pressure is held constan! (at wellface) and the ftow changes. This can atise 
if a well is in production at constan! wcllhead pressure and the pressure 
drop down the hole docs no! vary much. lt can also atise if a well is 
a!\owcd !O blow unrestricted, which. for wells ofsmall mass flow, approx
imates to ·lowering downhole rressure 10 ncar ai!Jl.OSpheric. 

' . 
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If the pressure is changed impulsively, the ftow rate changes in a man
ner that, asymptotically, is of similar form to the line source solution: 

i = t:klt)(11
1P)[ 2.303 logto(q,~;rl) - 0.5772) · (AI.47) 

Thus, one plots q-1 or w-• against time on a semih.ig graph. lf .M.,. is the 
slope of the plot of w-•. 

kl! = (-·'-)(2.303). 
v . 4-rr..tt,. !iP 

(A 1.48) 

<jlc/re-2~. = (2.25)(k:)(,~ )JO!IIIKVA<,.I. (AI.49) 

Note that Eq. (A 1.47) is identical in form to the line so urce solution. 
However, the straight line is approached much more slowly. 

AJ.7.3. Example: KMJJ5 

Figure (AI.6) shows w- 1 plotted on semilog scale for the discharge of 
well KMJI5 at the vapor-dominated Kamojang tield, West Java. The well 
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Fig. A1_.6. Aow of wetl KMitS at constant pressure. (From Grant, .. 1979a.) · 
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was rc•wcd :!! a wel!head pressure of 800 kPa, equivalen! to approxi
matcly 1 J~<!Pa dt>wnhole. A wel!-defined straightline ofslope 0.20 (kg/s)- 1 

appcars. l'\otc that the straight line is not ólpproached until after nearly 10 . 
days-much longcr than for a constan! rate test. Reservoir pressu~e is 
3.52 MPa. Combining Eq. (A L42) and. Eq. (Al.4S).-Íhe. scmilog straight 
line gives · · 

_ (17 X JO·•·)( 1 )( ~.303 ) · 5 
- ~.,. 0.201 \!3.5~' - l. O'] X 1010 (1.9 X lO) 

= 0.52 d-m. 

at· time JO days = !.44 x JO' s. 1/W = 0.41 slkg. Then 

, (0.52 X JQ-!2)( 1.44 X J()') · .o0 ,. 1,,.- •• = <~ ~'> 10-, •. ., •. ,., 
' 

0 
-·-· 17 X JO 6 (0.1)2 

= 8.8 x 10"·1 m/Pa. 

for IWO-phasc, <!oc, = 1 0~6 Pa- 1, SO /u··" = 8.8 X 103 m, implying that !he 
well is stimulatcd (.r < O for rcasonable Ir). An impermeable boundary is 
possib!y indicated by the doubling of s!ope afler 80 days. 

Constant-prcssure analysis can also sometimes be applied to the tirst 
vertic:d (clearing) discharge of a well. The 01brupt opening and blowing of 
tht: wc1l approximates lo a stcp change in downhole pressure. If enthalpy 
:s known or gucssed, the change in lip pressure gives the decay of mass 
row. Constant-prcssure testing and subsequent build-up is described by 

. Ehlig-Economides and Ramey (1981a,b). 

A1.8. FRACTURED MEDIA 

Two typcs ofpressure transients are spccitically directed lo the study of 
fracturcd medht. For a medium that is fmctured throughout, characteris
tic changcs occur at a time sca!e dependen! upon block size and other 
parameters. (S ce Section 3. 7 for more detail.) . 

Alternativcly. if a wcll pcnctratcs a mcdium that is homogeneous ex
cept for a fmcture intcrsccting thc wellborc (as may be produced by 
fracturing), this produces a distinctive history, bes! analyzed by type
curves (Gringarten and Ramcy, 1975; Cinco-Ley and Samaniego, 1981). 

Figure Al.7 shows an example. Thc data are from a steam well al The 
Gcyscrs, ami so pressure-squared is.plotted. Thc fractured well has a 
characteristic period· of onc-half slopc during· carly times on a·log-,log. ·' 

. plot. This reflects the ·period when flow cffects near Íhe 'pláne of the · 
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Fig. Al.?. Typc-curve match lo pressure buildup óf a well al The Gc:ysers, showing 
fraclured characteristics. (from Economides and Fehlberg, 1979.) 

fracture dominate. There may also a period of unit slope befare the half 
slope, reflecting wellbore storage. The time when the corree! straight line 
for semilog analysis starts is given by the douhle t:.P rule. The !me starts 
at a pressure change twice that represented by the end of the half slope 
straight line (Wattenberger and Ramey, 1969). The rule refers to hqU!d 
flow; therefore for steam wells it is twice the val u e of AP2

• not t:.P. 
Figure A 1.8 shows the semilog Homer plot corresponding to the pre-
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vious figure, all(! the semilog straight fine. That the well is stimulated can 
be recognized from the semilog pot, but its fractured nature cannot. 

A1.9. WELLRORE THERMAL ANO FLOW EFFECfS 

In previous sections we have reviewed briefly pressure imnsient the
ory. \Ve now turn lo sorne practica! problcms involved in the application 
uf this theory to gcothermal wells and rcservoirs. Thcrc are a considera
ble number of problems peculiar to gcothermal wells that do not occur in 
reservoirs of small vertical extent in which flow is isothermal. These 
nulsance effects, like wellbore storage, can rcnder transient records use
less or misleading. lt is nccessary to be ablc to recognize them. 

Thc prcssurc transicnt analyzcd by thcory is the pressure history, at 
wellface, of a homogcneous mcdium. Thus, the "true" transient is mea
su red downholc. at '.he dcpth where the wcll responds lo reservoir pres
sure. \Vhich is !ts principal fect! point. !t is hcre. at the well's- poinl of 
contact wi:h thc reservoir, that a prL·ssurc gauge should-be placed. Place
ment a! ~m~· othe: t!cpth is pcrmissihle. providcd that the pressure gradi
ent in thL' wc!~ does n<'! change \Vith time. 

Al.9.1. Condensation in Steam Wells 

Wclls in vapor-dominatcd systems maintain a column of steam in the 
we!l. an,d so it is convenicnt to measure prcssure at wellhcad. The prcs
surc rccovcry at \vcllhead is a good measurc of that downhole provided 
tha~ thc wc!lborc remains fu!l of stcam to the principal fced depth. Sorne
times thc wc:l' wi!l partly fill with condensa! e during recovery (Strobel, 
!Y76J. !owcr'n~ wellhead pressure. Figure Al.9 shows an example; 

A!.9.~. Collapse of Flashing Column in Wellbore 

In a liquid-dominated system wellhead pressures are genemlly no! used 
becausc a column offluid in !he well can vary between a continuous water 
column and a low-dcnsity two-phase mixture. This variation can also 
affect transicnts measured atan inappropriate depth, such as bottomhole. 
!'igure A I.!Oa shows a buildup after discharge in a hypothctical well. The 
stablc shut profile is a column of water. On tlow, a low'density fluid fills 
thc wcllborc. The fccd point is sorne distance above .bottomhole. When 
thc wel! is shut there is a pcriod, usually ofmiriutes, du~ing which thc two
phasc co!umn bccomes den ser ami collapscs. Aftcr this a column.ofwater 
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Fig. At.9. Effect on we11head pressure buildup of condens8tion i~ the wellbore in a 
steam well al The Geyscrs. (From Strobcl, 1976.) 

is present in the wellbore from bouomhole to abo ve the feedpoint. Figure 
Al. JOb shows the pressure recovery measured at bottomhole and at feed
point. After a continuous water column forms, the pressure differcnce 
betwcen feedpoint and bottomhole is constan!, and the two records show 
the same Jog slope. But th.e pressure difTerence was smaller when. two
phase fluid occupied the wellbore. Thus, taking pressure al a partocular 
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Fi¡;:. At.H. (a) Pressun: recovery in ;t well with interna! discfw.rge. (b) Temperature 
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... u!'"t'qu~..·nt rro!iles as O u id continucs toen ter the upper feed zone afler injection ceases. (In 
~;m af~\:r Gran! et t1!., 19M lb; copyright ID SPE-AJME.} 

time, P-P • ., at fccdpoint is less !han P- I'wr al bottomhole. Using the 
bonomhole record gives corree! slopc amlthcrefore correct kn, but skin is 
overestimated. Riney and Garg ( 19X 1) i!l ustmte the correction of su eh 
<b!" by ca!cu!ating thc pressurc profiles during discharge and recovery. 

Al.9.3. Well with Interna! Discharge 

Figure A l.lla shows the pressure recovery in a well with an interna! 
discharge. Pressure transients in such a well are complicated by ihe inter
na! discharge because flow never slops. liowcver, pressure atthe princi
pal fcedpoint will be closest lo reservoir pressure. Al any depth benealh 
this feedpoint pressurc rise during recovcry is larger. and so a build-up 
recordcd. for example. at bottomholc will undercstimate kh by overesti
mating reservoir pressurc changc. 

A 1.9 .4. !njection Tests 

Whcn pressure transients are measured under injection, the chief haz
ard ariscs from interzonal flow. lfthc gauge is placed al sorne depth other 
:han opposite the principal feed, a true transient is recorded provided that 
thc wellborc remains filled with water at constan! temperature (usually 
injcction tcmperature). In wells of good permeability this condition is 
oftcn not me!. since interna! flow is prcscnt. FigureA 1.11 b shows temper: 
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¡ ; Al.9.5. Use of Profiles 

In all of these .cases the problems with downhole data are caused by 
fluid of variable density in the wellbore. They can be detected or checked 
by running pre~sure or temperatu.re profiles. The interzonal flow problem 
is shown on a temperature profile by !he characteristic step. 

Al.9:6. Wellbore Thermal _Storage Effecls 

It has airead y been mentioned that heating of the wellbore and conden
sation of steam produce a spuriously large wellbore stordge effecl (Barelli 
el al., 1976). Other effects also arise (Miller, 1980a,b). The heating or 
cooling of the wellbore can change liquid density sufficiently to cause a 
spurious storage effect that lasts much longer than does simple compres
sion of fluid. In addition, kh!JJ. for geothermal wells can be so large that 
downhole pressures change significanlly over the time that a pressure. 
pulse takes to ascend the wellbore. During transients the fluid in the well 
may not. be in vertical equilil;>rium. This can produce pressure transients, 
plotted log-Jog, that ha ve initial slope greater !han unity, or that oscillate. 
On standard analysis initiallog-log slope cannot exceed unity. In prac
tice it frequently does. 

If flashing fluid is present in !he wellbore during flow, it persists for 
sorne 'period of time after shutting, producing transient changes in !he 
vertical pressure distribution and corresponding changes in !he ¡:iressure 
differences between the feedpoint and !he wellhead or bottomholc. The 
long time before a liqtiid column forms is caused solely by the transicnt 
energy arid mass transfer within the wellbore itself. 

A 1.9:7. Cyclic Discharge 

Sorne wells will not sustain __ a steady discharge or will do so only over 
part of their operating range. The well cycles (mass flow, enthalpy, and 
wellhead pressure) all vary periodically, whereas wellhead val ves are al a 
flxed setting. Such cycling causes problems in well control and measurc
ment interpretation. Sometimes the cyéle can be interpreted to provide 
ádditicinal information about reservo ir fluid ¡¡nd permeability. · · 
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Fi~. A1.12._ Pressure profiles in cyding 
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Usually, cyc!ing is caused by the presence of two significan! feeds, of 
diffcrent cnthalpy. to lhe wcll. Figure A !.12 illustratcs onc case, lhe 
simplcst, in which cycling is normal. The rcscrvoir contains a vapor
Uomin:Ht:d' zonc over a Jiqujd.:dominated one, and the well has a steam 
fee<1 anda liquid feed. Three phases ofthe cycle are shown. Figure Al.l3 
shows thc pressure and flow history at each feed. In phase (a), both feeds 
~""'· The lowcr zone draws down, and th.c two-phase column belwcen the 
:wn fccds collapses. Phase (b) follows: stcam only is dischargcd, from thc 
uppcr fccd. hut :he lower fecd rccovers anda column ofwatcr is prcsent 
in the wc!lborc above it..The water leve! in thc well rises until at (e) it is 
cntrain..:cJ into the ste.am flow, initiilt:ng discharge of the deep feed again. 
Theliquid column flashes, thc wellbore unloads, and the cycle continucs. 
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The mechanism driving the cycle is the oscillation in pressure gradientin 
the well between extremes ofliquid and low-density two-phase fluid. This 
couples with oscillatory pressures and flows at each feed. Cycling is pos
sible without the presence ofa steam zone, although·normally one zone is 
ofhigli enthalpy. Wells may also cycle when shut, dueto repeated initia
tion and collapse of an interna! discharge, and may cycle during recovery 
from 'án otherwise stable discharge (see Grant et al., 1979, for sorne 
examples). 

If the enthalpy of each feed is known, and if the well flow is large 
enough for mass and energy storage in the wellbore to be ignored, then 
the rileasurement of mass flow and enthalpy at wellhead can be converted 
into flows of each feed. Then permeábility of ea eh zone may be estimated. 
For example, the pressure build-up at the lower zone when it stops flow
ing (point d) usually gives a semilog straight line initially. Knowledge of 
the flow gives transmissivity. 

Cycling is normally most prevalen! on wells oflow to moderate permea
bility. lf the permeability is too high, downhole pressures cannol oscil
late. Cycling is usually greatest with the well throttled and least with lhe 
well opened wide. 

Al.9.8. Example of Two-Zone Well Analysis: OW-15 

The following analysis. from Pratomo (1980), is reproduced by permis
sion of K en ya Power Company and Geolhermal Energy N .z., Ltd. Well 
OW-15 is a production well in Olkaria field, Kenya. This field has a steam 
zone bencath which is a liquid-dominated zone. Wells are cased to the lop 
of the steam zone (Noble and Ojiambo, 1976; McNitt, 1977; Gran! and 
Whittome, 1981). Because ofthe steam zone, wells normally ha ve a steam 
cap pressure profile. The steam zone pressure can be measured at 
wellhead and the liquid-dominated zone pressure is measured downhole. 

Wells typically produce from both zones, with the bulk of the permea
bility in the steam zone. Well OW-15 discharged with two distinctly differ
ent characteristics. A discharge of 7.8 kg/s a! 2400 kJ/kg, was interprcted 
as being due lo the steam zone alone. Then lhe lower zone "kicked in," 
adding 3.6 kg/s al 1440 kJ/kg. The pressure recovery was measured at 
wellhead and at 1200 m when the well was shut. Slope al wellhead is 980 
kPalcycle and at 1200 m, 2.6 MPalcycle: 

. (k/r) = (7.8) (2.303)> = 1 5 X JQ-6 m • S, 
v1 """''- 41T (9.8 X 10 ). . · 

. ·(kh) . = {3.6) (2.303)
6 

= 2.5 X 10_7 m . S. 

.. v1 •ppe•- 41r (2.6 X 10) .· · .. 
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Using fn..tc~urc- f1ow relative permeabilities at ail assumed reservoir tem
perature of 24X' gives kh values·of l.l-and·0.075 d-m for upper and lower 

.. zone. respectiVely .. For·each zone kh was·computed using the estimated 
Jischarge of that zone alone. . -

Th·i~ form of analysis. using data for both zones, is only possible be
cause pressures and ftows for both zon_es can be determined. The pres- ··· 
sur~ S in the two zones recover independently becausc of !he stenm cap 
p"rofl!e-pressure in each zone can change independently, moving the 
w:l!erkvel in the wcll. The. flows of thc two zones were determined 
through changes in enthalpy and flow corresponding toa sudden change 
in well performance. 

Al.lO. BAROMETRIC AND TIDAL EFFECfS; USE OF 
WATER LEVELS 

Changes in barometric pressure, and the strain of the earth 's crust of 
ct!r:h !idcs. apply signals to geothermal reservoirs, producing a pressure 
r~sro~~r: in ~he rescrvoir and in any wclJ penctrating it. The pressure 
ch~ingL'S a:c not usually detectable with mcchanical guages. When pres
s~:res :u·e mcasurcd with high sensitivity gauges, or when_water lcvcls are 
o~se:-vcd. thesc cffects are visible. 

A 1.1 0.1. Tidal Responses 

Geothermal reservoirs can exhibit a response to the changes in strain in 
the roe k causcc bv earth tides. Han son ( 1\179. 1\IHOa) describes observed 
responses in wcll~ in the Raft River and Salton Sea ficlds and interprets 
:he resu!ts. The theory of tidal response in an aquifer is described by 
Bredehoeft (1967), Bodvarsson (1970), and Arditty (1978). The magniiude 
of tidal pressure responses is lcss than 1 kPa. Thus, they are normal! y not 
!arge enóugh to intcrfere with prcss.ure recon.ls collectcd for other pur
poses.· but thcy can corrupt irlleri"erence test results. 

The tidal strain in the earth is a superposition of sinusoidal variations 
wi1h ci!Tcrcnt periods. The main tidcs ha ve pcriods of !., ~. 1, and 16.days. 
. -:-he rressure response in a well to each componen! depends on its fre
<:uo~cv. Conscquently, a full analysis oftidal response requires a spectral 
::~a:ysi' thy rourier transform) of the data. unkss one frcquency clearly 

!'"r a sinusoidal tidal strai~ of frequency w, the pressure change in an 
opcn' wd! is givcn by 

. f}Jo. . . 
P •. = ( · <1> ) cose!> cos(wl - <f>), 

Cm+ C1 
(Al-50) 
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where the tidal strain is b = b0 cos(wl), and b0 = 0.49W¡Ireg, where W,_ is 
the tidal potential and 'E is the radius of the earth. The phase angle e!> is 
defined by 

ct> = tan- 1 (w/~). (AI.51) 

~ is a dimensionless consiani. thát is us.ually assumed ~o be unity. The for'!l 
of the response shows that Cm + cj>c, can be determmed from lhe amph
tude of the tidal response. 

. Al.l0.2. Barometric Response 

Barometric pressure .changes represen! a long-period pressure change 
applied at the suñace ofthe earth. This is trarismitted through rock, anda 
corresponding pressure change occurs in any aquifer containing pore 
fluid. The chañge in reservoir pressure is related to the change t1P.,m in 
atmospheric pressure by the barometric efficiency BE 

t1P = (1 - BE) t1P.,m. (AI.52). 

In a well standing open with a water leve! that leve! is controlled by a 
balance between atmospheric and reservoir pressure. lt changes by an 
amount !1-r¡: 

d1J = -(BEipwg)tlP.,m. (AI.54) 

The baromeiric efficiency is ¡;iven by 

BE = cj>c.l(cm + cj>c,). (AI.54) 

The barometric efficiency líes between O and 1 and approaches 1 for 
reservoir Huids of high compressibility. Thus, barometric effects are larg
est in wells feeding from liquid conditions. The pressure changes due to 
barometric effects may be as large as barometric variations, i.e., on the 
order of 100 kPa. These variations are large enough to affect inteñerence 
test data. Figure Al.l4 shows barometric noise on an inteñerence test in 
which water leve! was recorded at the observation well. 
· For both tidal and barometric effects the determination of cj>c, rather 

thari stora.tivity cj>c,h is extremely useful, in that it gives data not directly . 
av~ilable from tests. 

Al.I0.3. Other Effects 

{)ther· externái··;ignals have been observed to ·;nHuence pressures in 
geotherrñál fields. Reykjavik shows a response to oceanic lides (Thor· 
stéinsson and Eliassmi, 1970) which was explained by assuming thatthe 
aquifer extended beneath the sea bed and respOnded lo the changing load 
of Jea water above-. Momotombo shows pressure responses to ratnfall, 
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FiJ.!. Al.t4. fntcrfcrence test between llRil Hnd BR33, Broadhmds, using water le veis in 
JHO). B;trurnctric intctícrence is visihlc.tFrum ~1inistry of Works and Dcvdopment, New 
Zcalam.!. tt)XI, perstmal coinr:aunic:.•tion.) 

indicating that the reservoir must be open (Dykstra and Adams, 1978). 
Sha!low \ve lis at Matsukawa, up to 400 m dccp and reaching 240•c, si mi· 
:"dv showeú tcmrerature changes corre!atcd with rainfall (Morí, 1970). 

,\1! of these responses of a gcothcrmal reservoir to externa! inftucnce 
')rovide information about reservoir properties or about the reser~oir's 
o.'pe!"!ness to externa! fluid. 

AI.I0.4. Contamination of lnterfcrence Data 

. If pressurc data is being collected downhole with a high-resolut!on in· 
strJment, or at we!lhead in a wellbore fui! of water, or by measunng the 
water leve! in wells that will stand open, barometric and othcr effects may 
be rrescnt. Most frequently this will arise in interferencc testing, where 
sm:l!! prcssure changcs ·are obscrvcd. lt is then necessary to an~lyze for 
t"" <>metrie cffects to eliminate any con!amination of the data. 

Jt a:so commonly happens that the prcssurc in a well_is not static before 
the !es~. A c.Jr!ft or trcnd with time may be prcsc.nt, reflecting residual 
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i • 
pressure changes from past tests. Jf pressure ts observed at wellhead or 
by flo~t. a drift caused by heating or cooling ofthe wellbore after previous 
flow i~ often present. It is then necessary to make observations before any 
testing ~egins to establish the drift of the pressure or water leve! and the 
baromi:t'ric efticiency. La ter observations can then be corrected, 

J\l.ll. TEMPERATURE TRANSIENTS 

During drilling, and in any subsequent cold water injection, the 
wellbore is cooled by the flow of water or drilling mud. After this cea ses, 
it warms up (slowly or quickly) to its final temperature. At times it would 
be de~irable lo know this final temperature without a long wait. 

One approach has been to use a Horner plot. The well is cooled for a 
time i0 by drilling. Thus, 10 is the time that the formation, at the depth 
under study, has been exposed to circulating fluid. This would usually be 
the time since the drill bit passed the particular depth. Then circulation is 
halted, and the temperature is measured at severa! times Al afterward. 
The data are plotted on a Homer plot and extrapolated to tJ.t = "'• i.e .. 
(lp + !J.t)/!l.t = 1 to obtain an estímate offinal temperature. For examples 
see Chiang and Chang (1979). 

The validity of the Horner plot is based on the observation that the 
equation for heat conduction is 

(Al.55) 

i.e., the diffusion· equation, which is of the same form as the pressure 
tmnsient. equation. This governs the cooling and warming of the we!l 
providcd, that conduction is the dominan! mechanism of heat transfer. lt is 
not valid at any zone of·fluid loss, a! any other permeable zone, or if 
circula! ion of Huid occurs spontaneously in the wcllbore past the depth of 
observaiion. 

There is an additional problem. The condition imposed at the wcllbore 
during circulation is, approximately, T = constan!, rather !han (heat 
flux) = constan!. Therefore the temperature recovery is strictly analo
gous to 'a pressure recovery after discharge at constan! pressure. The 
Honier plot, in this case, will yield an underestimate ofthe final tempera
ture. An improved method is given by Roux el al. (1979): a Horner plot is 
m a de and extrapolated to an apparent final temperature. 7!,. Then !he 

. final temperature is computed as 

T = T~, + mToa(tpo). (A 1.56Í 
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whcrc mis !he slope ofthe Horner straight line and T08 is a dimensionless 
c·o,-r~ction tcrm, dependent on the dimcnsionless tpo and on the Horner 
!'"''C 11 = (10 + tlt)I!J.t (see Fig. Al.l5l. The term lpo is defined as 

lpo = ((pC~r~ ) /p. (A 1.57) 

Since rock conductivity and heat capacity is fairly constan!, a reasonable 
awragc value for K/(pC)r~ of0.4 hr· 'can be assumed for a well of radius 
0.1 m. 

Figure Al.l6 shows an examplc from Menzies (1981). The extrapola
tion yields T!, = 238"C and the slope is m = 194 K/cycle. The slope is 
d~fincd at (11, + llt)lt:.t = 25. The circulating time is lp = 10 hr, so lo•o = 4. 
Thcn Fig. A 1.15 gives 108 = 0.154, and 7i = 283 + (194) (0.154) = 268". 
L:::er mcasuremcnt found a downhole temperature of26S"C, but this may 
!lave hcen af!"ccted by an interna! now that dcveloped after complction of 
t:,c \Ve!!. 

Undl·r mo..;t c!rcumstanccs extrapo!atcd tcmperatures are not accurate 
h' mPrl· ,·,an 5-:0"C. Tcmpcrature ·~.xtrapolation may be the only way of 
csti!!la!ir.~ ;.•. :-cscrV<.'ir te!l1p.\.!raturc in wclls wherc the warmcd-up wcll 
C{lnt~l~ll"i ~tn i!l~Crt.onal now. If th..: flow is ahscnt during warm-up, these 

d::'a c:m he c:xtr~!f't.'latc<.!. 

0.6r¡~-.---;----r---~--.----r---,---,----r---1 
0.5 r ~ 
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1 ..., 

:· i~. ,\ 1. !~. (.\lrrct:ti~m lcrm uf Ruu\ ,., u!. r !97'JJ, fnr cva!tmling tcmpcraturc h."1,:uvcry. 
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Fig. Al.J6. Tempc:rdlure recove~ in well MO-l, Tongonan. tFroffi Menzics, 1981.) 

Al.U.. CHANGES IN PERMEABILITY 

1! has been assumed in the discussion so far that the reservoir rock 
remains constan! in its properties and, that all changes are fluid changes. 
This is not always so. The permeability may change due to fracturing, 
!herma! cr.ocking, thermal expansion or contraction, solid deposition, or 
dissolution. In cach case the changing permeability is monitored by repeat 
pressure tests. These changcs in performance are most commonly associ
ated with injcction at high ratcs or for long times. 

A 1.12.1. Change with Pressure 

Figure A 1.17a shows thc injection performance of a well from Roo
sevelt Hot Springs. Wellhcad pressure increase is approximately linear 
with flow ratc, up to a critica! pressure. Above this, the slope dl'ldW 
dccreases. Thc break in slopc is interpreted as the initiation of fracturing. 
StandanJ prcssurc transicnt analyscs ceasc to be valid above this prcs~ 
su re. 

Figure A 1.17b shows thc stable pressurc-flow curve obtained during 
injcction into BRJO, Broadl:mds. Thc wcllhcad pressure varics nonlin· 
early with llow rate. Unlikc thc prcvious cxamplc, thcre is no clear part
ing prcssurc. Rathcr. thc pcrmcability app~1rcntly varics continuously 
with rr·· ·.•!!t.:. Rcpcat multiplc-ratc transicnt tests show that kh is 
strungly prcssurc dcpcndcnt and incrcascs smoothly and rapidly with 
incrcasing prcssurc. Thcrc is littlc changc with time or with thc tcmpcr¡t
turc of thc injcctcd water, and thc cffcct is reversible. 

Thcsc two cxamplcs show pcrmcahility changing with prcssurc-thc 
first a suddcn changc occurring ata fracturing prcssure, anU thc sccuth.l a 
continuous clasti'-=.dcformation of thC rescrvoir matrix. 
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,.iJ:. A1.l7.' f<~l lnjc:ction ftow rate and wellhcmJ pressure \in a wcll ut Roo~cvelt Hot 
Sprin~ ... •.Fwm Al!t:n :md Ua1.;1, 19K!I:.cl'PYrighll\' SPE-AI~E.) (b) lnjection llow rate und 
rt." ... C:rVllir rrt: ... !ooUrt' in \\di mno. Broadlands, und a modcl hased upon pre!'I!>Ure tnmsienl 
ana!) ,l ..... 1 Fwm ~tini!'llry of WMks and lkvclopmenl, !\lc:w Zealand, 19XI, personal cum-

Al.l~.2. Change.with Time 

!~· :hr: in.:cc!cd w~!tcr is supersaturatcd with rcspcct to amorphous silica, 
, ••. :•.1~'.' u~\J!.!r úissotvcd componcnt. thcrc may be deposition in tht: wc:ll, at 
\'>l.·!:!·;.":ct.'. or in !he rcscrvoir (Einarsson t'f al., 1976: Hayashi el al., l':l7X). 
"'"'" ~ A:. 1 ~a slwws the decline in performance of an injection well in a 
'!{'~!~;d-l!t•!nir.:ttcd rcservoir in California ¡¡nd its restoration by acid trcat· 
n~.._·•!h. Thc t.:!1anging performance of the wcll was monitored by repcat_ 
., .. ,_ • ...,..,._,n· ·.·-;t~~''-~m ~csts (Mcsscr d al .. IY7N). 

\:,~~·~..· ~.:(·~·~·,Hm!v, ifthc injcclcd water is nut supcrsatui-atcc.l. injcctivity 
..•. ····;·~·!~·,··:t' !"t'i.:k -incrc~,o.;cs with thl! injccting time (DoOhie and Menzics. 
· .. - .... :::.~~:re:\~ .l~:b shows thc injcctivi~y measurcd in a scqucncc ofinjcc-
.; ....... _'<··¡;:ro.~ cvclcs in wcll !l!C~. llrnadlanús. Thc injcctivity (and pro· 
·:·c';\ ;~,.~ \:<r!.!~·-~e Juring cach rcri{\{~ t'f injc.ction anO dccreasc during !he 

r~.·r ;,,t! t~fnrp{ 1 :!~_·¡ion. Th~ .... has hL"t:ll C\f'l:•incJ as hcing ca u sed by thL-rmal 
t'\~:!"-..i~~n t'!. cn:,~radion ;1\Xtl!"'l~p:l'l;t:d hy clo..;ifl,!.! or opcning of fractures 
1:\. v~.·'\":t~<'. :t_I~'J, r~.·r~ona! l"{Hll!l!!!flica:inn.). Thi~ cxamplc HIS(1 illus
:r:~!c ... ;~'ll'!her :t"'f't:C~ of thc ~all!l.' !t"T!lf1t:rot!urc cffcct. Thc productivity of 
·>·: \'-l.:'~ ;_.,. fo'..::1~! \(' he k"' !:1a11 '~'~~..· !n~ü·tivity. tt \\'a~ argucd :1hove 
;:-;._ . .,_.~;p:·-.. -:-,_,, :~:~d ,\1.4' tl1a: !r;tn-..•ni ... -..i\"!'!' !lll.":t'urcd with injcction tesis 
.... :··;:~ ,_,:· th~ !!l't n_;q·rvn!r !luid. T!1at !,, tr;t!hmi-..s!vity or injcdivity 
'!"t·::,::n·l' i'l iflit·ctit'n ·tt:,t:"> ¡.,. Ct!tl:!~ In !ransmi ...... ~vity or prnductivit~· 
;. ·.· ... ::···~·t' i:~ lli ... ~har!..:C. O!"! en this ! ... :">O. \\'.h~..:n i~ ¡,no! ~u. it i:"> usua!!y thc 
~:;:-..,: ·. ::::l in\·,.:·. :vi~ y¡ ... grc;,,tcr !h~ttl pro''·'·"·;! ivit y, dc~ritc thc lvwcr vi~CtP\· 
•••• ~· 4 • ·.t,: \•::~··:r. T~1i~ imr!ícs that :!~e rcscrvoir's pcrmcability is tcmrcra-

A/.12. Chan¡:es in Permeabi/iry 
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Fig. Al.l8. {a) Changes in injeclion wcll peñormance with deposition and acid treat· 
ment. (From Messer et al., 1978, copyright O SPE·AIME.) (b) Change of injectivity in I!R23 
with cumulative injection. Uprcr line, the first iOjeclión series; lowcr line, secont.l injection 
series afler intervening produc1ion. {From Ministry of Work.s and Dc:velopment, Ncw 
Zealand, 1981, personal communicution.) 

ture dependerit, decreasing with .increasing temperature. There is at 
presen! no theory describing the variation with temperature of the perme
abili!y offractured rock, but observations such as these indicatc that therc 
is sometimes ,á strong variation. 

1 

A 1.12.3. Stimulation 
! 

In the pr~ceding examplc:., injectivity was improved by acid treatment. 
As wit~ p~trolcum or groundwater wells, a well with insufticient flow m ay 
be imp'ro.veú by stimulation. The available mc!hods are acid trcatmcnt and 
hydr:o4l(b fracturing (Howard and Fast, 1970). The lattcr is more oftcn 
uscd. j 

Gcothcrmal wclls in Nigorikawa, Japan, have been stimulatcd (Katagiri 
et al., ;19HO) ;md thc result was an economic success. Two wclls al Raft 
River ·have hccn uscd in stimulation trials. Sorne improvcmcnt was 
achicv.cd in onc and ñonc in thc othcr, hut in ncithcr case wa~ thc rc ... ult 
cconomic !Repuhlic Geothermal <'tal .• J9HO). Similarly, a stimulatiun tria! 
al Baca impnwcd thc ahili1y of a well to ftow but did no! crea te a produc· 
tivc wcll (Vcri1v and Morris, 19MI). 

Stimulation o.f gctllhcrmal wclls is under research at prcsent. To U ate. it 
appi!ars that thesc wclts rcspond to hydraulic fracturing as do any nthcr 
wclls. Thc major problcms are thc high now ra1es nccúcd in gco1h~nnal 

. wclls for ccoñomic production. At fracturing prc~surcs cvcn a pllllf wcll 

. acccpts a largc amount of fluid. so that vcry largc pumping cap;u.:ity i!'l 
required. If additivcs are u sed to increase viscosity. thcsc must he ah le lo 
withstand gcothcrmal tcmpcmtures. 
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Wellbore Effects in the Analysis 
of Two-Phase Geothetmal W ell· Tests 
ConsJance W. Miller, Lawrence Berleley Labomtory 
Sally M. Bcnson, Lawrcnce Berleley Labor.ttory 
Michael J. O'Sullivan, Lawrcnce Berkeley Labor.:~tory 
Karsten Pruess, Lawrence Berleley Uboratory 

Abstract 
A method of designing and analyzing pressure transient 
well tests of two-phase (stcam/water) reservoirs is given. 
Wcllborc storage is takcn into account, and the duration 
of it is estimatcd. lt is shown,thatthe wellbore flow can 
domínate the downhole pressure signa! completely such 
that large changes in the downhole pressure that might be 
cxpectcd because of changes in kinematié mobility are 
not seen. Changes in the flowing enthalpy from the 
reservoir can interact with the wellbore flow so that a 
temporary plateau in the downhole transient curve is 
measured. Application of graphical and nongraphical ' 
methods to determine reservoir parameters frorn 
drawdown tests is dcmonstrated. 

Introduction . 
Pressure transient data analysis is the most cornmon 

· method of obtaining C>timates of the in-situ reservoir 
properties and the wcllbore condition. "Convcntional 
graphical analysis techniqucs rcquire that, for a constan! 
flowrate well test in an infinite aquifer, a plot of the 
downhole pressure vs. log time yields a straightline after 
wellbore storage effects are over. The slope ofthatline is 
inversely proportional to the transmissivity (kh/1") of the 
reservoir. The extrapolated intercept ofthis line with the 
pressure axis at a specified time ( 1 hour or 1 second 
depending on the units used) gives the factor rf>C1h(r, 2 ), 
which is·used 10 calculate the skin value of a well. In this 
study, the effects of a two-phase steam/water mixture in 
the reservoir and/or the wellbore on pressure transient 
data have been investigated. 

There have been a number of auempts to extend con
ventional testing and. analysis techniques to' t~o-phase 
geotliermal reservoirs including drawdown analysis by 
Garg and Pritchell, 1 Garg, 2 Grant, 3 and Mocnch and 
Atkinson. 4 Pressure buildup ·analysis has been in
vestigated by Sorey et al. 5 To sol ve the diffusion equa-

0187·7!l2018210006·9922SOO ~ 
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tion thill govems the pressure change in a two-phase 
rcservoir analytically, it is necessary to make a number 
of simplifying assumptions. One assurnption is that the · 
fluid comprcssibility in the rcservoir is initially unifonn 
and remains uniform throughout the test. With this ap- . 
proach, it can be shown that a straightline on a pressure· 
vs. lag time plot will be obtained, the slope being in
versely proportional to the .total kinematié mobility 
(kivT ). · 

When conducting a field test it is rarely possible to 
maintain the uniform saturation distribution in the reser
voir required for that type of analysis lO be applicable. In 
addition, the very high comprcssibility of the two-phase 
fluid creates wcllbore storage of very long duration. 
~ince most of th·e ·availablc instromentation for hol 
gcothermal wells ( > 200°C) can withstand geothennal 

. environmcnts for only limited periods, long-duration 
wellbore storage further complica1es data analysis. Thus 
numcrical simulation techniques .musl be used to study 
well tests to determine the best mcthod of testing two
phase reservoirs. 

This work investigates and defines more thoroughly 
the well/reservoir system )l'hen the reservoir or wellbore 
is filled with a two-phase fluid. Four examples are con
sidered: (1) a single-phase hot water reservoirconnected 
to a panially two-phase wellbore, (2) a hot water reser
voir that becomes two-phase during the test, (3) a lwo
phase liquid-domimited rcservoir, and (4) a two-phase 
vapor-dominated reservoir. State-of-the-an analysis 
techniques are "pplied lo pressune transient data after 
wellbtire stomge effects have ended. In the first exam
ple, a nongmphical method of analysis is discussed, 
which is applicable at early times when wcllbore storage 
effects still domínate the pressure response. 

Note that our analysis has been done for a two-phase 
homogencous,- nonfractured reservoir. Pn:vious studies 
of wcll test methods for two-phase reservoirs t-5 have 
bccn reslricted 10 this case. The purpose of our work is to 
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· d .. :tl"nninl" ho\\ transi~o.·m W!:llhorc llow !:an alh.:r th¡: "¡_;1\ and 
t~st. rcs~lts ;md how onc c.:ouiJ J(.:'~ign ;.¡ wdl tC~t u~ing 
thl!sC n:~ult:-.. ~twy gcothcrmal rc:-,crvoirs :m! 
pn .. •thunin;.¡ntly frat·Hm.:d. and a two·phasc fr:n.:turcd 
sy:-.h!lll can givc a \'CT)' diffcn.:nt r¡::-pons~ from a 
homngcncouli pon1us r~scrvoir. Th~ study nf thc rcs!:r· 
vuir response: for a rr.tcturcd systclll lllllSt b~ Carricd out. 
firsl bcfore l~c Wéllborc ré>ponsc can he analyzcd-a 
condilion bcyond !he scope of rhis papcr. Howcver, il 
can he statcd that the tr"Jnsicnt V.·cl\borc tlow could mask 
complctdy thc chamctcristic response of thc fraciUred 
mcJium (as rhe half-slopc expccléJ on a prcssure \'S. log 
time plot) just as it is shown to mask changcs in a 

· honwgcncous two·phasc res~rvoir. This possiblc tr . .m· 
sicnt wc:;llborc intcraction _with thc rcscrvoir response 
must be considcrcJ in thc a'nalysis of any prcssure tmn
sicnt data. 

· Approach' 
To sludy !he pressure lr•nsienl response of a rwo-phase 
gcolhcm1al wcll/reservoir syslem, a lransienl wcllbore 
simulalor called WELBORE6 was coupled wi!h a 
modified version of !the reservoir simulator 
GEOTHNZ. 7 Thc wcllbore mod~l does no! assume 
steady~state flow. in contrast to the numerous wellbore 
now mÓdels !ha! havc been reponed in !he lilem!urc. 8-IO 

A descriprion t>f !he numerical modcl is givcn in Ref. 6 
and a bricf ourlinc of an carlier version !ha! did no! in
elude !he slip bc1wecn rhe phases is given in Ref.. 11. 
WELBORE solvcs f'lnilc-difference approximarions for 
!he following mass. momcnlum, and energy balance 
equations·. 

ap a(pl') . 
1 a;-+a.;--=0, ........................... (1) 

a a : 2 , fp1'2 
-(p1•)+ -(S,.p,.l',. +SrPrl'r -¡ +pg+ -- =0, ar. . ax 4r.-

.. : ........................ (2) 

and 

a a 
-(pE)+ -(S,.p,.I-,.E,. +SrPrl'cEr) ar ax . . 

a · u 
+p-' (S,:v,. +S11·r)- -(T- T,)=O. . ..... · .. (3) 

iJx ·· 2rll" 

The energy eqúalion (Eq. 3) does include kinelic and 
po!enlial energy. However, !he specific energy rimes !he 
momenlum equalion has _been sub!rdcled our, masking 
rhese lerrns. 

The slip belween !he phases, v,.-1•1, is calculaled on 
!he basis of a modified version of !ha! given in Ref. 12. 
The friction fac10r is calculaled according lo 
Chisholm: 13 For !he cases run here, conduclive healloss 
from lhewellborc was ignored (u =0). 

The version of !he program GEOTHNZ used here 
sol ves for radial now only. The equarions goveming rhe 
mass and energy now in a georhcrmal reservoir are · 

a 1 a 
-(>i>(S,.p,. +SrPrll + --r(p11·( +p, 1' ;.)=0 ... (4) ar . r ar 
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a . 
--((1-</>Jp,C; T +cp(S,.p ,.!:. , ·r S, p, E,)) 
ar 

1 .. a . . . 
0 +- -r(p1/f¡l'c+P,-H,.r,.l=. 

r ar 
. ............ (5) 

Thc vclocirics 1· r and 1',. are calcula!ed wilh Darcy's 
law as 

. u,,- ap 
,. 1 = ----•.......................... (6a) 

ll i ar 
. kkn a, 

1' ,. =- ----. . ......................... (6b) 
J.l r ar 

For !he calculalions of !he pressure- drawdown, rhe 
r~l:.ttivc penneability ·functions are assum~d to have the · 
fonn suggcStcd by Corcy, 1-' whe-re 

. - •4 . krl-S r , .............................. _ .(7a) 

1 . 
kn =(1-S (2)(1-S i> 2 , .•........••••••••• (7b) 

and 

SÍ =(Sr -S1,)1(l-S1, -S,.,); ............... (7c) 

wirh S1, =0.3 and S,., =0.05. Finire-diffcrence approx
imarions of Eqs. 4 rhrough 7 are..solved assuming rhal (l) 
capillary pn.ssure is negligible, (2) O u id and rock are in .. · 
local rherrnal equilibrium, and (3) conducrive heal· 
lransfer is negligible. 

· In each of !he four examples run, !he calcularions w.ere · 
carried oul for a conslanl rale of mass produclion al· 
wellhead and for a consranl rale of mass producrion al 
!he sandface (no well lransienls considered). The 
pressure lransicm dala was analyzed according 10 rhe 
analysis mclhod given in !he following. In addilion, rhe. · 
calcularcd durarion of wellbore srorage (derivalion . 
follows) is verified by comparison wirh !he simulared · 
results. 

Design and Analysis of 
Two-Phase Well Tests 
The problcm wilh rhe analysis of pressure rransiem dala 
from a IWO·phase reservoir is lhat !he diffusion equalion 
dcscribing rhc pressure response in !he reservoir is highly 
nonlinear. When the steam saturation varies in a porous 
mcdium, the reialive Oow of !he Waler and Sleam phases. 
and !he compressibilily of !he mixrure bo!h change. For 
a rwo-phase s1eam/wa1er Ouid al 8 MPa, !he isenlhalpic 
compressibiliry is aboul 5 x 10-7 Pa -l· for high liquid 
saiUralion, 1 x lO - 7 Pa -l for low liquid saluralio'n. bu! 
only aboul l.3Xl0- 9 Pa- 1 for single-phase com
prcssed liquid allhis pressure. 

The effecrive compressibilily of a lwo-phas'c Ouid can 
be enhanced by a factor of 10 or more in a porous 
medium becauseof heal inenia of !he roe k. IS Also. rhe 
ch:mge in the total kinematic viscosity. 11 1• dcfincd as 

1 krl kw · . 
-=-+-............................ (8) 
~~, J'( ,.., .. 

' ~< •C." JET\" Of Pt TMOI.El"\t l.~til ~I:EMS JOCK~.-\L 
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1. 

-."<.111 h~ largc. For r~·l;tiÍ\'L' p-.·1111-.·;¡hilit) L'lll"\'t:~ ofthL.: Cor
cy typc. Egs. ?a through 7c. 11nd ata pn:ssurc of g M .. Pa. 
thc total 1\incniatic ,-¡~co.-.ity \'arics from 1.3 x 10 ·· · <.ll 

s,.=O.lo Ixi0- 7 al S,. 'iU. I04.6xl0'" 7 al s,.=l 
(using Srr=O.J. Sr, -=-:O.ilS). 'At hi~her pn:s.,urcs thc 
variution can he gn:ata. lluwt.:vt.:r, thc comprcssihility 
and tutal kincn}atic visco~ity are primarily a function of 
satumtion. Thc~cfore if onc cun dcsign a test suc~ that 
thc prcssurc changcs occur ovcr a· rcgion whcrc the 
saturation is rcl:.ttivcly constant, a rcasonablc estímate of 
kM v, m ay be made. 

Fur a reservo ir produced at a constant mass flow rate 
and assuming ~mall changes in saturation, the prcssurc 
rcsp~lOSI.! of thc·systl!m has bccn shown 2 to be govcmcd 
by !he li>ll;>wing linearizcd diffusion cqualion. 

Whcn 1 > 35ópC1r .,. 2/(kir·, ), !he solulion lO this cqua· 
tion is approximatcd by 

n· [ [ (k/v1)1 J ] 
Pi -p(l)= In 2 +0.809+2s , 

4r.(ki1' 1 )h !iJr.,. pe~. 

.......... (10) 

whcre s is lhe 'k in effecl. Thus p(l) vs. ln1 will be a 
slrJightline, wilh !he slope, m, invcrscly proponionaiiD 
the tr.msmissi,·ity of thc rl.!scrvoir: 

kh 1\' 
-=-............................... (11) 
v1 411"m 

.Wtien the skin \'alue, s. is cxpressed as ln(r.,.ir,), where 
·,, is the effecli\:e rddius oflhe well, il also can be shown 
lhal · 

' kh <t>C,Irr, 2 =2.24-e+(J>,,-p¡)lm, ............. (12) 
v, 

where p 1, is lhe pressurc al 1 second on lhe exlrapolated 
semilog straighl line givcn by Eq. JO. (Note lhal p 1, is 
used here inslead of p !ht because slopc mis expressed in 
melric units.) ' 

The linearizalion of lhe nonlinear diffusion equation lo 
· give Eq. 9 depends on lhe assumplion lhal,lhe varialions 
in (k/;,,), in p; and in e, are small. As slaled earlier, 
lhese quanlilies have large varialions when the sleam 
saluration. changes. When lhe mass Oow rale from lhe 
reservoir is· increased, the saturation around the bore 
changes if lhe fluid is IWO·phase. Howcver, añera cer
lain amounl of lime, depending on lhe inilial saluration 
around lhe weJI, lhe in-place saluralion wiiJ Sleady OUI. 11 
is possible to treat the' initial change in stcam saturntion 
in 1he same manner as wellbore slorage is lrealed; i.e., 
one needs. lo detennine 1he duration for which these 
varialions persiSI and lO make sure lhal all lhe dala 
analysis· is perfonned añcr lhe changes no longer affeel . 
the dala. In the case where such changes do not 1ake 
place unlil long aftcr lhe lesl has begun, pressure dala 
taken before lhese changes occur can be analyzed. The 
problem is 10 de1ennine al whallimes oS,.Ior'=O. Then 
Eq. 10 can be applied and, from lhe slope oflhe straighl 
Hne on the p vs. log (1) plol, khlv 1 can be delCrmincd 

' . . 
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Flg. 1-Liquid saturation response lar constan! mass pro-; 
· duction from the reservoir. (Curves are tabeled wilh 
initialliquid saturations. 16

) , 
(Eq. 1 1). However, when large saturatjon changes have 
occurred during lhe lesl, lhe inler¡>relalion of Eq. 12 lO 
give the skin oflhe wellloscs its meaning because e, is a 
stmng function of S and has changed. Therefore, Eq. 12 
is val id only for liquid reS!!rvoirs. · 
. Usin~ lhe similarily variable, q=ri.JI, il has been 
shm"'·n'- 16 that . 

' lim H¡ldq=O, ......................•..... (13) 
'-0 

where 

This implies lhal atlale limes the in-place saluralion will 
approach a cons1an1 value because the Oowing enlhalpy 
b primarily a function of lhe relalive pcnneabilily curves 
lhal are in tu m a function of S, .. No rigorous derivation. 
has hcen done lo delennine when H ¡ can be assumed 
conslant. 1-lowever.· o·sullivan 16 calculated S,. as a· 
funclion uf 1ir2 rora number of cases. An example of 
one of his calculations is given in Fig. 1, where the liq
uid saturation is ploned as a funclion of q. For this case, 
<t>=O.~. k= 1 X JO -! 3 m 2, Pi =8.6 MPa, w=0.14 kg/S, 
p,=2650 kgim 3, 'and e,=J.O kilkg·K. The com
pressibilily of the rock was ignored. For S,.<O.S (or 
S1 >0.5; liquid saluralion is ploned in lhe figure), lhe 

· sa!Uriltion changes are complete when rlr2 ~ 103,. For 
high vapor salurations, the changes in saturalion do not 
sl~ll unlil r!r 2 = 105 · and are nol complete umil 
1!r 2 =JO 7. A similar plol was oblained by O'Sullivan for 
lhe case where Pi =3.0 MPa, k=2.4 x J0- 13 m2, and 
1he olher par•melers are approximalely the same as 
above. 

ll is possible lo eslimale when S,. will be approximale
ly conslant by using lhe example ploned in Fig. J. The 
parameler 1/r2 scales approximalely as kl<t>v,pe1• • · 

However, pe, is primarily a function of S,., and lhis 
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Flg. 2-Enthalpy flowing out of reservoir vs. vapor saturation 
for Corey-lype relativa permeability curves with 
S.-, ""0.3 and S"' ""0.05. 

variation is alr~l.ldy taken into account in the solution. 
The pi.iramcter v 1 is a function of the rclative pcnneabili
ty curves used and the pressure. Corcy relative 
penneability curycs wcre used in this calculation. 
Therefore,_ assuming that these relative penneability 
curves approxiinately describe the stcam/water flow, it is 
possible to assumc that one obtains the time when H¡= 
constan! by using Fig. 1 and scaling tlr2 by k!</>. Because· 
kh will not be known until aftcr the prcssure analysis is 
done, one must estimate h and, calculating k, check to 
ensure that the análysis was done for the time when 
as ,.!or=O. For a well of radius 0.09 m,- a 
k/q,=5xi0- 13 m 2, anda rcservoirpressureof8 MPa. 
the changes in cnthalpy were complete al about 10 
scconds for S,.< 0.5, whilc for S,. =0.9 thc changes oc
curred from.-10 3 to 10 5 scconds. For ki</><5XI0- 13 ," 
the time of these changes will be longer, and for 
k!q, > 5 x 10-13 m2, the changes will be shoncr. 
Wellbore storage effects, though, can be greater or less 
than this time for oS,.!or=O to hold true. 

One mcthod oftesting a gcothennal reservoir is firstto 
flow the well at a slow steady rate until the saturation 
around the bore is appmximately constan!. The initial 
flowing of the well must be long enough so that pressure 
changes in the reservoir that occur during the test will 
penetrate only the region where the enthalpy is approx-

- imátely constan!. Pritchett 17 has defined a radius of in
vestigation as 2JDí where D=ki</>C1pv1 • The flow then 
should be incrcascd (or decreased) to a second constan! 

· value. By having the well flowing for a time before the 
tesi is begun, it is possible to decrease both the effect of 
temperature changes in the well during the test and the 
oscillations that occur when a well is initially opened, 
and to ensure that oS,.Jor"O around the bore. Now it is 
possible to perfonn a buildup test where the well is com
pletely shut-in. However, as pointed out by Sorey et 
al .. 5 the region around the bore hecomcs sa1urated with 

1 
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liquiJ so S1. ~tround tih.' \\L'll \\ Jll nut hL' unifonn. anda 
qur.:stion arisl"s as hJ how :-.lh:h d:lla :-.houiJ he analyzcd. 

Thc statc-of-tlh.>:u1 anal\'.-.is h..'~,.·hniyue for two-phasc 
wdl tests has hcl!n r~\'icw~.~-J by Pritch!.!tl. 11 He !'U!!gcst~ 
that a dmwdown, a buihlup. anJ an injection tl!st are 
nrcdc~r Fromthc dra";Jown tc~t thc slopc of thc s_tr;.light 
linc o1fthc plot of p vs. Jog(l) is ml.!asur~.~d. and fron~ the 
huildup test the slope of thc stmight line on thc p vs. 
logi(l+.'l.titl.t)) is dctcmlined. The tmnsmissivity of the 

. rc~crvoir is cakulatl!d from the average of thesc. two 
slopes in Eq. 11 for m. The total kinematic viscosity 
¡,kpcnds on thc saturation around the bore. Pritchctt docs 
not givc a mcthod of dctcnniriing the satumtion. Instead 
he suggcsts t~at kit he mcasured indcpcndently by an in
jcction test. Thcn. given kit. the relative pem1eabilities 
can be Jctcnnincd frbm the nowíng enthalpy by 

H, - H¡ \I'V¡ 1 
k,¡-= - ................... (15a) 

11, -111 41fm kh 

and 

Hf-HI wv,. 1 
kn = ................... (15b) 

H,.-H1 4Jrm kh 

We find sevcml difticulties with this approach.· First, 
<many times it is ncither possiblc nor dcsirable: to run an 
'injcction test. Secondly, a straight line m ay be seen on 
the scmilog plot while wellbore storage is still imponant. 
}'or a well 2000 m deep with a· radius of 0.09 IT!• -
kit= 6 x 10- 12 m 3, and with two-phase flow throughout · 
the well, wcllbore storage ~can last on the order óf 5 
hours. Lastly, the duration of wellbore storage. may be 
orders of magnitude differetit b.etween a buildup and a 
drawdown because, in a buildup, the fluid in the well 
separates out into a liquid · and gas phase. The com
pressibility of a two-phase mixture is usually larger than 
the compressibility of each phase separately. 
· Assuming that an injection test cannot be done, the 

· following testing and anlllysis technique was used in the . 
examples. A dmwdown test was simulated in all cases 
because it is possible to establish a region where 
aS,.Iar~O around the bore. Both the downhole pressure 
and the. flowing enthalpy must be measured as a function 
of time. The downhole pressure is ploued as a function . 
of log(l), and the transmissivity of the reservoir is deter
mined from the slope of the straightline that is plotted on 
that graph. Given the value of khlv1 , the duration of 
wellbore storage is calculated to determine whether the 
data used in the analysis were affected by wellbore 
storage. An estimate of wellbore stoiage is given in the 
following. Once the proper kh!v, has been found, kh will 
be detenníned by calculatíng v 1 • 

The crucial assumption made in this pan of the 
analysis is that we know the relative penneabilities a~ a' 
function of S, .. The flowing enthalpy pennits us to deter
mine the ratio of relative penneabil ities for wat•r and 
steam: 

v,(II,.-H¡) 

v,.CH¡ -H,.) 
....................... (16) 
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In writlng_ Eq. 16 it W<J:-o.a!-.:o.Uillcd that k,r.:;t.O.,If th!!. 
pr~ssurc is known, P r. 11 f. P, . and /1,. will he ~nown. lf 
k,- and kn· are givcn a~ a func\Ínn of S, .. thcn. 1\nowing l 

/{~. thc saturation can hl· dct~·nnincd.: Fig. 2 b a.plnt of 
1/j \'S. 5\. for p=4.5 ~1P<1lhlng l.: re and k11 . <!S gm.:n by 
Eqs. 7a through.7c. S¡ncc k,.· and kn. :.1rc known, 111 can 
tll.!' ~.~akulated .as well as the . absolutc pennc-ability 
thkkness. kll. : 

If the r~lativc· pcnncability functiqns are nnt known, 
two lowcr cstimatcs can be made for kh. Using Eqs. 15a 
ami 1 Sb, klik , .. and khk, c;m be computcd, both of which 
will be smallcr than kll. However, usually nol both k<t 
ami k n· will be much lcss !han une, so thc largor of the 
two quantities khkrf omd khkn. will providc an cstimate 
for kll. · · 

For all the cases calculated hcre: the Corey relative 
penncahility curves wcre used. In the third cxample the 
effcet of using othcr rclative permcability curves was in- , 
n.:stigated. 1t is rec,ognized that relative penneability 
~..-urvcs for stean)/water mixtures are not well known. It 
also is recognized that they may be dependen! on the 
rock type in which a gcothermal rcsourcc occurs. Our 
point is that if thcsc rclative' pem1eability curves wcre. 
bctter Known, a plausible mcthod<,>logy for obtaining the 
in-silu reservoir paramctcrs would be available. It is 
stressed that more work is necessary to obtain these 
curves. 

Duration of Wcllbore Storage 
As stated ear!ier, wcllbore storage phcnomcna in two
phase geothennal wcll/rcscrvoir systcms can last for 
severa! hours. The duration of wellbore.storage is pro-

- ponional to bothp{éipléip) H and (khlv 1) -l.: Beca use the 
iransmissivity of gcothermal rcscrvoirs is usually grealer 
than the. tr•nsmissivity of oil/gas fonnations, wcllbore 
storage in liquid-Jilled reservoirs tends to be shoner than 
in hydroc~rbon · reservoirs. However, for two-phase 
geothermal reservoirs,•the compressibility effects of the 
stea[lliwater mixture in ·the wellbore are an arder of 
magnitude larger than oil and gas systems because' of 
phase transition effects. In' addition, wellbore storage 
calculations in the petroleum literature ncglect energy 
changes in the ~ell. We define both an isenthalpic and 
an isobaric wellbore storage tcrm. The wellbore storage 
phcnomenon persists until both ofthesc wellbore storage 
contributions have become negligibly small. 

Wellbóre stol'¡lge is complete when the sandface flow 
rate is approidmately equalto the surface flow rate. For 
an isothennal· well, Ramey 18 detcrmined thal when 
lo :>60 Co.the 'effects of wellbore ston¡ge ·can be 
neglected.' We assume a similar formulation lo estimate 
the isenthalpic wellbdre storage time 'by defining an 
average isenthalpic compressibility in thc wellbore. The 
isobaric .. wellbore storage term is . determined by 
calculatmg when energy changes in the well are over. 
Heat Ioss out of the bore is ignored although it can be im
ponam .... 

For a change in mass flow rate at wellhead the sand
face ~a~s flow rate can be calculated by the'continuity 
equauon and by integrdling it over the length ofthe well. 

¡Léip L éJ 
J -dx = ;_ 1 ~(pl')íÜ 
0 éi1 · . 0 ax 
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-ws+"'4 
........ (17) 

A 

or . 
. - •L éip 

11' 1_r=n' 1 +A\ -.-dx. 
o iJ¡ 

. .. (18) 

Changcs in·density in the v .. ·cll are a fuJh:tion of pressure 
and encrgy. lf éipléit is rcwriucn in tcnns of p andE, Eq. 
18 is writtcn as 

\
L éip ¡L é!E 

•r,¡=w,+A pCt-dt+A J p{3- dx, ...... (19) 
6 . éit o éit 

whcrc Ce= llp(éipléip)E and {3= 1/p(éip/é!E). Thc dura
. tions of cnergy and prl!ssure changes a fe estimated 
scparaLcly. 
· The diffcrcnce in wcllhcad 'and the downhole mass 
fl~V.·mte t}WSed by pressure ch~nges onJy.is 

¡L dp . : 
u·,¡=w, +A J pCe-dt, .. , ................ (20) · 

o dt 

· where Ct and p are functi'ons of x. Howcver1 as. 
wellbore storage dies out, dpldt will be a very weak 
function of x, and it is possible lo rewrite Eq. 20 as · 

· dp ¡L . 
w,¡=w,+-AJ pCEdx. 

dt o 
.. .. : .............. (21). 

lfthe wellbore storage cocfficient is defined as 

- 1 ¡L 1 L ( éip) 
C=- J pCtdx=- J - Edx, ............ (22) 

L
0 

. L 
0 

éip . 

Eq. 21 can be wriuen (as in the petroleum literature) 

-dp 
w,¡=w, +ve-. ... -.- ... ' .......... '' ... (23) 

di 

. Defining 

ve 
Cv=----

P .¡2 1rcpC,hr •. l 

and 

kl 
1 ------:-. o- l • 

Ps¡<PC,v,rw 

and assuming lhat the effects of wellbore storage ori the 
downhole pressure changes will be complete when 
lo >60 Co,then 

ve 
IH =60 . .. ...................... (24) 

(h)klllv¡ 

The factor klllv1 is measured direéíly from the slope of 
the p vs. log(l) plot and, given the steady-stale initial 
conditions in the well, the average value of (éipléip) E in it 
can be dctcrmined. Note. it is (éipléip)E and nol 
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TAilLE 1-INITIAL ANO DDWIIHDLE CDNDITIDNS AF.TER 
24 HOURS DF PRODUCTION FOR THE FOUR EXAI.IPLES 

~ .... tcady out is thc time for a p.tl1i\.·k to tra\'Cithroug.h the 
wcllbore, (lr Lh•:J,c. Thi~ a\ nag,: v,:lority is ,kfincd as ' 

1 

·----- _______ 5.~-~mp~---·--·--
1 2 3 4 

p¡. MPa. 
P24• MPa 
h¡, MJ/kg 
(Htl24• MJ/kg 
(Sv)/ 
(Svl24 
(w 5 )¡. kg/s 
(w5 )r. kg/s 

12.70 
12.34 
1.400 . 
1.400 

o 
o 
5 

30 

\1.-1 
10.74 
1.400 
1.400 

o 
o 
5 

30 

10.0 
8.94 
1.433 
1.566 
0.19 
0.29 

5 
15 

(oplop)flp which is avcmgcd in thc bore. 

10.0 
9.26 
1.700 
2.736 . 
0.78 

0.70 lo 0.82 
5 
15 

There may be somc qucstion as to whcthcr onc should 
use (oplop)i or (oplop)H or somcthing clse. Garg and 
Pritchcu 1 hove shown that (oplop)EIP and (oplop)HIP 
can vary by·a factor of two at high prcssure when the 
fluid is compressed liquid. However, in the two-phase 
rcliion no ·Jarge variations occur, .in contmst to what one 
might expect. It is possiblc lo show that 

. 1 cp) ,;, (oplop)c ¡;<op/oE)p 

op H . 1 - .l'..!. ( op ) 
P • aE P 

......... (25) 

In the two-phase region (oplop)E is much larger 
than((oploE)P lp]. whilc in thc compresscd liquid rcgion 
thcse tenns are more compardblc. Thcrcfore, as an 
estímate for two-phasc wcllbore storí.Jge, onc can use 
cithcr (oplap¡ E or (ap/ap> H. 

For the changes caused by energy incrcases or 
decreases in the well, the continuity equation is 

. L dE . 
w,¡=w, +A Í p/3-d<. .................... (26) 

o dt 
Wellbore storáge caused by energy changes will be com
plete when dE/dt =O. Jf the hcal loss out of the borc is 
ignored, · · 

aE aH 
p-==pv- ............. ............... . (27) a, ax 

As long as there is a significan! change in the tlowing en
thalpy from the reservoir, wellbore storage effects will 
persist. However, once H¡ is approximately constant, 
the addi_tional time for the energy changes in the wellto 

L 

J p1·dr 
l'a,·e = !!.Ü ___ = 

L 

J pdr 
o 

pi' 
........... ·.· ... (~S) 

p 

If ·P\'::::; wJIA, l'a,e ==wsiA¡i. However, if pl· is still 
varying in the wcll, a more conservative estímate would 
be to use u·s¡IA for pl'.. · · . 

Wellbore stomge cffccts will persist until r > 60 
VCI2r.(khh• 1 ) or until r>L/1'..-c aftcr the tlowing cn
thalpy is constan! from the reservoir, whichevcr is 
grcotcr. In all the following anolyses, a check is d9nc to 
dctcm1ine whcther wellbore stotage is oyer. 

Example 
To consider thc cffccts of the wcllbore tlow on the 
testing of geothcrmal rcscrvoirs and to consider methods · 
of dctcnnining the pcnneability of such reservoirs, four 
differeni examplcs wcrc considcred. (See Table 1 for the 
initial conditions.) Foral! the cases run, k=3 x J0-.1 ~ 
m 2 , h=SO m,. <1>=0.15, C,=I.O kJ/kg·K, and 
p, =2000 kg/m3. The viscosilies ofthe liquid and.sleam 
phascs wcre calculated "'ith 

~',.=2AI4x 10-s [10'~7.si(T+13l.tll]Pa·s 

ond 

1J ,. =(9 +0.035 T) X 10 - 6Pa · s, 

1 

rcspcctively. 7 

A dmwdown prcssure tmnsient test was simulated by 
first tlowing the well/reservoir system for 24 houi. al 5 
kg/s. (The flowing enthalpy, pressure, and vapor satura
tions al the sandface after this initial 24 hours also are 
given in Table l.) Subsequently the tlow rate was in
creased from 5 to 30 kg/s in the first two examples and 
from 5 10 15 kg/s in Examples 3 and 4. The drawdown 
test then was run'up to JO hours. Both a constan! tlow 
rate al wellheod and a constan! tlow rate at the sandface . 
wcre considcred. When the well tlow was included, the 
well was assumed 2000 m deep with a radius of 0.09 m .. 
Both skin cffecls and heat loss from the wellbore were 

TABLE 2-ANAL YSIS OF PRESSURE TRANSIENT DATA FOR THE EXAMPLES 

Example 

2a 2b 3a 3b 4 
pCh. s2/m2 1.3x1o- 4 1.1x1o- 4 .1.1x1o- 4 6.0x 10- 5 6.0x 10- 5 8.0x 10- 6 

m, MPa·s 0.10 0.49 0.40 1.70 0.47 0.13 
kh/,1, milliseconds 2.0x1o- 5 4.1)(10- 6 s.Ox1o- 6 4.7xto- 7 1.7x1o- 6 6.0x 10- 6 

IH, seconds 3200 12 000 11 000 62 000 17 000 650 
HF, MJ/kg 1.40 1.39 1.41 2.03 2.06 2.75 
Pdh• MPa 10.8 9.3 7.8 ., 6.7 4.5 B.O 
Sv 3 o 0.18 0.26 0.40 0.42 0.7 to 1.0 
khktt. m 3 

1.0x 10- 12 5.6x1o- 13 4.2x1o- 15 
1.7x1o- 13 · 7.7 X 10- 13 2.7 10.- 12 khkrv, m 

2 x 10:1' to 2 x ;as tp. sefon
2
c-s O lo 3600 O lo 3600 

v1, m Js t.3x1o- 7 3.0x1o- 7 5.6x10- 7 1.3x1o- 6 1.7x10- 6 4.9x1o- 7 
kh, m3 2.6 X 10- 12 1.2)( 10- 12 2.Bx1o- 12 6xto- 13 2.9x 10- 12 2.9x1o- 12 
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Fig. 3-Pressur.e drawdown curve for hot water reservoir with 
flashing in ttie wellbore: 

ignorcd, although they both can influcncc wcll test tran
sicnt data. 

Foral! the examples, the foÚowing mcthod of analysis 
was applied. Tablc 2 is a summary of-the calculations 
prcsented in the following. First the average value of the 
comprcssibility density tcrtn, pCE, was computed at the 
flowing conditions in the wcll heforc thc flow ratc was 
increased. Thcn a straight-line segment on thc plot of 
p dio vs. log(l) was choscn. The rcgions choscn for 
analysis are indicated in the figures (Fig. 3 for Example 
1, Fig. 6 for Example 2, Fig. 8 for Example 3, and Fig. 
10 for Example 4) for each example. Note that two 
analyses were done for both Examples 2 and 3 to il
lustrate the error in kh if the wrong straight line is 
chosen .. 

Given the me~sured slope of the straight line, the 
transmissiv.ity, khlv, and, in tum, the dumtion of the 
isenthalpic wellbore storage effect (using Eq. 24 and 
designated by 1 H'in Table 2) werc calculated. The dura
tion of wellbore storage because of energy changes dur
ing the test is best deterrnined by monitóring the flowing 
cnthalpy. However, a very rough estimate can be made 
by assuming that it persists for a time equal to L/¡·.,. 
after the enthalpy fmm the rcservoir is constant. A rough 
estimate .of the tim'e when these energy changes are im
po11ant is given _in the table and designated.lp. lf the 
straight-line ·segniem chosen occurs while wellbore 
storage was. still impn11ant, the calculation of khlv, 
should be rcjJeated using the correct line segment. 

Now, gi;ven the flowing enthalpy, H¡. and downhole 
pressure at·'some point along the stmight-line segment 
(given. in Table 2), and assuming · Cory relative 
JlCrrneability curves when. the fluid is two-phase in the 
reservoir, the vapor saturatíon arouild the bore was 
calculated (Eqs. 7a through 7c, and Eq. 16). Given this 
S,., the total kinematic viscosity, v1 , was computed and, 
in tu m, kh was deterrnined. The computed values for kh 
were compared with the kh of 2.4 X 10 -l2 mJ used in 
the actual simulation (see Table 2). 

Hot Water Resen·oir 

The first example is a hot water rcservoir, where the 
fluid flashes in the bore during the well test. The 
downhole ·támsierit pressure after the ÍJ)Crease in mass 
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Fig. 4-Log·log plot of pressure drawdown curve for hot 
water reservoir with flashing il) the wellbore. 

flow mte to 30 kg/s is givcn in Fig. 3. Results for both 
the fOnstant flow rate al wellh~ad and al the sandface are 
plottcd. Thc cakulation for kh gave 2.6 X JO -l 2 m 3 1and · 
the iscnthalpic wcllbore storage !asted 3.2 x 103 seconds 
(54 minutes). The calculation for the time until energy 
changes can be neglected is the time for a fluid particle to 
travel through the bore. Because the fluid flowing from 
thc n:se~·oir rcmains single phaSe .. the flowing enth.alpy 
at thc sanJf<.~ce is constant. In thc prcssure drawdoWn 
simulation. when the flow mte was increased, the 
wellhead enthalpy deneased initially and then increased 
back to thc initial flowing enthalpy. A conservativé 
e~timate for the time is \'ii/(h'4 }¡ or 60 minutes in .this, 
case ( ¡i ~ 400 kg/m 3 ). . . · 

Because the analysis for kh was done after the end of · 
wellbore-storage, excellent agreement was obtained be- -
tween the calculated kh (2.6 x 10 -t 2 m-') and the actual 
kh (2.4xJ0- 12 m3 )usedinthesimulation. -

For this example, it is also possible to calculate 
</>C,hr, 2 because the fluid remains single phase in the 1 

reservoir so C1 is not cha~ging dmstically during the 
test. Using the imercept ofthe straight-line segmem with · 

-t= 1 second, q,C,hr, 2 was computed as 1 x 10- 10 

m3 /Pa. The value used for the simulation was 
1.45 x JO-to m -'/Pa. The diffcrcnce bctween these 
numbers occurs because the finite grid used amund the 
well~orc introduces a slight skin effect. 

In mariy cases, bccause of high flow. rate and high 
temperatures in a geotherrnal well, it is difficult to keep 
tools downhole for extended periods of time. Many tests 
cannot be run for even 1 hour, and, as we see fmm this 
case, wellbore storage is not over until 1 hour. To obtain 
a good estimate of kh. the test would ha ve to be run at 
least 10 hours. Data from a sho11er test can be analyzed 
only if proper allowance is made for the change of s~nd
face flow rate wilh time. 

If the fluid in the reservoir remains single phase as in 
this example, the reservoir parameters, klr!l' and 
</>C,hr, 2 , can be calculated even when the sandface flów 
rate is varying, as long as this flow mte is known. 11 is 
possible to salve for this sandface tlow rate if both the 
wellhead flow rate and the downhole pressure are 
p1easured. However, a transient wellbore simulator must 
he us~d for this calcúlatkm. 1t is not possihle to use sorne 
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Flg. 5-Sandface flow rata and pressure drawdown lar hot 
water reservoir example. Calculated pressure match 
using ANAL Y ZE is plotled al so. 

avemge comprcssibility in the well and then compute the 
mass exiting thc bure as pC(dpd1,1dr). No onc prc"ure 
measuremcnt is cham~.:teristic- of the avemge pressure 
ch;.mgc in the tmre. lf the trotnsic-nt prcssure change in thC 
horc wcre indcpc.:ndcnt of positiun. the initial slope of a 
log~ vs. log(l) plot wuuld be unity, as dcrivcd in thc 
pctrolcum litcmture. Fig. 4 plots log~ vs. log(r) fur this 
ftrst case. We scc that the initial slopc of thc plot is 
grcater than onc, indicating that the lrnnsicnt prcssure 
changes in thc bore are a function· .of position. The 
ch:mge in pressure m<.~ de at wellhead · takcs ahout 20 
seconds to arrive downhole. after which thc downholc 
pressure riscs abruptly. (More dctailed discussion of this 
phcnomenon is ¡ji ven in Ref. 11.) The prcssure response 
appmaches the . downhole pressure chaoge cxpected 
when dpldr is not a function of position. The avemge 
compres.ibility of the fluid in the well also is changing 
during the test. Thcrdore a tmnsicnt wcllborc flow 
rnodcl must be used 10 obtain the sandface flow rdte. 

Using the sirnulator WELBORE, • the actual sandface 
flow rate can be calculined. Wellbore cffccts can be 
eliminated, allowing rcservoir propenies to be deter· 
mined from a variable ratc analysis tcchnique. Wc have 
·done ,this with a computer program callcd 
ANAL YZE. • 18 This program performs histo!)' match· 
ing for pressure tmnsient data of a system of wells in a 
Theis-type reservoir. h uses a least-squarcs technique to 
minimize the diffcrence betwcen a set of mcasured 
pressure points and a set of calculated· pressure points. 
The calculated pressurc points. are generated by varying 
the transmissivity (kh/1') and the skin (r,). 

The P.rogram 'is designed for analysis of intcrfcrence 
and production tests in single-phase, fluid-satumted 
hydrothcrmal rcservoir>. h is used lo analyze data from 
jusi one production well in this case. Given thc -.odface 
flow mte for the lir>t 15 minutes (calculated with the 
wellbore simulator). thc sandface flow and the downhole 
pressure wcre input to the pmgmm. Fig. 5 shows both 
the actual sandface flow rate and the downhole prcssure 

/ 
• A~<~•labte lrom Na U Energy Sohwa_re Cenrer. Argonne,ll. 
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Flg. 6-Pressure drawdown ·curve lar hot water reservoir 
which !las hes during test. 

' as a function of time. InCiuded on the figure an: the 
calculated pressurcs after a bcst fit \\<JS ol:ltaincJ. Thl' 
bcst lit gave a khlp=~.8xi0-K m'/Pa·s and a 
cpC,hr f' 2 =:=7 x JO -Q m 3/Pa. (Again. thc \'aluc_~.o usL·d in 
the !\imulation wcre 2.4xJo- 8 m·'fPa·~ and 
1.45 x 10 -• m -'IP•.) This laucr qu,ntity is a goc>d. fit 
considering th:Jt it is very s~.:nsitivc w c:rrors. The re~ult 
f.or khlp. is quite an:umtc. !\me that thc: prcssure data for 
this first 15 minutrs would be u~elcss without a trch· 
n1que for C\'aluating tinH.~·dcpendL·nt !-.:Jndfacc flow due 
to wcllbore stoml.!c, beca use wcllborc stnral!c is not m·cr - - ' for 60 minutes. The prcssure data from JO' to 10· 
!'cconds plots as a fairly straight linc. lf no data wcrc 
takcn aftcrv.:ard, the subscqucnt ch;_¡nge in ~Jope would 
not be noticed. If these d:Jta were analyz~.:d incorre~tly 
as!-.uming constant sandface Oow r,Hc. the khiJJ \'<llue ob
taincd would be only 6.5 x 1 O ·• m-' iPa · s. Thc \'aluc for 
f/JC,hr,. ~ ~·ould be ~C\'CT'JI orders of magnitutlt.! off. on 
the ordcr of 1.4 x JO-l. Bct·ausc of thc curren! limit on 
the time for kct."ping a too! downhok in a gcothcrmal 
field. a· mcthod for e,·aluating timl..'-d~..·penJ~..·nt ~andface 

tlow rJtes is of grc<.tt pro..~ctiCal \'alu<.' hcc.:au~e it allows 
good estimates of /.:.hlp. and oC,hr f' ~ to be m<Jdc frorn 
ohon tests. 

l!ot \\'ater Rescnoir \\'ith Flashing 

In the second ex_ample, the initial rcservoir prcssurc was 
)owered somewhat so that flashing around thc "el! 
would occur during the well test. Thc prc~~ure 

dmwdown in this case is givcn for a constan! ~anJfacc 
flow rate anda constant wellhcad no" ro..~tc in Fig. 6. For 
the fonuer case, the prC!-.SUrc drawdown follow~ thc 
single~phase case until the first grid block stan!) to fl<J~h 
(al about 150 seconds). At 250 scconds. the ncxt blo..:k 
tlashes. and the prcssure bcgins to drop at a f<Jstcr rJtc 
because of the dccrcase in the t~ltal kinematic mnhility. 
Small oscillations about the avero..~ge of dro..~wdm' n curve 
occur bccause of finite space disql.!ti7<Jtion. Thi:-. 1:--. a 
well~known effcct that can be dimini~hcd by u:--.ing a 
lincr grid. 

Thc second case (constant wcllhcad flov. ro..~tcl gi,·cn in 
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Fig. 7-Lincar plot of pressure drawdown curve for liquid· 
dominated two-phase reservoir. 

the figure shows thal lhe downhole pressure does nol 
stan 10 drop u mil after 20 seconds. (The propagation of a 
disturhance through the comprcssible two-phasc mixture 

· in the wellhore is slow.) For this panicular case, a 
straight linc is obtained from 10~ 10 104 seconds, and 
the ¡·hange in slopc of lhe drawdown curve whcn lhe 
resc1Yoir hegins 10 Oash is masked completely. A !so, the 
osl'iii<Jtion~ that occurred in the cakulation with conslant 
sandfac·e Oow rJie are dampcd out by the well. (fhe 
~O:tme grid was u~cd in both cases.) lt is not possible to rc
ly on chJngl.:'s in the downhole prcssurc to prediCt when 
Oashing hegins in the reservoir during a tesl. 
Measurcment; of the Oowing emhalpy and downholc 
prcssure are nceded lO deleCI Oashing in lhe bore. 

For this example, it is very important to detennine the 
durJtion of wcllbore storage. One might be tempted lo 
use lhe sJope of lhe Jine from !0 2 lO 104 seconds (Line 
"a" in Fig. 6). Allhough thc calculated value of khlv 1 

might not befar off, the determina! ion of k/1 would be in-
accumte. as sccn in Table 2. ' 

The nowing emhalpy needed lO detemJine "' varies 
considerably when the fluid first stans lo flash in the 
rcscrvoir. lf lhe test was run for only 1 hour, the calcula
lion for kh gives 1.2 x JO -ll m 3, only half of the actual 
value used in the simulation. The second analysis for kh 
in this cxample given (Line "b" in Fig. 6) in the table 
shows that a more reasonable value of kh is obtained 
(2.8x w-IZ m 3) when the analysis is done afler 
wcllbore storage is complete (1.1 x 104 seconds). The 
calculations for khk, and khkn. give the lower estímate 
onkh. 

A check ·musl be done lo ensure that the energy 
changes in the bore are negligible. However, because 
tlashing in the reservoir can occur at any time during the 
test in this case, the best method is lo monitor the 
wellhead enthalpy until it steadies out. No estímate was 
made for this lime for this example. 

Liquid-Dominated Two-Phase Rescrvoir 

The third example is a liquid-dominated two-pha.e reser
voir. Bcfore the initial 24 hours' drawdown, the initial 
steam saturation was ·0.19. Afler the 24 hours. the 
average saturation around the bore out to approximately 
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Flg. 8-Semilog plot al pressure drawdown lar !!qUid
. dominated t>vo-phase reservo1r. 

10m is 0.29. \Vhcn the flow r<.~te is inrrr:<J~cd 10 15 kg/s, 
the vapor .!tatumtion in\..' fea~!.:'~ 10 about 0.4. h i!-1 cvidl"nt 
from thc lcst that it wuuld b~ Jiffi¡_;-uJt lo Jcl~nninl.:' the 
in-place \'apor satUration hl·cause thc tc~ting it:-.~.:"lf 
changes thc satumtion conditions in ~he rcscrvoir. 

\\'hcn 1he flow frorn the rescrvoir is incrcased, the cn
thalpy from thc rc~crvoir incrcascs. Howc\"cr, thcre is 
usuolly a sligh,l dclay. dcpcnding on thc condition> in the 
rcsen·oir. Thl'n:fore, the downholc prcssurc bcgins to 
drop. while the enthalpy of thc fluid cntcring thc wcll re
m~ins fairly consumt. The sandface tlow r . .tte is inneas
ing slowly. HowcVer. once the flowing l!nthalpy hcgins 
lO incrcase, thC int~nÚ.:tion of thb Oow with the wellhore 
fluid tlow produces a VCJ)' intcresting phcnomenon, 
shown in Fig. 7. Thc pressure drops until thc enthalpy 
tlowing into the well begins to im:rcase. Al lhis poirit, 
because the energy in the bore is incre:..~~ing. the amount 
of mass that can be lakcn from the bore incrcases. 
Because Jess mass múst come from 1hc rc~cn·oir to kccp 
a constan! mass al wcllhead. thc downhok prcssure slops 
dropping and remains on a plaleau until the flowing en· 
thalpy from the re>ervoir steadies o u l. Subscqucntly, 
more fluid must come from the rcservoir. so duwnhole 
pressurc bcgins to drop again. Howcvcr. wcllbore 
storage is not neccssarily complete hccause only the 
cncrgy changes are negligible. Jt is slill ncccssary lo 
calculate the isenlhalpic wellbore stomge term. 

Again. two analyses were perfonned for this example, 
as given in Tahle 2. In one case, the analysis was done 
forthe lime period from 1 x 10 3 lo 3 x 10 3 seconds (line 
"a" in Fig. 8). Jlowever, wellbore stor.1ge was 

,. estimaled lo last al leas! 6.2 X 104 scconds with this 
analysis. The calculatcd kh gave a very low value 
(6 x 10 -ll m l¡. When the second analysis (Linc "b" in 
Fig. 8) was done atthe loter times, the calculation for kh 
was closer(2.9 x 10 -l 2 m 3 ) to lhat actual! y u sed. 

The analysis shown in Table 2 was perfnnncd with 
Carey relative permeability curves. The cakulation for 
kh with ahemale rclative permeability curves also was 
done for this example. Table 3 summarilcs thc cakula· . 
tion for the Corey-relative permeability curves with two 
diffcrcm irreducible liquid saturations. the str.~ight-line 

relative penneability curves (kri = 1 -S,. krl +kn = 1). 
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TABLE J·-ANALYS1S UF l"Hr:.::-.~:u;.c.: 1 R~US!ENT 0:'..1 ,"... iOM C.'. SE 3 

USING OIF!-(HF.HT HELt. 1 !Vt: PCm.~E."...Jilll Y CU:; Vt:S 

(.:· .~·,; .. 
Cory Cory !2.·,:_,,Jnl " '" IS., =_D~L_ (S,¡ . O.i'J L ·¡e (¡· ,,~.:~ ;·,. ...... 

0.42 O. 19 Cr en o :,J ¡ .... :0 
0.034 O OJ3 "" o 12 (i o 1 

0.26 
5.9 X 105 

o 270 
5.9 )( 10 5 

(; é8 
1.9). 10 6 

n ss o 12 

S, 
;, 
k, 
lit·, 
kh 2.9x10:- 12 2.9x 10 -l 2 875x10- 13 ' 

20.o: w 6 2 2 x 10 5 

35x1o- 13 7.5x10- 12 

CJr~ml·~ ~,·un-~..·~:o (/.,:d=S" 4 • whcre s• is giY!:n hy Fq. 
7c. k ,1 t- k n -~ 1 L amJ thc e.\trilpolatcd cun·c~ :' 1 of Coun
~~~ and Ranh::y =~ (~ d = 1 -S 1./0.3 for S,. S O.J. oth~n' ise 
k" =0, kn =IS, -0.2¡/0.8 for 5,.>0.2. kn ~~o for 
S1 s0.2'L \\'e '"e th;.tt Jiffacnt v31uesofthc im:dut·ihk 
liquiJ ~•tturation with thc Corcy curves do no1 <~ffcL·t thc 
:.malysi!o.. Al so. both the stmight·line pCnncabillty cun·cs 
and Grant'~ curves givc similar results for this <.:JSC. 
How~\'cr. th<.·rc is a vcry largc differcncc in the calcula
tion for l.lr whcn the diffcrcnt rclative pcnncability 
cun-·es are <Jssumcd. We conclude that for an accuratc 
estimation of J.:h when injCction testing cannot be done, 
sorne reasonahle c~timate of which relative pcnncability 
curves "pply is imponant. 

A huildup case also w"s simulatcd for this cxamplc. 
and thc downholc prcssure change is plottcd in Fig. 9. 
Thc pre!\surc change is greater than for thc dr<~wdown 
ca >e hcc"usc thc change in tlow rute was from 15 10 O 
~gis. "hile in thc drawdown case it was from 5 to 15 
kg/s. Note on thi!>o gr.tph that wellborc storJge sccms. to 
l<.~~t a mu(h !->honcr time for buildup than for a drawdown 
test. Whcn thc wcll is shut in, the stcam and liquid 
phases scpara1c out in the borc. The comprcssibility of 
each phase is much less th"n the comprcssibility of a 
wcll di~perscd two-phase mixture,· resuhing in a longer 
wcllbor~ stomge phcnomenon. However. it is Jifficult to 
analyze buildup dat" whcn the fluid is two-phasc in the 
rcservoir hccausc thc liquid fonns al thc bottom of the 
well and 1hc liquid saturation around thc borc is 100~ .. 
Small amounts of liquid can tlow from lhc well hack into 
the rcservoir during the buildup test. Although 1hc 
buildup test m")' sccm more dcsimble, it is vcry diflicult · 
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Fig. 9-log-log plot ot pressure drawdown and pressure 
· buildup for hqUJd-dominaled two-phase reservo ir. 
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lO dl!knnine 1'¡ \\hl..'n SI :tfllU/lJ th~o.· n~lrl.' i:-. ~u~.:h :J "lr~olll~ 
fLm•:lion of p .. 1:-lli1Jn. 

\'apor-llominal t·d T" u-Pha:-.t· lh·!'ot'l'\ oír 

In thc fnunh 1.'\~1111pk. ;tn initi;__¡J ,¡~·:1m ~Jillf~Jtion of0.78 
wa.~.o a~:-.UnlL·d. Alkr :!~ h1?urs nf prPJuctiPn. the ~k~Hn 
!.:Jtur .. uipn , .• 1ri!:'i. h~·t\~~·-=n 0.7 anJ O.K:! an.HmJ Üll' hure. 
As indicatt"d .. ::¡r\i~,.·r IFig. 1,1. \d~~o.·n Üll..' ~ll'Jrn ':llllfJtion 
Í!. high. chan~l.:'~ in t.:nthalpy I.'<Jn o~·l..'ur at ''-'!") btc tim~:-.. 
lt prohabJy \\¡liJIJ ha,-¡: h('1..'0 hl-'llt"f hl initiJIÍ/.1..' thi~ CJSe 
for a lonecr time. 

Fig. JÜ is a plot of the dmwd~.lwn ¡n~..·s~ure v's. time. 
hoth con~idering thl! wcllborc ll~o'" JnJ nl..'gk·l..'ting it. At 
thesc high initial ,·apor saturJ.tion!. and u .... ing Corey 
rclarivc pl!mll.:'ahility curves. onl) sh:am flow.s in thc 
well. The 3\'l..'r.tge cumprcs~ihility in thc \H'II is much 
lcss than in thc other cases. Thl! c~l!nthalpic contribution. 
lo wcllborc \toriJge bsts only 650 ~l!l..'(lrJJ~ anJ thc test 
lli.'Cd he run for only 1 hour. 

Ovcrthc time span that /..J¡/p 1 was cak·ulatcd. li¡ is ap· 
~proximatcly con!'.L . .mt. inJirating that enagy ¡;h;__¡nges in 
thc wl.!lllrc!'ol.'f\Oir are nnt i111pnn:uu. Hm\c\·cr. at abüut 
7 x JO:'I ~ccond~. the UrJwJn"n e Un·~ ~udd.:nl) hcgins lo 
drop at a grcatcr rJlC. A chcl..'k ~1f thc 11owing .:mhalpy 
shows that somc liquid i~ h.:ginning w J1¡lW. Thc liquid 
~arur.ttion around tht.!' borc: i~ nm' ~rcatl.'r thiln thc a:-.
sumed irreducible Ji4uid saturation ({1.3 herd. ConJI!n
~Jtion occur.-. around lhe hure v. h~·n thc systl'm i~ initiall) 
at l.l pre~sure ahovc the maximum stl..'arn cnthalpy point. 
as in this CiJ~C. Tn anal y Le the tJrawJO\\ n curve iJftcr 
7 X IOJ scconds. it is ncces~ary to \\ait untilthe fl1m ing 
cmhalpy fmm thc rc~cn-·oir stcadie~ out. 

7 
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Fig.10-Pressure drawdown for vapor-dom1nalt:d two·phase 
reservo1r. 
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( ' 11 udu,inns 
·\ t!l't'tlh:llnal rcM·rvoir ~imuliJtor ;.md a li;¡rl' .. i~o·nt 
~~~·ll~bnn.: modcl ha\'l' hl'l'll <:t~upled to g~ncr;.rt~.· a ~.:ric~ of 

1
1r.r\\lhl\\n hi:-.hll'il'~ for \':lfillUS typl's nftwo·ph;J:-.L' rc~L..'r· 
, ,,ir:-.. E~tilllatL'S of wdlhort.: stnriJgc lime!'> h;.rh' h~.·t:n 

111;rdt•. Pn:~!->UI"l' decline 1.:urves havc bcl.!n Hn:tlyl.l·d with 
.sn:1h tkal mL"thods and with computcrizcd run·e-
111;1t:lting for variable tlow rates. Thc following rL'sulls 
ha' e hccn ohtained. 

J. \\'cllhorc storage effccts in two-phasc drawdown 

1 ~.·~ts "':an last for severa) hours. during which time the 
pr&::-. .. urc n::-.ponsc is controllcd by thc variable :-.andface 
!lll" rJtc. Howcvcr. in Clmtrast lo oil and gns wclb. thc 
:-.:rnJfan!· flow ratc dncs not always ;.¡pproach thc surfac~ 
llt 1\\' ratc in a münotonic W:JY. producing a h:mporarY 
plat~au in the Jownholc prcssurc tmnsient curve. 

~. Moniwring the flowing wellhcad enthalpy is cssen
tial for mcaningful rcsults. 

3. lf thc drawdown test is dcsigned apprupriatcly, 
prcssure transicnts are govemed by a linear diffusion 
\.'4Uation. and a dctcnnination of the total kincmatic 
mobility can be made. 

4. A transicnt wcllborc model allows for evaluation of 
thc total kincmatic mohility from short time tests. which 
are dominatcd by wcllburc storage effects. 

5. Thc ratio of relative pcmlc<Jbilities for wah.'r and 
sll:;.un. k ri and k n·· c::tn he dctcm1ined as a function of 
llnwing ..:nthalpy. 

6. Ah>nlutc pcnncahility/thickness and the in-place 
\·apor satur~Jtinn around thc wcllbore during the test c<Jn 
he llbtaincd if thc rclativc pcnncabilitics are known as a 
function of saturation. or. altcmatively: 

7. The rel::uivc p..:nm~ahility curves can be d('tcrmincd 
if the absolute pcrn1eability and in-place saturalion are 
known. 

Nomenclature 
A = 
e = 

e, = 

e, = 

CE = 

arca of wellbore. sq ft (m 2) 
iscnthalpic compressibility, (1/p)(oplop)H. 

psi- 1 (Pa- 1) 

hcat c·apacity of rock, 
Btu/lbm = °F(kJ/kg ·K) 

total compre~sibility of teservoir, psi -l 
(Pa -1) 

comprcssibility. (llp)(oplop)E, psi -l 
(Pa -l) 

E = specitic encrgy, Btu/lbni (kJ/kg) 
f = friction factor 
h rcservoir thickness, ft (m) 

H specitic enthalpy. Btu/lbm (kJ/kg) 
k = penncability. md (m2) 

k ri = relative penneability of liquid water 

k n· = rclativc penneability of steam 
f length of wellbore, ft (m) 
m slope of straight line segment on 

p vs. log(r) plot, psi/sec (mPals) 
p = pressure, psi (Pa) 
r = mdial distance. ft (m) 

r, = cffective wcllbore mdius, ft (m) 
r. = wellhore mdius, ft (m) 

s = skin 
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tin1c. ,,.,,:nnds 

I1..'111J1L"I:Liun.:, '"F ('"CJ 
h.:at triiJL,fa l'<h.:ffil·il·nt. ntu lt·(,F 

(kJim · 'C) 
lll:.ISS :..t\"a:.lg\.•d \"CiclL·ity. ft.''\ (lll\) 

Dan.·y liquid ,·clncity. ft.'s (m .. sl 
DarL"y stcam velncity. ft.'s ( 111 'sJ 
mass flow ratt:, lhm/s (!.,g/sJ 
:.1\ial distan,,:e. ft (mJ 
(1/pji.lp'iJf:)p. lhm'lllu t~g ~Ji 

rl-... t 

ahsolute \ i:o.\.'osity. l:p ( Pa · sJ 
kin.:matic \"Íscosity. sq ftis (m~is) 
total kin~matic ,·js.:osity. !--4 ft:'s {111~/s) 
density. lhm/cu ft (kg/m ·1 ) 

porosity 

Suhscripts 

dh = downhole 
J = nowing 
i = initial 
f = liquid 
r = rock 

sf >andface 
J surface 
r ::; \'apor 
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A Study of a Thermal Discontinuity 
in Well Test Analysis 
Dona Id C. r-.-1angold, Lawrcnce Berleley Laboratory 
Chin Fu Tsang, Ln\lt:nce Bc:rJ..eley labora1or)· 
Maree lo J. Lippmann, Lawrence BerJ..eley L&.horalory 

Paul A. \Vit hcrspoon, SPE, Lawrcnce Bcrkeley labora1ory 

Summary 
The pre<cnce of zones of differeilt tempcraturcs in 
nonisothcqnal rcscrvbirs may resemble permeability 
bouudaries during well tc~ting. This invcstigalion 
cmployed nurnc:rical modeli_ng to examine stll'h ef-

.• fecr; in Jrawdown, buildup, and injection well tests. 
The result~ irldicate that nonbothcrmal innuence can 
be dctccted and accounted for by tests of sufticient 
duration with suitably placed observation wells. 

lntroduction 
A challcnge to the interpretation of well test results 
from nonisothermal reservoirs is the effect on the 
p¡essure response dueto fluid and rock temperature
dcpendent propcrties. Since zones of different 
temperatures in the reservoir may resemble per
meability boundaries, ca re in imerpretation of re;ults 
is required. 1 This study is an examination of these 
temperature effects on well test data where the 
producing well is completed in the center of a circular 
hot zone surrounded by a concentric cooler water 
region. Thc invcstigation was carried out with the 
intent of cornparing thc rcsults of such tests with the 
classical Theis solution and discovcring ways in 
which temperature differences can be accounted for 
in well test data analysis. 

Only recently have there been discussions of 
nonisothermal well te5ting in the literature. An 
analytical study by Tsang and Tsang2 motivated this 
study by giving semilog results to be expected frorn 
coltl-water injection into a hot · reservoir. Oy 
aS>urning a specific form for the variation of the 
pcrmcability/vÍscosity ratio (k/Jl) across the tran
sition zone (from cold to hot water), they wcre ahle 
10 dt'rive solutions that follow the classic Thcis curve 
for cach region. Frorn early- and later-time data, 
resc¡s·oir tran;missivity (kh/Jl) a~d storativity (och) 

Q1(9·213fo'8110006-62J2~00 25 
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..:an be dct~rmincd so that compre~sihility (e), 
rcscrvoir permcability (k), porusity (o), and 
thic~ness (11) can be cs·aluated. fhcir results 

· prompll:d thi~ numc.:ricaJ Íll\'CSIÍ~ation of \'Í~ú1Sity 
effcc¡s where proJu,·tiori, buildup, and partial
pen~o:tration wellte.,ts are considered. 

Background 
The standard methods of well test data analysis in 
isothermal reservoirs have been documented 
thoroughly by Earlougher. 3 The problems of well 
tcsting in geothcrmal reservoirs have been discussed 
by only a few authors in the past decade. Rccently, 
Narasimhan and \Vi1herspoon 4 have res·icwed the 
problcms in carrying out and analyzing \\CJI tests in 
these systcms. They memion that the conn:mional 
concept of transmissivity should be rcplaced by 
absolute permcabili'f (k) or the produe1 k h. In 
anothcr recen! study of reinjection atthe East /\lesa 
gcothcrmal area, prcssure distributions bascd on 
viscosity ratios of 1:1.9 bctween hot and cold water 
were described. The semilog plots show a distinctive 
change in slope at the cold front. The approach used, 
however, was a series of steady-state runs with the 
cold front ·at varying distances from the production 
well and , .. ·ith cncrgy and mass transport cquations 
d~..·¡;ouplcd. Rice6 u-.ed computer models to de\cribe 
drawdown and buildup tests in single- and 1 wo-phase 
reservoirs, under isothermal conditions. Eaflier. 
Chappclear and V ole k 7 modeled the injection of a 
hot liquid imo a porous mcdium using tempcrature· 
dcpendent viscosity. Thcy assumed that spe<ific heat 
and den;ity were independent of tempcraturc, and 
they calculated temperature (not prc·ssure) · 
distributions wiOtin the reservoir, capf<\ck, and 
bcdrock. Their results show that the high viscmity of 
the colder water effectively comruls ·thc a\·l·rage 
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TABLE 1 - PROPERTIES OF THE AOUIFER USED IN THE Slt~ULATIDNS 

Thickness, h, fl (m) 
Porosity 9, dimensionless 
lntrinsic permeability /o;, rnd (10- t5 rn2) 

Specific storagt c#oefficient S 5 , ft - 1 (m- 1
) 

Roe k density Pa, 'bmlcu ft (kg/rn3) 

16< (50) 
0.1 

29 (29) 
1.19x 10- 5 (3.9x 10- 5 ) 

165.4 ¡2650) 
231.7 (970) 

5.0019 (2.8935) 
Roe k specific h•. · 1 e,, Blullbm · •F (J/kg ·K) 
Thermal conduc:.vily kH, Blu ·fl/h· sq fl· •F (Wim· K) 

temperature ami the rrmperature distribution within 
the ~\·stem. · · 

F~r romposile reservoirs, Bixcl et al. 8 gave results 
for 1he pr~s~urc re~ponsc in isothermal rescr\'oirs 
with lintar di~l~o'ntinuities; for both tlrawdown and 
buildup tests. l.ater, Ramey9 made an analytical 
study of 1\CIItests pcrformed in cylindrical composite 
re;ervoirs • sho11 ing permeability contrasts. E ven 
though the systcms analyzed wcre isothermal, their 
hehavior may be similar to nonisothcnnal oncs. 
Thcse works suggest lines for extensions to lhis 
study. 

Compulalional Approach 
This siUdy used a numerical mode! 10 developed at 
La11rence fkrkeley Laboratory (LBL) callcd CCC 
(conduction/coll\'ection/consolidalion) to simulate a 
gcothermal reservoir with a central hot cylindrical 
region surroundcd by colder water. The program has 
Cllllpled Cllergy and mass transport eljUatiOnS lO 

simulate single-phase nonisothermal saturated 
porous systems. Viscosity, specific heat, and density 
of wa1er are taken properly. as temperature
dependent properties (Tables 1 and 2). In a more 
recem version of CCC, the equation of state for the 
density of water has been made a funclion of both 
lemperalllre and pressure. The program also has 1he 
ability to consider pressure- and tcmperature
depcndem rock and Ouid properties in general, but 
for this study only .water properties were allowed to 
vary with tcmpcrature. In particular, intrinsic 
permeability was hcld constan! throughoul all cases· 

(i) 
10 study variability duc to ,.¡~co~ity alone. Pur~ !iq11id · 
\\alc.:r \\JS ;l"i~llllll.'d; the cffccts of a sal! ~nh11ion 1..lf a 
3-wtO:o hrine in our pJohkm are ncgli~iblc C'-l.'C 
~ection on aJditional fa(tors). This molle! has h~.·cn 
,·aJid¡]ted <H!ainst a varictv of anaiYti..:-al and 
scmi;t~wlytic;¡¡ solutions a~ v.ciJ as fic:ld daia. 11 -D 

Tl•e mesh dcsign used for the majority of cases 
studkd in this papcr uses cylindrical symmctry wilh 
nades at 3-ft (1-m) intervals to a distance of 984 ft 
(300 m). This fine mesh is ncccssary to simul31e lhe 
tcmpcralure fronl movemcnls propcrly. The nodal 
separation gradually increases after 984 ft <39<J m) up 
to a constant-pressure and con~tant-tt:mperature 
boundary node at 16,896 ft (5150 m) from the wcll. 
The caprock and bedrock are assumed 10 be insulated 
and impermeable (for 1he purposes of this study) 10 
focus on the ho'rizontal di;~ribulion of lhe tcm· 
pcrature front. Two ~izcs of the hot ~pot \H'fC in• 
vestigaled: the case of a 328-ft (100·111) radius is 
di;cusscd lirst, and then a hol >pot 1~ith 164-ft (SO·m) 

• radius is analyzed in more dctail. For simplicity, in. 
most cases a single-layer model is a~;umcd (i.e., 
effectivcly gravily is neglected). The effecls of gravity 
and buoyancy of the hot wa1er are considered in the · 
case of panial penetration with a muhilayer mesh 
design. The initial condilions assumcd for the systcm 
are idealized for the sake of uniformity, with a sharp 
,·enical !herma! front boundary bel"een the 482'F 
(250'C) inner rcgion and the coo!er 212'F (IOO'C) 
surrounding rcgion. The samc pauern in the pressure 
decline appears regardless of whclhcr the front is 
initially sharp or diffuse (see section on effect of a 
diffuse !herma! front). Since the degree of lhe dif-

TABLE 2- PROPERTIES OF WATER USED IN THE SIMULATIONS 

1096 

Compressibilíty "• psi- 1 (Pa- 1 ) 

Oensity equation: 
4.4816x 1o-• (6.5x 10- 1•) 

P~P0 [1- a(T-T0 )-/i(T-T
0

) 2 ! 
Reference density Po, lbm/cu 1t (kg/m3 ) 

Reference temperatura T,, •F ('C) 

First coefficient of therma/ expansíon 

62.23 (996.9) 

77(25) 

"· ·F-1 c·c-1¡ . .) 
5.706x 10- (3.17x10-') 

Second coefficient of thermal expansion 
li. 'F- 2 re-•¡ . 

_!_emperat ur~ _ _!_ 
fFI ¡·q 
122 50 
212 100 
257 125 
347 175 
482 250 

Viscosity 14 
_ _!cp)__ 

0.5450 
0.2800 
0.2310 
0.1585 
0.1070 

4.608 X 10- 6 (2.56 X 10 - 6) 

Density p, 

~~fT\~CU fl) 
61.64 
59.86 
58.67 
55.69 
49.73 

He al Capacily e 
~u/lb~:..:_12_ 

957.8 
900.4 
872.0 
820.2 
761.4 
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Fig. 3 - Temperature profiles for hot sp~ts with initially 
diffuse and sharp fronts alter 30 days of 
production. 
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Fig. 4 - Drawdowns for hot spots with lnltlally diffuse and 
sharp fronts during 30 days of production. 
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shaped curve. After 30 days of ptllllPing, hoth Jhe 
iniJially sharp and ini1ially diffusc fron1s >hu\\ Jhe 
effcct of diffuc;¡ion of thc tC'mp .. :r:ll url! front and thl.'re 
is kss differcncl! bctwccn thc t\~O fronts. 

The drawdown cun·es for th~sc l\',o l·:1~cs are 
"hown in Fig. 4. lt is ckar that thc prl':-~un: r~.::-:,pouse 
for both cases follows Jhc same general raJtern. The 
pr~~surc rc~ppr¡:..e of thc diffusc thcnnal front is 
slighlly k" and slighlly slowcr, as C\Pl's"ts·d, duc 10 
its hro<tdcr tran~ition zone bctwL·cn the (\\O IL"lll· 
pcrature re~!ion~. Thc Jiffuse thermal ZüJJC produ~·cs 
a prc~~ure bcha\·iLH ~imilar to a rcgion of gradually 
dearasing pt.·rmt·ability, \\ htr e as thc shar p \L'll i.;,·al 
tllL'Illlal fnJnl produces a bchavior that n.':-"·lllhks a 
sudden pcrmt>;Jhility rhange, such as a barriL"r or 
fault. In either L·ase, the general paltcrn of the 
dra\\down i~ basi,,:ally the same. This pallcrn is 
s:onfirnÍed furth.:r by the buildup and falloff tests 
(sec scctions on buildup tests and on inj!.!ction and 
producJion of hol \\afer) and lhe panial·pcneliation 
case (see secJion on partial-pcnclralion case). 
Therefore, lhe resl of lhe invcstiga1ion was carried 
ouJ using a sharp vertical Jhermal front as Jhe initial 
condilion for each case. 

50-m Case: Production for 120 Days 
In lhis case, producJion was conJinu.::d for 120 days 
- i.e., unlil all lhc 482'F (250'C) water was' cx
Jracted from thc rc>crvoir, which then was al 212' F 
(IOO•C) throughout. The progression in prcssure 
change from lhe iniliaJ hoi-SpOI condiliOn lO the cnd '. 
is shown in lhe sémilog plot in Fig. 5, where 1herc are 
Sc\cral discernible periods of differenl response. 
During the earliesl limes (up to nearly 0.5 day) Jhe 
pressure follows Jhe 482'F (250'C) Theis behavior, 
as expected. There follows a Jransition lime (from 0.5 
!O 2 days) where 1he curve shifJS !O run parallcllo lhe 
212'F (IOO.'C) Theis curve but slill below il in 
magnitude (from 2 l0·20 days). Then the curve again 
shifls upward (20 Jo 60 days) until 1he JcmpcraJUre 
front begins to reach lhe observaJion well. Al this 

. point, the pressure changcs drasJically, sloping 
stceply upward Jo jo in the 212' F (1 OO'C) Theis curve 
(for times greater Jhan 60 days), as it should, since by 
the end of !he 120 davs the en tire reservo ir is at 212' F 
(IOO'C). . 

Two observations can be made on Jhe basis of such 
a complete pressure hisJory. First, as notcd in the 
previous sections, !he initial period of 482•F (250'C) 
Theis curve behavior is followed by a lransiJion toa 
curve parallel to lhe colder-waJer Theis soltuion. 
Secondly, as !he well cominues to be produced, lhe 
curve shifts upward again asan indicalion of another 
boundary, in lhis case the moving boundary o"f Jhe 
thermal front. 

The praclical application of this "sccond shifJ" is 
made by loca1ing an obsen·ation well al some 
dislance away from lhe produced wcll. As Fig. 6 
shows, the effecl of the moving thcrmal fronl occurs 
much earlier (al approximalely 15 days) whcn ob
served al a dis1ance of 64 fl (19.5 m) from the 
production well, Thus, the length of time for Jhe 
moving boundary !o be manifesJed can be minimized 
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Fig. S - Orawdown history for 120 days of production from 
hot spot with 164·ft {50-m) radius; observation well 
at 6.211 (2.5 m). 

by data taken ata suitably distan! observation well. 
Huwcver, if the observation well is too far away 

from thc axis of the hot ~pot,.it may be in the cold
water zone. fig. 7 rc,·eals that !he same 'general shift 
of curves takcs place but within a much ~horter 
length of time (approximately 0.7.day). This well is 
1~5 ft (59 . .5 m) from the producing well or 31ft (9.5 
m) Olllside the outer boundary, of the hot spot. lt is 
iineresting to note that its early time behavior 
ncvertheless follows a 482'F (250'C) Theis curve 
befare shifting over to the 212'F (IOO'C) Theis 
curve. Clcarly, employing one or more observation 
wells provides a ready check on the usual scmilog 
direct analysis from a single well and increases the 
_real possibility of detection of the moving thermal 
boundary. 

As a further examina! ion of these results, log !!,p 
'vs. log ttr2 curves were plotted for r = 8.2, 64, 130, 

and 195 ft (2.5, 19.5, 39.5, and 59.5 m) [see Fig. 8 
whcre the Thcis curves for 212'F (IOO'C) and 482'F 
(250'C) are shown for reference]. 'fhe observations 
at 195 ft (59.5 m) and 130 ft (39.5 m) eventually 
merge into the 212'F (IOO'C) Theis curve. From all 
the ttr2 curves; we can sce that the departure from 
the 482'F (250'C) Thcis behavior occurs at smaller 
values of ltr2 for grcater radial distances r from the 
well. Al so, the merging of the pressure behavior with 
the 212'F (IOO'C) Theis solution happens al earlier 
values of 11? for greater r. This confirms the use of 
more than one observation well at different radial 
distances from the producing wellto monitor a well 
test to trace pressure behavior which may be rclatcd 
toa thermal boundary. 

A usual type-curve matching procedure was ap
plied to the log-log plot of r = 8.2 ft (2.5 m) data to 
estímate transmissivity (khll') and storativity (9ch). 
The results of the type-curve analysis are given in the 
Appendix. The match with the very early pan of the 
curve yields a good est imate for kh/Jl, as expected. 
But undcr such a direct analysis, if the analyst 
matrhed the latcr portian of the curve, he would be 
scriously mistakcn. Thc estimated values for 9dt 
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Fig. 9 - Radial distribution of temper~ture front at dif· 
ferCnt times for production from hot spot with 164· 
ft (50-m) radius. 
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Fig. 10 - Buildup curve after 30 days of production for 
482"F (250"C) hot spot with 164-ft (50-m) radius; 
surrounding regían at 212*F (100•C); observa! ion 
wetl al 8.2 ft (2.5 m). 

{_f) renect the sensitivity of type-cur"e matching in the · 
determination of compressibility, even for the carly
time data. Again, matching with the latest portian of. 
the curve- would lead to serious errors by direct 
analysis. . . 

The progress of the temperature frontis intcrcsting 
to follow. In Fig. 9, a sequence of curves shows how 
the front moves slowly at first and quite rapidly at · 
the end, rcnectit¡g differences in radial volume under 
a constant pumping rate. The diffusion ofthe frontis 
vcry appHrent; Table 3 gives values for the size of the 
front throughout its history anda comparison with a 
simple analytical conduction model. 14 This diffusion · 
of the temperature front also may account for some 
of the shifting of the pressure change data curves 
o1·er the period of production (see section on ad' 
ditional factors). 

50-m Case: Buildup Tests 
The buildup tests performed in this series of 
simulations confirm the same general behavior 
observed in the production tests, but the effects occur 
at earlier times. Fig. 1 O shows a Horner plot of a 
buildup test after 30 days of production from the 
164-ft (50-m) hot spot of the previous section. At the 
earliest times, the points are parallel to the_ 482'F 
(25o•q anal>1ical curve, but after 1 day the points 
shift toward the 212'F (lOO• e¡ curve. By s·days, the 
pressure is already following characteristic 212"F 
(IOO•c¡ buildup behavior. 

'fhe buildup test has severa] differences from á 
production well.test. First, the response is generally 
faster than the drawdown test. Second, beca use there 
is only mass now resulting frorri pressure 
cquilibration, the thermal front moves very little 
during buildup. Of course, dueto the convection and 
conduction affecting the thermal front during the 
preceding production period, there is already a 
diffuse zone when the buildup test begins. However, 
as a third contrast to drawdown tests, note .that the 
small mass now al so means that the diffusion of the 
thcrmal front proceeds much more slowly because it _ 
is mainly by conduction. These latter two conditions 
do not pcrmit ihe observation of a moving thermal 
boundary ora diffuse front as a means of discovering 
thermal effects, such as during drawdown tests. 
However, buildup tests should allow a better 
correlation to the proper analytical solution once a 
thermal front is suspected. Therefore, the best ap
proach may be a combination of drawdown and 

TABLE 3- DIFFUSION OF THERMAL FRONT,120·DAY PRODUCTION 

Oistarlce 10%. Limit, 
Widthof 

Analytical 90-% Limit Analytical Thermal 
Time FromWell 239"F Calcula! ion 455"F Calculati6n Front (days) __ (f!) __ __ !!,t_l_ __ (111 __ _ (t_t)- _(l_t_)_ ___ (11) 
0.15 164 o 5.00 162 167 156 11 20.00 148 159 151 133 144 26 35.00 131 144 138 115 125 29 59.00 98 117 108 79 - 89 38 77.00 66 89 80· 30 49 59 87.00 33 69 48 o 16 69 9t."OO Breakthlough 57 
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buitdup,le.sts. Thc produ~o:tion t~o:~ts would providc an 
analyst with.sufficicnt data to determine kh/Jl, <t>ch, 
and the presence ofa 11\Ll\ing thermal front. Then the 
data from buildup tests rould be used to confirm the 
estimated values of thc re;ervoir paramcters aúd 10 

match the. ¡irCSSUfC response lO type curves lO 
discover poss\ble thermal cffects. · · . 

Similar behavior on buildup tests was observed for 
other combinátions of temperatures. In Fig. 11 thcre 
is a large temperature contras! bet1l·een 482'F 
(250'C) and 122'F (50'C) waters, resttlting in a Ouid 
viscosityratio of 1:5.1. Although this case is for a 
production time of only 15 days, by the end of 
another 15 days of shutling in the well, the pressures 
are responding according ,to the analytical solution 
for' 122'F (50'C). This demonstrates the rapid ad
justment of the system under different temperatures 
and confirnis 'that buildup tests should prove to be a 
useful means Jor checking suspected thermal effects 
in well testing. 

As noted earlier, the buildup tests necessarily begin 
with a diffuse from;· nevertheless, the pressure 
response rapidly follows ttle general pattern observed 
in the drawdown tests. This is a further confirmation 
that whether the thermal frontis sharp or diffuse, the 
pressure response follows the same pattern. 

Injection and l'roduction of Hot Water 
The effect of hot-water injection for 30 days (same 
temperature as the hot spot) is shown in Fig. 12. lt 
conforms to the same general pattern of pressure 
change described in the pre1•ious sections (but with an 
increase of pressure instead of a decline). After the 
end of the injection period, a falloff test was per
formed for 30 .days with the results shown in Fig. 13. 
The behavior: again follows a similar pattern to 
buildup'tests after production, with a rapid response 
in the change bf the semilog slope as the pressure of 

0the system equ\Jibrates. , · . 
In another simulaiion, the injected water was 

produced immediately after injection by pumping at 
the same rateas injection. Th~ results are illustrated 
in Fig. 14. The initial semilog slope is twice the slope 
of the 482'F (250'C) Theis curve, as expected, but 
the following slope, although very clearly marked 

· after just 2 days, does not follow the 212'F (IOO'C) 
slope or any•integer multiple of it. However, this 
slope and, indeed, the entire plot of pressure changes 
may be obtain,ed by superposition of two cases: (1) 
the falloff test of the previous paragraph and (2) 
production of. the 30-day-injected. hot spot where 
initially all pressures in the mesh were changed to one 
constan! value but the· temperature pro file was kept 
exactly the same. The falloff test gives the correct 
variable pressure response pattern at early times, but 
it is necessary at later times to include the effect of 
the moving diffuse front due to production without 
the iriOuence of the initial variable pressure 
distribution. 

.Reinjection and Production of Cold Water 
An analytical solution has ·been found for 
geothermal reservoir pressure response to cold-watcr 
reinjection, 2 as ment ioned earlier. The results in-
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Flg. 12 - Pressure response of hot spot wlth 164-ft (50-m) 
radius during 30 days of 482'F (250'C) water· 
lnjectlon; observatlon well at 8.2 ft (2.5 m). 
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Flg. 13 - Falloff curve for hot spot with 164-ft (50-m) radius 
alter 30 days of 482'F (250'C) water injection; 
observat'ron well at 8.2 ft (2.5 m). 
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Flg.14 - Pressure response of hot spot with 164·11 (50-rn) 
radius during 30 days of production after 30 days 
of 482'F (250'C) water injectlon; observation well 
at 8.2 ft (2.5 m). 
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W\Jicatc that for small valucs of t!r2, the prcssure 
decline curve follows a Thcis solution with 
paramcters corresponding to those of the nativc liot. 
water. For large ti r 2 , it approachcs a linc parallcl to · 
a Theis curve with paramctcrs corresponding to those· 
of the injectcd water. The authors suggested that (1) 
from matching early data, kh and rpch may be 
ascenaincd, and (2) aftcr matching later data, the 
position of · the front and, .therefore, h m ay be 
e>timatcd. Thus k, </>e, and h are evaluated. 
Howcver, .this pro.:edure has not been tested with 
field data.· " 

Thc rcsults of the analytical solution were checked 
against the numerical model CCC employed here. 
Thc characteristic prcssure .beliavior noted in ·· 
prcvious scctions for drawdowri and buildup tests · 
was apparcnt and followed the behavior predicted by 
the analytical solution. · 

To corrob.orate these results, the behavior of a, .. 
212'F (JOO'C) cold spot of 164-ft (50-m) radius 
surrounded by a 482' F (250'C) region was studied. lt 
was produced for 30 days in the same fashion as the 
prcvious hot-spot cases, with the results shown in 
Fig. 15. Again, the pattern is the same, but now in 
the opposite direction (from cold:water behavior 
toward hot-water behavior). After the data runs 
parallelto the 482'F (250'C) Theis solution, it shifts 
further toward that solution but runs nearly 
horizontal for the last 5 days. This is probably 
because thc 482'F (250'C) water flows much more· 
re~dily than the 212'F (IOO'C) water, so that the . · 
produced well appcars to have a full recharge · 
boundary at this point in time. As the cold spot is 
produced for longer times, tht · data should. turn 
further toward.the 482'F (250'C) Theis solutim1 and 
finally merge with it. · 

Thus, the effect of cold water injected or produced 
from hotter reservoirs conforms ·to the expected 
pattern dueto fluid viscosity and density differences. 

Partial-Pcnetration Case 
The ·previous sections ha ve assumed a single-layer. · 
model where there is necessarily full penetration and .. 
gravity is not an influence. To study thermal-effects 
in the common situation of partial penetration, a 
multilayered cylindrical mesh (with gravity effects 

· included) was used. There ·were five 32.8-ft (10-m) 
layers in the aquifer, with nodes at radial distances of 
3 ft ( 1 m) out toa distance of 65.6 ft (20m) from the 
well; beyond 65.6 ft (20 m), the size of the annular 
nades gradually increased. The boundary between 
hot and cold regions was placed at 157.5 ft (48 m). 
The well was produced for 40 days from the top two 
layers at 40o/o of the former rate. The observation 
well is in the middle layer, 8.2 ft (2.5 m) from the axis 
of the system. Thc rcsults are displayed in Fig. 16. 

The same general pattern of the previous sections 
is apparent for partial penetration. The analytical 
solutions are takcn from Witherspoon et al. 15 and 
are semilog straight lines for the times plotted and for 
the reservoir parameters used. This result confirms 
the effect .of viscosity differences on the pressure 
response during a drawdown test, even when the well 
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(j) 
TABLE 4 -- COI.lPI<HISON OF PHOPERTIES OF PURE WATER WITH 3-wt% BRtNE 

(3 wt% :::: 30,000 pprn TOS) 

__ ~~~ ~~P:~at u re Pe1cent 

----~~~crty ____ ('F) ·----·-----
Density p, 482 

tbmlcu 11 · 212 

·. : He al capacity C, · 482 
Btullbm- 'F 212 

Viscosity p., 482 
cp 212 

. Denslty-capaclly product ,e, 482 
· 103 Btulcu 11· 'F 212 

. Permeability/viscosity ratio k/¡,t, 482 
md/cp 212 

is partially pene¡rating and the influence of gravity is 
t a k en into account. 

Thrce Additional .Factots 
·rhere are three additional factors which have a 
possible influence on these results: the effect of 
natural convection, the effect of a brine solution, and 
the effect of a diffuse front. These possibilities are 
covercd bríefly in this section. 

To study the effect of natural convection, a 
simulation was perfonned using the partía! 
penetration mesh of ti ve layers, with temperatures of 
482•F (2so•q inside and 212"F (JOO•q outside. 
There was no production at the well. After 27.5 days, 
the mass -flow cycle in the simulation achieved 
quasisteady sta¡e and no further mass flow was 
compúted; the heat flow calculations were continued 
to 38 days. The r.esults were compared with analxtical 
formulas recently derived by Hellstrom el al. 16 for 
ouoyancy tílting of a therinal front in an aquífer' 
including the effect ·of a diffuse front. The 
numerically computed · flow vclocity at the front 
compared to within 0.76"7o of the analytical solution 
at 27.5 days. The maximum flow velocity due to 
natural convectioil was 4. 774 x 10- 7 ft/s ( 1.455 x 
w-7 m/s) compared with the flow velocity from 
pum¡ing, which was 1.406 x w-l ft/s (4.285 x 
10- m/s) at 30 days, a factor of nearly 30: l. These 
results confirm that the use of a single-layer mesh for 
the majar part of this investigation was acceptable, 
sincé natural convection has negligible effect on 
reservoir pressure for the time periods considered (up 
to approximately 40 days).' , 

The effect of a bríne solution instead of pure water 
was' examined using'· estimation formulas from 
Wahl 17 for physical pr_operties of geothermal brines. 
The results are displayed in Table 4. A 3-wt% brine 
(30,000 ppm TDS) was. chos~n for comparíson, 
because·' many geothermal arcas [New Zealand, 
Japan, Mexico, U.S. (except Saltan Sea), and 
lceland) have a smaller weight percent of total 
dissolved solids. The difference in properties bctween 
such a brine and water is negligible for pC, and 
approximately 6% for ¡; or (k!¡;). However, _the error 
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('C) Brin e Water ~!~a_ll_~!'_ 
250 51.10 49.73 2.75 
100 61.29 59.86 2.39 

250 738.5 761.4 -3.01 
100· 873.5 900.4 -3.00 

250 0.1140 o. 1070 6.54 
100 0.2983 0.2800 6.54 '· 

250 37.74 37.86 -0.34 
100 53.54 53.90 -0.67 

' 
250 254.4 271.0 . -6.14 
100 ' 97.22 103.6 - -, 6.13 

of 6% applies equally to the 482•F (25o•c¡ and 
212•F (IOO•C) waters, so that the viscosity ratio 
remains the same. Thus, encountering a br¡ne 
solution in place of pure water in a field test should 
not affect the results reponed here. 

Finally, the diffuseness of the thermal front will _·. 
have an effect on the slope of the semilog plot, as 
shown in Tsang and Tsang. 2 • In their analytical 
formulas, the size of the diffuse zone (where the 
viscosity varies appreciably between the. values for 
hot and cold water) depends on the aquifer dif· 
fusitity. The smaller the value of the diffusivity, the 
more the semilog straight line will turn to follow the 
Theis curve for the injected cold water. According to 
their numerical results, the value used for aquifer 
diffusivity in this investigation would lead toa curve 
which turns early to run parallel to the Theis curve 
for colder water. Thus, the present set of simulations 
does confirm their analytical results for the effect of 

.lhe diffuse zone betwecn hot and cold waters on 
pressure response in a well test. 

Conclusions 
:fhis paper has shown that the effects of viscosity 
from regions of different temperature water can 
appear in well test data in a way that may be 
mis1 a k en as permeability barriers in sorne cases. This 
effect can be recognized by a pumpin¡¡ test of suf
ficient duration with observation wells located at a 
suitable distance from the production well. The 
questions of identifying the moving thermal 
boundary, applications of the method to buildup 
tests, and partially penetrating wells have been 
discussed. The possible influences of gravity and 

'buoyancy (Í.e., natural convection), a brine SOll!trOn, 
and the size of the diffuse zone also have been 
considered .. 

Future extensions of this investigation · would 
include further work in deríving the analytical 
rclationship between the time of departure from the 
Theis solution for the inner region and the distance to 
the boundary between the hot and cold waters, 
pdssibly along the line of Ramey.9 With such a 
relationship, .there is the potential that geothermal 
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\\'i..'lltcsting l'OU!tl point out tillo! pri:'s~.?ncc of diffcrl-'111 
1 empl..'rat u re rcgions. 

N tHHC 1icl a tu re 

11 = r~scrvoir volum~s pcr standard volume, 
dimcnsionlcss 

e = fluid compressibili1y, psi- 1 (Pa -l) 

e = fluid specific heal, B1u/lbm·"F (J/kg·K) 

c. = aquifer rock spccific heal, Bt u/lbm · "F 
{1/kg·K) 

h = aquifer thickness, f¡ (m) , 

k = imrinsic permeability, md (lo- 15 m 2) 

k u = 1hennal conductivity of solid/fluid 
mi.xJUre, Blu·fl/h:.sq ft· "F (W/m·K) 

11/ = slope of scmilog straighl line, psi/lag. 
cyclc (Pa/log cycle) 

p = nuid (pare) pressure, psi (Pa) 

Po = fluid pressure, dimensionlcss 
q = volumelric flow raJe, gallmin (dm 3 /s) 

q mass = mass llow rate, lbm/s (kg/s) 
r = radial distance, ft (m) 

s. = spccific storage coefficient, ft -l (m- t) 

1 = time 

lo = time, dimensionless 

Te= tcmpcrature, "F ("C) 

r. = rcfcrcncc water tcmperature, "F ("C) 
a = first cocfficient of t herma! expansion for 

water, "F- 1 ("C- 1) 

{3 = second cocfficient of thcrmal expansion 
for water, "F- 2 ("C -l¡ . 

K= water compressibility, psi- 1 (Pa- 1). 

p. = fluid viscosity (dynamic), cp (Pa·s) 
p = fluid density, lbm/cu ft (kg/ml) 

Pa = aquifer rock density, lbm/cu ft (kg/ml) 

Po = reference water density, lbm/cu ft · 
(kg/m 3 ) 

"' 
= p~rosity, dimensionless 

Subscripts 

a = aquifer 
D = dimensionless quantity 
e = Theis curve estímate 

Ji = heat conductivity value . 
m = match value from ·¡ype-curve analysis 
o = reference quantily 
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APPENOIX 

Theis Curve Matching 
These calculations are for the hot spol with 164-ft 
(50-m) radius, 482"F '(250"C) inside, and 212"F 
(IOO"C) outside. 

Early Times (up lo 0.372 day) 

Al match point, for 10 = 10.0 lhere is /:;p = 58 psi 
(400 kPa) al 1 = 0.026 day for flow rate q = 960.56 
gal/min (60.602 dml /s). . · 

( kh) = !!.. (Po) 
· P. .e 41r P m 

= 3.9555 x 104 md·ft/cp·. 
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ABSTRACT 

. Finfte-Difference Model of Two-Dimensional, 

Single-, and Two-Phase Heat Transport· 

in a Porous Medium~Version I 

by 

Charles R. Faust and James W. Mercer 

Model documentation is presented for a two-dimensional (areal) 

heat-transport model capable of simulating both water- and vapor-

., domfnated geothermal reservoirs that confonn with the assumptions of 

the model. · Finite-difference techniques are used to salve for the 

dependent variables pressure and enthalpy. The program is designed 

· to simulate time-dependent problems such as those associated with 

geothenna 1 reservoi rs undergoing exploftation, and can treat the 

transition from compressed water to two-phase flow. In arder to 

sfmulate more complicated field problems the present program is being 

extended, and therefore the model described in this report is referred 

toas VERSION I •. A listing of the computer cede is included. 



INTRODUCTION 
. ' ' 

The continuity equations for steam and water are reduced to two 

nonlinear partial differential equations in which the dependent 

variables are fluid pressure and enthalpy. These equations are 

approximated using finite-difference techniques and are solved using 

a direct matrix technique. The nonlinear coefficients are calculated 

using Newton-Raphson iteration on the accumulation terms, and·an option 

is provided for using either upstream or midpoint weighting on the 

mobility terms. The model can simulate flow of compressed water, two

phase mixtures, and super-heated steam over a temperature range of 

10° to 300°C. In addition, it can handle the conversion from single

phase flow to two-phase flow. 

The model described in this report is referred to as VERSION 1 

and is considered to be a research tool; that is, this ver.sion is 

kept as simple as possible so that the program can be easily understood 

and modifi'ed. For this reason, many sophisticated changes and. 

additions which are generally required to simulate complicated field 

problems are not included. Such changes are the·.:;ubject of current 

research and will be described in subsequent reports. 

2 
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Final Equation's 

Based on these assumptioOs the equations describing flow and heat 

transport in a geothermal reservoir are (Faust, 1976): 

and 

bp kk bp kk 
V• ( s rs V )+V• ( w rw V ) 

11 p 11 p 
S V 

bp h kk 
_ "·( w w "'Vp) 

. ~'w 

' il' .. ~' . + bq 1+bq' • b~ 
S W ilt 

(1) 

(2) 

where the term, q", represents the conductive-heat gain (or loss) to 

the confining beds (overburden and underburden), and may be obtained 

from, 
· .. --- -~ ~-·- -~ "•-" ---- - -- . 

"aK EJ: 1 -K 3TI q raz . raz 
ovcrburden underburden 
contact contact (3) 
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Auxiliary Relationships 
. / 

Additional assumptions and relationships inc1ude the following: 

1) The fluid enthalpy, h, of the mixture is defined in the two

phase region by: 

(4) 

2) The density, p, of the mixture is defined by 

p " S p + S p S S W W 
(5) 

3) Phase saturations sum to one: 

S + S = 1 
S W 

(6) 

4) Porosity is a function of pressure, and can be expanded about 

an initia1 porosity distribution by a truncated Tay1or series with first 

order pressure terms: 

(7) 

,where the subscript i indicates initial values • 
. . 

5} Phase viscositites are functions of temperature (Meyer and 

others, 1967; modi·fied for the cgs system), 

1•,. = 10-6(0.407·T + 80.4), (8) 



' . -

, and, 

where, 

' ·~' 
., 

10-6 
llw'" { 241 • 4 , 10 ~247.8/(T+133.15)J~} 

~s = dynamic viscosity of steam, g/cm-sec, 

11w" dynamic viscosity of water, g/cm-sec. 

T -= ·temperature, ·oc;·_ · 

Equation 8 is val id for superheated steam ~t 1é dynes per square 

·centi~eter pressure in the temperature range of 100 to 300 degrees 
' Ce1sius, and fs approximate1y valid for steam viscosity a1ong the 

(9) 

saturation 1fne in that range. Equation 9 is va1id for 1iqui~ water 

· a1ong the saturation 1fne from O to 300 degrees Ce1sfus. 

6) The relative permeability expressions are functions of 

saturation and are a variation of those given by Carey (1954) for a 

drai.nage .dis_p1acement process, that is, vaporization domfnates 

condensation: 

k = rw 
(S - S - S ) w wr sr 

4 
(1 - swr - ssr) 

4 

• (10) 



.... 

·and · 

.... f 
t 

(11) 

where Swr and S
5
r are specified residual water and steam saturations. 

7) Reservoir thickness, rock density, rock specific heat and 

.. intrinsic permeability are functions of the spatial.coordinates. 

8) Rock enthalpy may be determined by the expression, 

h = e T r r (12) 

where the rock enthalpy is in ergs per gr~m. the temperature is in 

degrees Celsius, and the formation heat capacity, cr' is in ergs p~r· 

gram per degree Celsius. 

9) In the two-phase region, the amount of heat lost to the well 

is defined as· 

q 1: q'h' + q'h' 
h S S W W ' (13) 
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.. and 

. . - ~ -... ;. . . : 

. '-. 
;. 9;.90697 • 101 ~iP /~.2-92~7 ;.1i2/p2 •·· · ... 

:-_ .6. 0!_8359 • 1027¡p3 • . (17) 

. . '. 

where· '·.·. 

p 

¡ ;_~. ,'-,' .. ',''. 

= pre~su;é~' ~in~;s/cni · 
. .'·; _,,·, .. ·· 

. ·_,· .. ·'· .. 
. ~. ;-

.. · ... .. · ... 

h
5 

a entha1py of saturated steam, ergs/g 

hw = entha1py of saturated water, ergs/g. 

11) · Temperatur.e Js ireated>as •acfunctfon ·of· pressure and 
. . r· • .. . - ·• , .. . . 

· enthalpy for the cOffipressed:-~at~r and ·. s~perheé!tl!d-steilm regions~ For 

:' ·._: ·. ' . . 

- 9.31415 •. 1~-17 • p2 (18) 
•, 

- 2.2568 • 10~19 • h2 • 
. . ·.- ··. :'>-. :· 

' '. >. 

. . : r.': ·. ,-. ··"' .. · .. · .. ::: . - .. · ... ', : . 

. 10 

. ·, ··" ._, . 



~nd for the supe~heated-steam region~ 
. . .· ... ·_. · .. ·_ .. _ ........ ·.· ...... -6 _.· __ · ... . 

. ' T " - ;~74;559 +4.79921 • 10, •. p · 
... 

- 6.~3606 • 1o-15 • p2 

+ 7.39386 ;·lo-19 • h2 

- 3.3372 • 1o34Jh2p2 

+ 3.57154 • 1o19¡p3 . 
. · .. · ... :·." 

. - 1.1725 • lo-37 • h3p 

- 2.26861 • 1~43Jh4 •. 

(19) 

,· 

where the tempera'ture, T, is in degrees Celsius. For the two-phase 

(st~am-water) region ·hw is used in place of h in equation 18. 

12) Total density, p, steam and water densities, p
5 

and Pw are 

considered functions.of pressure and enthalpy. For the compressed-.. '. )'. ·. . .... 
. -

water region, 

p = p = 1.00207 + 4.42607. lo-11 • p w .. 

- 5.47456 • lo-12 • h 

+ 5.02875 • lo- 21 • hp 

- 1. 24791 • 10'"21 • h2 • 

. .. ·. 

(20) 



. ' . . and. for . the super.heai:ed-s team reg ion •.. · 
. . . ·. . . ' .• . . •· .. •' 

P = P .. - 2.26162 • 10·.5 + ·4.38441 • 
S 

- 1.''79088 • 10-19 '_P.~ .-
+ 3.69276 • 10-36 • p4 

+ s.17644 • ro-41 • ph3 •. 

- ¡2_-

(21) 

where density is in grams per cubic centimeter. For the steam-water 

region, saturation pressures and enthalpies are used in equation 20 

and 21 to obtain p and p • 
· S . W 

Numer1ca1 Development 

The . .technique used to solve.equations 1 and 2 fs based on the 

finite-difference method. For this method the. areal extent of the 

reservoir is ~ubdivided into rectangular grid bloc~ (see figure 2) 

in which the fluid and reservoir properties are assumed uniform. The .... 

continuous derivatives in.equations 1 and 2 are approximated by finite

difference expressions at points (nodes) in the centers af the blocks. 

Thfs results fn a nonlinear system af 2n equatfans with 2n unknawns 

· (the values af .pressure and enthalpy at the nades) where n is the 

number af nades; The general fintte-difference representation and · 

salution pracedur.e far thfs system af•nonlinear equations are out1ined 

belaw. 

.. . . 
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Figure 2. Finite-difference grid showing the l~~ations of 
the reservoir, the grid blocks and nodes. 
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· .. Ffnfte-Difference 1\~presentatfo~ .· · • 
Equatfons 1 and 2 ~ay be written in compact, implic1t finite· 

difference form as: 

A ((T +T )A pntl¡ + A ( (T +T
5
)A

7
pn+l¡ 

& VIISXX 7 V'/ 1 

. l ntl r. 
+'V~•k(K -M),. 

. (22) 
' ... 

and 

(23) 

where the right sides of equations 22 and 23 are the accumulation tern1s 

for mass,and energy, respecti~ely, and,q~ and q¡; are.the total mas$ 

and heat losi to ~tells, respecthely; 

1 

'·' ; ' 

)5 .· 



. ' 

The: transnifssfbil ity tenns Tw , T
5 

, Th ¡ andTc , are g1Ven by: 

T,; • (kJ./I.)pvk·~,/llv • 

r •• ~kJ./I.)pákr•'ll· • 

Th· • T h +T h +(AK /1.) 
v v e a • 

Te ~ CAX,it.> c:!>P , 

and the mass and energy tenns.M and E.ar:e: . 
. ·, . 

-~~ -·· 

·.· 

· (24a) 

(24b) 

(24c) 

(24d) 

(25a) . 

(25b) 

whereV, A and R. are the grid block volume, cross-sectfonal area 

perpendicular to the flow direction, and the length increment in the 

flow direction, respectively. The difference operator acts as follows: 

(26) 

where ·i and j are indices in the x- and y- directions, and t is the index 

for the time level. 
'\. 
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:- :_· .. ::· ... :• . 
·.-: 

. The inter:block transmissibillty tenns (v~l~es at f+ Js, f;,.. Js, .- ' . . :· . . . ,- . 

j + 1:1 and j - ~)are c~mposed of two parts: · that which is a function 

of space only (for example, kA/t) and that which is a nonlinear function· 

of pressure and/or enthalpy (for example pk/11)" To approximate these 

tenns requi.res averaging:_~r weighting of. the .various components over 

each grid block·, ,for the space dependent part,. this is a'ccompl ished by 

usfng a hannoni.c mean, for example, ·· 
. . . . 

·.; .. 

(27) 

The noQlinear part of the transmi~sib111ty terms are generally 

assigned the upstream value. The. upstream node is detennined by 

comparing the pressures at (i) and (1+1), and using the larger· 

pressure to compute the ·nonlfnear part. Alternatively.this part 

may be detennined by a length weighted arithmet1c average, for 

example, 

k = 
rwi+~ 

k R. rw1+1 i+l 
(28) + t. 

. 1 .. 

·.of the'tlvO pró~edures,: Úpstream wefghting yields a:·lower·Ord~r 
,. 

approximation of the spatfaf derivative but exhibits a more stable 

solution. 

. . 17. 



.Solution Procedure . . 

. The differenc.e eqJations 22 and 23 are solved sfmultaneously for the . ' . . 

unknown pressure and en~halpy' in each grid block for each time step. 

Sfnce equations 22 and 23 are nonlinear, a provision is included to 
~ ---- . . 

fterate on nonlinear coefficients. Newton-Raphson iteration is used 

on the accumulation tenus :and Pjcard iteratfon fsüsed on the · 

coefficfents of the spatial derivatives. :rwo difference~ equatfons 

are obtained fo~ each grid block,. and. the resul ting .system of 2n ·.· 

eq~ation ~as tlll! fonn • 

. where the superscript fndfcates .the time level, the matrix [ Bl 

. incorporates tlie transmissfbflfty terms; the vector {X} contafns 

the unknown p~essure and enthalpy va lues, that fs 

PJ 
hl 

P2 
h2 

{X}: • 
• 
• 

Pn 
hn 

and the vector {f(X)} is a non-linear function describing the 

accumulation terms. 
' 

18 



To lfnearize 29, an fterative technique c:alled the Newton-Raphson 
. . -. . . . . . . . . . . -. . 

procedure is applied; The iteratfon level h indicated. by a subscrfpt, 
. ' . . . . . 

. and in particular the ffrst iteratfon (initfal guess) is indicated by 

the subscript (o).· Substitution of the initial guess fnto equation 29 

· yields a residual: 

t+At + {~} . = {R(X0 _ )J •. · {30). 

........ :_ ; ·_._· 

For the first time step, the initial conditions are used as the initial 

guess; for subsequent time steps. the results from the previous time 
• 
· step are used as the inftial guess. 

If the residual is expanded in a truncated first order Taylor series, 

one obtains, 

[ 

ii{R(X t+6t)}] . 
+ {AX} . .· . ~+6t . ;. O • 

. . ax
0 

·. 

or -rearrangtng,-----

-= - (31) 

Takins the derfvatives with respect to the unknown vector {X) equation 

·35 yields. 

[ 

a{R(X t+6t)}] . . . 
o. -[s]-ax t+t.t - o 

o ' 
[

a{f(Xo t+t.t))] 

ax t+At . 
o 

\ 
19 
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where [

. altOi!+dt> - .· ·. · · • · · · · · ·· · · 

J is obtained by ~aldng thépartfalderfvati~es cif ·. ·. axt+dt ·· 
o . 

the accumulatfon terms with respect to pressure and enthalpy. Specfffcally, 

by use of the chafn rule: 

..... 

.. ·. '· 

b ~P [~Ph + (1-~)p h ·]·=b (Cph- p h).!!!. r r r r dp 

and 

Substftuting 32 fnto equation 31 gives, 
' 

[ 

B - [a{f(Xot+dt)}] 
[ o] · ax t+At 

o .. 
. . '. 

.. 
{AX} = - {R(Xo t+At)} • . (33) 

whfch is the matrix equation. to be solved. 

20 



The new values of. xt+ót are determined from, 

(34) 

where f = 1,2, , , • , m, m befng the specifi~d number of iterations. If 

m., 1, this procédur~ is equivalent to the residual formulation outlined . . . . . . 

by Weinstein, Stone, ~nd Kwan (1969). 

In most of the two-dimensional, areal simulations studied it was 

not necessary to use Newton-Raphson iteration on the nonlinear coefficients 
e . 

in [B] .and {q} to obtain satisfactory solutions. For radial problems 

and vertical cross-sections this is not the case as pofnted out by Toronyi 

and Farouq Alf (1975). As stated earlier, _Picard iteration is used for 

[B] and {q}, In this process the nonlinear coefficfents are simply updated 

on each iteration. 

The solution of the linearized matrix equation 33 is solved using the 

Gauss-Dool ittl e method for banded, nonsymmetric matrices. · The coeffici ent 

matrix is decomposed into the product of upper and iower triangular 

matrices, from which the solution may be determined by back substitution. 

Because the coefficient matrix is nonlinear, this solutfon procedure is 

· required for each itération of each time step. The general form of the. 

coefficient matrix and the form in which it is stored in the program is 

· shown in figure 3, where MDIM is the matrix bandwidth and NDIM is the 

number of rows. 
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• • •,1 \· • o • 

·.(1,1),···· .• (l.z). o·. o t 

(2, ~}~2,2), (2,3), o • o 

o • . ~ . () (3,2).. (3,3), 3,4 • o NDHI . 

~-
o • o 1 (4,3). (4,4),. (4,5) 

~. 
o .• o • o l. (5,4). (5.,5) 

.· . . ' 

a. Normal sto1•age of matrix where bold ma1·ks indiéate the. 

. -

main diagonal. · 

o • (1.1). (1 ,'2) r __ · . ~ 

(2,1). ·. (2 ,2). (2.3) 

.1 
(3,2), (3.3). (3,4) 

1 ·. . 
(4,3) •. (4,4), (4.5) 

1 
(5.4). (5.5), o 

._. I·)OHI 

b. · Banded storage of matrix showing new location 
of the main diagonaL 

Figure 3. Normal storage of matrix and banded storage of matrix. 
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He~t Loss· Calculatfons 
.. 

Geothennal reservofrs óccur fil areas of anomalously hfgh'tieat flow: - . .\ . . . - ' .. · '· . ,. 

The effects of the high'geothennal gradfent and ttie loss and gain of · .. - . . . - . 

heat to the base and cap rock are fmportant factors that are incorporated 

fnto the reservoir model. In a typical hydrothennal system, heat flows 

fnto the reservoir at th~ base and out at the top. 

In order to obtafn· the he.at flux through the confinfng beds three .. 

sfmplffying assumptions are made;. First, the. penneabil fty in the 
. . . . . . 

confinf~g bed~is asstlmed to be low and convective flow may bé neglected¡ 

thus, only the heátconduction equation needs to be solved. Further, 

the horizontál conduction tenns fn the confining beds are·assumed to be 

small relative to the vertical terms, and may be neglected. For petroleum 

reservoirs undergoing thennal recovery, it has .been demonstrated that the 

',. ·. 

effect of horizontal conduction fn the conffnfng beds is small (Chase and i 

O'Dell, 1973). This assumption leads to the one-dfmensfonal, heat

conduction equatfon: 

where the vertical thermal conductivfty, density, and heat capacity of 

the confining bed are considered constant. _The final assumption is that 

the geothermal reservoir, prior to exploitation, is at steady state; that 

fs. · the heat entering at the base equals that leaving at' the top al!d the 
' net heat·gain of the reservoir is zero .. This assumption allows consideration 

of only the "transient" heat flow caused by temporal temperature changes in 

the reservoi r. 
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Therefore, the one.:.diinensfonal, conduction equation may berefor:mulated 

as follows: 

. (35) 

--
* 1 where T .. = T' - T~ (T is· the temperature in the confining bed and T~ 

is the initial temperature in the confining bed.) 

Equation 35 is subject to initial and boundary conditions. The 
. * . 

initial. conditions ar.e simply T (z,O) = O. For the boundary condit1on 

at the top of the. cap rod, the temperature change. is _assumed to be. 

zero for all time. At the cap rock-reservoir boundary, a step function 

in temperature is used. It is determined using the difference between 

the 1nitial reservoir temperature and the reservoir temperature at the 

last time step (that is, the step function is lagged by one time step). 

* Once the T distribution through the cap rock is determined, Fourier's 

equation is used.to compute the heat flux. 

A similar set of boundary and initial conditions apply to the base, 

rock; however, instead of solving equation 35 for both the top and · 

bottom, it is, assumed that the two fluxes are approximately equal and 

therefore the total heat leakage is obtained by multiplying the flux 

computed at the top by two~ This assumption is valid since only the 

"transient" heat leakage is considered; however, this portion of the 

program could be modified if needed (for exampl_e, if steady state 

thermal gradients above and below the reservoir are significantly 

different). 
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In the numerical model, equation 35 is actually solved at each grid 

block for each iteration. It is solved using a Galerkin, finite-element 

approximation for the space derivative combined with an implicit· 

difference approximation for the time derivative. Linear elements are .. 

used.with a variable mesh generator that divides the confining bed. . . 

thickness into ten elements that double in size with distance fromthe 

reservoir boundary. Therefore, the element adjacent to the reservoir 

fs relatively small, and it 1s the temperature difference across this 

element that is used in Fourier's equation to compute the heat flux. 



MODEL DOCUI1ENTATION 

Notes on Use of Program 

(1). This version of the finite-difference model is restricted to 

problems involving confined, horizontal reservoirs exhibiting 

.two-dimensional flow. Futhermore, the reservoir is overlafn ·and 

underlain by impermeable layers that allow only conduction. of hea.t. 

(2) To minimize cor~ requirements, the diníensions-of the arrays 

A(NBB,MBE) and R(NBB) must be specified for each problem, where 

NBB = 2*NB 

(NB - number of nonzero blocks, that is, blocks that have nonzero 

permeability) and MBE is the. estimated matrix bandwidth given for 

two simultaneous unknowns at each grid block by 

where, 

MBE D 2 * (2 *MM+ 1) + 1 

MM D NY IF NX > NY 
MM D NX IF NY > NX 

and NX and NY are the number of columns and rows, respectively. 

(3) The actual matrix bandwidth is computed internally anif printed. 
' 

If it differs from the estimated bandwidth, change MBE so that 1t 

is equal to the actual matrix bandwidth. Also, change the dimensions 

of array A. 

(4) rhe regression equations used in this program·are based on steam 

table data· for a temperature range of 10° to 300°C. 

·(5) The units of the input data must be in the cgs system. 

(6) .At.present most arrays are dimensioned to.solve problems wfth a 

maximum of 20 columns and 10 rows. 
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------·----·-·--·-···------~-------- ----------" .. ····-

(7) Re1ative permeabi1ity functions described in equations 10 and 11 are 

progranmed in SUBRO.UTINE PRPTY statement numbers PRP1Z30 - PRPÜOO . 

where the residual·~ater saturatfon, Swr = 0.3 and the residual steam· 

saturation, ssr " o."os. Other equaÚons may be substituted for these; 

the only restriction is that ·relative permeabflfty must be a smooth 
• 
functfon of saturatfon. A non-smooth relatfonship (such as linear 

fnterpolation between data pofnts) can result in an oscillatory, 
?- - . 

. · unsta"ble solution. 

(8) . The two-dimensionaJ treatment in this model assumes that the fluid 

properties are uniform with depth: This assumption is probably valid 

only for very thin reservoirs, but may be a suitable approximaticin for 

sorne applications. 

(9) The program should be.in double precision, except when using a computer 

having single precision accuracy to 10 significant digits, in which 

case remove the REAL*8 IMPLICIT cards. 

(10) Although the unknown dependent variables are pressure and enthalpy, 

the user is given the option to read in either initial pressures and 
1 

.temperatures (K~D9 = 1) or fnitial pressures and enthalpies (K009 =O). 

This option is provided since field temperatures are more readily 

available than enthalpies. If temperatures are read, they are converted 

in the program to enthalpies, and subsequent calculations are made using 

the enthalpy values. If the initial conditions of the reservoir are t1~0 . 

. phase, the user must read in enthalpies. 
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(11) To reduce the number of 1 ines in the output, only the computed 

pressures and enthalpies are printed for each time step. The user. 

may, however, al so have the computed water saturations, temperatures, · 

· and fluid densities printed as often as desired by specifying the . 

proper value for IPRT. This parameter allows the additional data to 

be printed every IPRT time step. For examp1e, if IPRT = 10, 

satura ti ons, temp~ratures and dens it i es will be pri nted on time 

step 1, 10, 20, ••• unt11 the end of the simulation. 

(12) Mínimum number of b1ocks required for a successfu1 run are two in the 

x-dire"ction and two in the y-directfon. 

¡ 

r . 
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Description of the Subroutines 

.The F0RTRAN IV code ·-contains a main program and 12 subroutines, 

. whfch are shown diagramm~tically in Figure.4. The purpose of each 

subroutine 1s listed below; 

MAIN ·oriving program for the subroutines. In addftion, the large 

arrays, A and R, are dimensioned to minimize core requfrements. 

GDATA Reads and writes problem information according to the formats 

11sted fn the INPUT section of this report. 

READ Reads the two dimensional arrays containing data for each 

finite-differehce block. 

TCALC Computes the interblock transmissibility terms. Intrinsic 

permeability is determined as a harmonic mean of the values in the two . 
blocks. 

MATR Computes and prints matrix bandwidth. The estimated bandwidth 

should equal the computed bandwidth. The bandwidth is used in dimensioning 

arrays, and if the estfmated and computed bandwidths are not equal,. 

computational errors could result. See the section on 'Notes on Use of 

Program' for details on how to calculate the estimated bandwidth. 

PRPTY Computes thermodynamic properties based on regression equations 

determined using data from steam tables. 

VERTCD Computes vertical conductive heat leakage through a confining 

t>ed. This is accómplished by solving the ene-dimensional, heat-conduction 

equation at each finite-difference grid block. The numerical method used 

in this subroutine is the finite-element.method. 
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. ' 

·F@RMEQ Forms the final matrix equation; Note that the matrix 

1s nons.YJllnetric and that the dependent variables, pressur'e and 

~nthalpy a~~ solved simultaneously. 

S@LVE Salves. the matrix equation using the Gauss-Doolittle method . . , 
It triangul ari zes. a banded nonsymmetri e rila tri x and then back substi tutes~ 

PDATA Prints the computed pressures and enthalpies for each 

time step. 

PHREG Determines the thermodynamic region for each ffilite

difference grid block. 

BALNCE Computes a mass and energy balance for each time step. 

A generalized flow chart showing the approximate order that the 

subroutines are used 1s shown in Figure 5 • 

\ 
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Figure 5. Gener¡alized flow chart. 
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Input 

Columns Format Na~ Descrietion 
e 

Can:l l ..... 

.. 1-80 20A4 HTLE \,r: Prob1em tit1e 

Can:l 2 

1-5 15 NX Number of columns (x-direction) 
6-10 15 NY Number of rows (y-direction) 

11-15 15 NB Number of non-zero blocks (those with 
non-zero permeability) 

16-20 15 NK Maximum number of Newton 1terations 
21-25 15 NT Maximum number of time steps 
2,6-30 15 NS Number-of sources 

' 31-35 15 MBE Estimated bandwidth (see text) 

. 36-40 15 10PT Read 1 for upstream weighting; 
2 for midpoint weighting 

(See section on Finite-Difference 
Representation) . 

41-45 15 PPRT Number of time steps between printing 
thermodynamic data 

Card J 

. 1-10 GlO.O DELT Time step (in seconds) 

-------

' . 
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Co1umns 

Card 4 

1-5 

6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 

41-45 

1-80 

1-80 

1-80 

Format 

15 

15 
15 
15 
15 
15 
15 
15 

15 

8G10.0 

8G10.0 

N ame 

K001 

K002 
K003 
K004 
KilOS 
K006 
K0D7 
KilOS 

KI!)09 

· Oescrfptfon 

Read 1 ff x-spacing fs constant (otherwise, 
leave blank) 
Read 1 if y-spacing is constant 
Read 1 if initia1 pressure is constant 
Read 1 if initia1 entha1py is constant· 
Read 1 if x-permeabi1ity is constant 
Read 1 if y-permeability is constant 
Read 1 if initiali porosity is constant 

< 

· Read 1 if reservoir thickness .fs con-
stant 
Read 1 if temperature is read in place 
of enthalpy 

Data Set 1 - X-spacing 

OX(I) Spacing in the x-direction (NX va1ues); 
if constant, K001 = 1 and only ·read 
one va1ue (cm) 

Data Set 2 - Y-spacing 

· OY(J) Spacing in the y-dfrection {NY va1ues); 
\ 

if constant, K002 = 1 arid only read 
one va1ue (cm) 

Data Set 3 - InitiaZ presSUPe* 

8Gl0.0 P(I,J) Initia1 pressure distributfon fn the 
.reservoir; if constant, K003 = 1 and 
on1y read one va1ue (dynes/cm2) 

~start new card for the beginning of each new row (may start with the 
top row or bottom row, but be consistent) 1eaving b1anks for missing 
b1ocks. 
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· · · Co1umns 

1-80' 

1-80 

1-80 

1-80 

1-80 

Format Descrf pti on 
~/ . . . . . 
· Data Set 4 - In'l.tial enthalpy 4+ 

8G10.0 

8G10.0 

8G10.0 

8G10.0 

8G10.0 

H(I ,J) Inftfa1 entha1py dfstrfbutfon fn the 
reservofr; if constant, K0D4 = 1. and 
on1y read one va1ue (ergs/g) 

Data_Set S- X-perrneabiZity4 

XK(I,J) Reservoir permeabi'lity fn x-direction; 
ff constant, K0D5 = 1 and on1y read 
one va1ue (cm2) 

Data Set 6 - Y-perrneability 4 
. . . 

YK(I,J) Reservo ir permeabfl fty in Y-:-direction; 
ff constant, K0D6 = 1 and on1y read 
one va1ue (cm2) 

Data Set 7 - Ro~osity4 

PHI(I,J) Reservoir porosity; ff constant, 
K0D7 = 1 and on1y read one·va1ue · 
(dfmensfon1ess) 

Data Set 8 - Thickness4 

OZ(I,J) Reservoir thickness; ff constant, 
K0D8 = 1 and on1~· read one va1ue (cm) 

4 Start new card for the beginning of each new row (may start with the 
top row or bottom row, but be consistent) 1eaving blanks for missing 
blocks. 

+ lf K009 = 1, read init.ia1 temperature distribution (°C) instead. 
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Columns Format ·:·. ~ Description 

Data Set 9 - Sources 

1-5 15 I Column number of we11 
6-10 15 ·J Row number of we11 

11-25 G15.0 IHJ ,J) Strength (g/s) of source/sfnk at 
block i ,j 

Note: 1-NS cards; if. NS = O this data set fs omitted. 

Card S '·, 
.. 

1-10 GlO.O XKC Medium therma1 conductivity of the 
reservoir (ergs/s-cm°C) · 

11-20 G10.0 C0NO Confining bed thermal conductivity 
(ergs/s-cm°C) 

21-30. GlO.O PHFWT Rock enthalpy derivative wfth respec;t 
to temperature (specific heat) (ergs/g°C) 

31-40 GlO.O DF Rock density (g/cm3) 
Compressibility of reservofr 2 

41-50 GlO.O BETA {cm /dyne) 
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Output 

":J 

Jo aid the user in detecting errors associated with data input, data 

that· is read in is fmmediately printed; thus output appears in the 

following arder: 

Tftle of Problem 

Ffnfte-Difference Data 

Grid Numbers 

Time Parameters 

Codes · 

Spacfng fn X-Direction 

Spacing in Y-Direction 

Initial Pressure 

Inftial Enthalpy 

X-Permeabil ity 

Y-Permeabil fty 

Initial Porosity 

Reservoir Thickness 

Sources 

Rock Propertfes 

Maxfmum Bandwidth 

In aa'dition, every IPRT time step·the.following is also printed: 

Water saturations 
Temperatures . 
Density 

37 
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' Finally, on a s.uccessful run, the following is printed every time step: 

Step Number 

Time 

Pressure Values 

Enthalpy Values 

Mass· and Energy Balance 

APPLICATIONS 

Example 1 
. . . 

The Íinearflow of hot incompressible fluid through aco~fin~d· ,. 

aquifer.may be described by the following equations: \ 

(36a) 

au _ 
Pét at , z- O, X > O, t > O (36b) 

subject to: 
u(x,O) = O, x > O 

u(O,t) = 1, z =O, t >O 

where u is the normalized temperature¡ T
0 

is the overburden 

' (underburden) temperature and the initial aquifer temperature¡ and r, 
is the temperature of the injection ·fluid. The subscripts refer to.the 

rock, r, water, w, and total (rock and water),· t. 
1 

. ,·, 

· ... : 
' ..... ·, ·¡ 
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Avdonin (1964) presents an analytical solution for·equation (36): · 

u(x,T) • ~ ~ { exp [- (aylt 

o 

- -'L) 
2

] erfc 
2s1T 

- ·· ·- 4K t 
where X• ~X; T• t 2; 

CtP b t. 

:; ... 

• a• ; and Q is the injection flow ratc. (In the 

original reference, y is defined with an 8 in the denominator; this appears 

· to be a typographi ca 1 error.) 

. \ 
To simu1ate this prob1em, the fo1lowing assumptions were made: . 

; . 
1) Temperature is a function of entha1py only, according to: 

• 
T ~ -_0.0208 + 2.39 X 10-8h (38) 

2) Oensity is a function of pressure only, according to: 

p = 0.989875 + 4.00894 X 1011 p (39) 

3) Porosity is constant. 

These changes must be made in the program by appropriate1y changing the 

sing1e-phase (water) statement functions for temperature and density, and 

by appropriately changing their respective, pressure- and enthalpy-derivatives . 
... 

For constant porosity, beta is read as zero. Other parameters and the 

'nitial conditions used in this example are given in table 1., A block

centered grid consisting of. 20. blocks was used, and the time step was 

6.25 x 106 sec. The total simulation time was 3.75 x 108 sec. 
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The results are presented in figure 6. This problem was chosen 

because it exhibits pronounced truncation error in the approximation 

of the spatial derivatives. Time steps were chosen to reduce time 

tru(lcation errors. 8oth mid-point weighting and upstream weighting 

were used. It is cléar that mid-point weighting approximates the 

temperature front better than upstream wei ghti ng, .~ut exhi bits 

oscillatfons at the base of the front. Upstream weighting smears' 

the front· out by numerical diffusion and does not exhibit oscillations. 

TABLE 1 • DATA FOR AVDONIN LINEAR EXAMPLE 

PAIWtETER SYMeOL 

velocity V. 

porosity • 
reservo!~ ther~l conducttvtty K • 
confining bed thermal conductivity K' 

rock density ~~. 

rock speci!ic heat e r 

aqui!er thicknese b 

1nitial pressure pi 

ini.tial enthalpy h1 

initlal fluid viscosity .. , 
tnttial temperatura Ti 

in~ection temperatura T' 

fluid density j) 

fluid specific heat e 
V 

VALUE 

4 1,28 X 10 c-Jaec 

0.20 

3.20 X 106 erga/aec-cm °C 

3.20 X 105 eras/sec-cm °C 
. ] 
.-2.50 a/cm 

7 o 
1.01 x 10 eras/a . e 

2.00 X 104 ~ 
7 1.38 X 10 dyneo/cm2 

9 3.35 X 10 erga/g 

3.58 X 10-l ¡/cm-aec 

80.19 °C 

40.01 °c 

0.99 g/cra3 

8 7 o 
4.1 x 10 ••a•la e 

-41-
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) 

Parameter 

b 

h 

p 

q* 
m 

q* h 
qll 

. ' 
··coded 

·.·llame 

oz 
P.HFWT 

H 

HROCK 

HS 

HW 

XKC 

C!IIND 

XK 

YK 

XKW 

XKS 

p 

Q 

QH 

CQ 

SWl 

TEt·1P2 

TIME 

BETA 

vs 

NOTATION 

•.' .... 
·Oescri pt ion 

reservoir thickness 

rock specific heat 

enthalpy 

roe k entha 1 py 

steam enthalpy 

water enthalpy 

medium thermal conductivity 

confining bed thermal conductivity 

x- permeability 

y- permeability 

water relative permeability· 

steam relative permeability 

pressure 

mass source term 

energy source term 

vertical 'conductive energy source 
term 

water volume saturation 

temperature 

simulation time 

rock compressibility 

steam viscosity 
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. . : . 

Parameter · Coded 
N ame · Descri ption ·'. ' 

\.lw vw water vi scosity 

p DEN2 densi ty 

Pr DF- rock density 

Ps os . steam density 

Pw DW water density 

4> PHI porosity 
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PROGRAM LISTHIG 

( . 
•~F lO 
·~.F .lO 
•~P :.lv 

. •~P •o 
P~~PCS~: TU SI~UL•TE VA~Ot<• A~U ~IQUI~·UU~J~~i~C GtOT~t~~~~. -~~ ~d 

· t<eSt:'HVOI"S u~l•u FII\IH O!Ht>!tllo'tE He¡.odwUtS· •~¡. 1>11 
~t<C~RA•tU bY t~At<~tS "' F•~~T A'U JA~t~ •• •E~CE~ •~P lo 

u, s. i•fULOúi'AL su~vtv · •r•F tJo 
1975·1~7b •~P ~u 

--·--------·------------------------------------------------------~~~ luo 
TO ~INI~IZt eu"t' Ul~thSIUI\ 
Al~H~o~ctlo R(~"~) 
O!wtNSIU~ Al300t43lo ~(JUvl 

• -~ 11 u ,.,p 1 <u 
••P 1JO 
·~p 140 

. ·~~ 1~0 
CCPPO~ /lllo~UT/ PHIC20ol0)oA~Cl0oi0toY~l2Uol01oPC20olOiot<C20olO)oAC•~F loO 

14001 oA.1 C40ul oi<PC20;!0) •NP~I20Uo.!l otiAI21JI oi)YC101 oCZ!é!Oo1UI oGC?Oo10I•"F IIIJ 
CO,.,MON /CUI,f¡.¡U/ Nl\tliAthXXti'I.YtNYY,r~Hit"'':h.,,h.T,UtLTtTl:<ei:.,PMFaTtllftAKt.:tfll"~ lcu 
ICU~u,eofFoHtTAolPHl nP l~u 

eu•"-ON I•U><~I .AACcloiUlotlAI21o10iolXC21oiOioAY!20ol11oHYCi'Oo111otY••F 2oO 
1 12 O o 1 1 ) o T t 1 ?.1 o 1 O 1 o T A~ le 1 o 1 U 1 o 1 t 12 U o 1 1 ) o TY 0\ ( 2 O o 1 1 1 o JIM ! 2 O o 1 O) o A~~ SS 1 MH ¿ ll' 
2c0o10) ol:.l\ 12Uol0l oC:I\tHo,Y(2~•101 oC C20oiUl oUC20o101 orlo!OolOI oti.!l0o10l••P 220 
:.lollr 120ol01oAI\o(c0oful o i" !2vol0l oUTI'I20olul olJ11-!éUol~loi'Hie!20o1UI.ol'~•~ c!Ju 
4U~C!~Uol01 . . ' •~F.240 
ec~~O~ /~XT"A/ ~bwowd~ ~~~ ¿~u 

CCP~ON te~ECK/ l~UC20Jloi~~ULUC20Ul ~~~ ibU 

-----------------------------------------------------------~------~,. 210 

G~l DATA • 
tALL ~[loTA!IOPTl 
••••••••••••••••• 
NKM=I\t\ 

~··~ 
-~· Ht' 
-~p 

(t t . .-
.,p 

Cou 
c~iJ 
Jo u 
JIU 
JCtJ 
3JU 

e FC• Ul"t~SIIl~1M> • 
llod~U=Ntlh 

, 1•1-1 

"·"Jo" 
J .. \J 

~~" 
~i!EU=•1tl~ ~. t' Jo o 

e P'hF J /tJ 

e CALC~LAit IHAIIoS.,IS~ItiiLIIY Tfo<•~ • ,., ,, tJ Jttu 
lfi\lo= 3~o 
,.. 1\-f •u u 

C~LL lCALCCuY,o~.ul•A~,y~,rr,rv~.tx,TA~,x~c."v.Ni.~~v.~x)) 
e 0011000 00 a •••• o oooo.ovo ••.•••••• o ••••• oooooo •• .., ó', .. o •••••••••.••. 

e •~P 4lu. 
e eALCOLATE tlA~U-IDTH .• •~F ttCa 

CALL ~Ar~c~~,hY.Nx.~~~·~~·, •t·P 4Jt. 
e ooooooooooovoooo••••••••••• ""~ •~u e ""t-: • :>• 
e eH~eK I~IIIAL t'HASE e~~DIIIO~~ -~p 4ov 
e .CG•POTE lHtt<~UUYNA~It ~lGI~IIo • ""' .. t,¡ l.tl 

CALL ~'~>'tGCINUI ·•H •hu 
e ••••••••••••••• 1"1\to= •~u 

00 lO K=1ol\d l"'hr ~u u 
10 I'CC~UC~l=I~~~KI "'".:: ~lu 

e .,~ .. ~C:l• 

57 

.¡ 
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e 
e 
e 
e 
e 

e 
e 

e 
e 
e . 
e 
e 

e 

e 

eALeULATE l~ITIAL H4LA~eE • 
eALL BA~~CEIOoNKKt~CE~I 
••••••••••••••••••••••• .. . 

TIME LOOP • 
• DO 180 L•1 tNT .. 

ITERA TION LOOP • 
DO 130 KKK"1oNK 

eALeULATE "PROPERTY CU~~FlCil~TS • 
CALL PRPTYCLtKKKI 
eooooeoeooooooooe 

l~ITIALIZE ijOU~OART 

DO i!O 1•1tNA 
P.Y llolloO,UU 
HYClo1l=O.OO 
EY llolloO,DO 
AY Clo>HYI oO,OO 
SYCloNTY):O,OO 

20 EYCI~NYYI•O.OO 

00 30 ,.¡o¡ or.Y 
AA!ltoJI•OoUO 
SXCitoJI•O,OO 
EXC1ooJJ:O,OO 
P.XIhXJiooJ):O,OO 
8XIhXXo,JI•O,OO · 

30 EXcr.XXooJI•O,OO 

~~~ ~Ju 

•·~-~ :•o 
~~~ :!>ú 
"'"'~ ~b!' .,,.,¡: :l:J 
,..~¡;: ~ou 

...\lo' : .. J 

,..".= e liv 
fiii':O..t- t 1 !) 
P'"~ -:lY 
,~.,: tJU 

. Jlft..f- c•Lr: 
fl'o\~ ·t:siJ 
~•F ce, 
t111._F a1~· 

~~~ c~o 

-~F 

~~~

~ .. 
·~~ 
.. t\t= 

""¡: 
f'lf\;; 

·~· ""'.=. 
,,.~ 

... ;\f 
~hl' 
.,~¡.: 

H~ 

.... 
~~~ 
71~ 

lC.O 
7Ju 

'"' 7~1> 

lb~. 
, f'J . ' 

loo- .. 
IYU . 

~l·U 

c!l~ 
el~ 

00 50 J•1oNY ~~~ ~~u 
DO 50 1=2oNJI ·~~ ea~ 

e FO~ UPST~EAM •EIGriT!hü • •~• old 
ALPHA•1o00 ••F •o~ 
IF CPCI•loJI,GT,PClo.Jll AL~HA=O,UO n.;: ·~~ 
lF CIO~T.t:llo11 GO TU 4U nP .;~¡¡ 

e FO~ ~IOPO!r.T WE!GHTlNU • ••> •l• 

e 

A~PHA•UAili/(UXIII+OXIl•lll ••• >t~ 
-~0 EXClo,J):IALPHA•INilo,JI•Il,0•4L~HAI*XNil•loJII•TXI!ooJ) •1.¡. •lu 

P.XCltoJI•IALPHA*OTPilo~I+II•O•ALP~Al*UI•Cl•lo.Jil•T~Kil•JI+I~LP~A•f••~~ ~"" 
le l o .J 1 + 11 , O• AL P HA 1 o T H 1 l• 1 o ..r 1 1 * Tl C1 o .J 1 • • ¡. , ~u 

50 HXIltoJI=IALPHA•OTHC!o.Jl+ll•O•A~~HAI*OI~CI•lo.¡)l•TX~Ilo.JI •h> •au 

0070-I•IoNX 
DO 70- ,.¡:z,r.y 
ALPI<AE!,OO 
lF CPIIo,J•Il,GT,Pilo,JII A~t')1A:O,I)U 
1F CIOPT,EU,ll GO lO bO 
ALP'"'A•DYI.J)/IUYIJI•~YI~·III 

60 I:.YCloJI•IAL~HA•~Nilo~l•lloU•ALPnAI*X"Ih.J•!I)•fY(l,•..rl 

58 

, ..... i7¡, 
lit\¡: ~1'1\i 

""~ ~'IICI 
""I")~U~ 

""~"l•IL. 
... t-: l:!c'.J 

,."¡.: id.)\• 
fW 1\ .. ! (; .. " 



.. 

e 
e 

e 
e 
e 
e 
e 
e 
e 

e 
e 
e 

AYCit~l•IALPHA*DTPIItJI+CloO•ALPHAI•DT~CltJ•ll.l•TYKittJl+~ALP~A•TM~~PIOSO. 
llltJl+lloO•ALPHAl•THCltJ•lll*TYCioJl . ··. . · .. ·., ~.NPI060 

70 BYIItJl•CALPHA*DTHIItJl+CioO•ALPHAl•DTHCltJ•Ill•TYKitoJl -~NP1070 

FOAII FINAL MATAIX EQUATION • 
CALL 'OHI'[QIAtRtN8d0tHÚEOl 

······················*••• 
TIIIANGULARIZE • 
eALL SOLVEIItAtRoNHBtlHALFthBBDt~BEDl 
••••oo••••••••••••••••••••••••••••••• 

SllLYE • 
eALL SOLVEI2oAtRtNaB,lHALFtNBBDt~BEDl 

••••••••••••••••••••••••••••••••••••• 
DO 80 K"lohB 
XIC2•K·Il•XIC2*K•ll+RI2•K•Il 

. 80 ·XIC2•Kl•XII2•K)+RC2°Kl 
IF IKKKohEoll GO TO llU 

85 COh T lNUE 
eALL PHREG IINDl 

······~········ 
DIO A COhYERSlON OCCUHlT • 
DO lOO K•loNB 

100 lNCOLDIKl•lNDIKl 
GQ TO lOS 

11 O COh TI NUE 
lF CKKKoGE,4l GO TO 85 · 

1 OS COh TINUE 
" DO 120 K•loNB 

l"hPPCKo·lr 
J"I\PPIKo21 
P 1 lo JI =XI12*K•"rl 

120 HlloJI=XII20I\) 
IIRITE 16tl90l KKK 

• 

59 

·~NPIOBO 
•l'hPID90 
~NP 11 DO 
·~NP 111 O 
I'NP 1120 
-I'NP1130 
~NPI140 
MNPI.ISO 
I'NP1160 

. •I'NF 1170 
·~NP1180 

""p 1190 
•IINPI200 
IINPIZIO 
IINPI220 
MNPI230 
·~NP1240 
I'NP12~5 
~NPI250 
I'NP1260 
•"NPI270 
•"hPI280 
·I'NP 1290 

MNP1450 
~NP1455 

"NPH60 
I'NPI4óS 
... ,.p 1467 
"NPI470 
I'NPI4ijQ 
I<NPI490 
IINPISOO 
IINPISIO 
·"NP1520 

' ... 

.. •· ...... . 
·,t' 

, ... 



e 
e C.ALCULATE ~.ASS·'.ANIJ HE,.I ~ALA~Ct • 

CALL ~AL~CtCloK~K.~Ctcl 
e ••••••~•••••••••••••••• 

tR~=UAdSCo>CI:.fl 

rlf\~l~Jv 

... 1\a.:¡::) .. IJ 

.,..,.;1~~·1 

, ,. " 1 ::) "t¡ 

... ,~t:l-11) 
C CHECK l:.hRUH OF t~EhGY DALA~C~ 

lF CEk~oLT,Oo021 GU TU l"u 
130 CO~TI,..vt 

TU UtTE~•I~I:. "UM"~H U~ 11t•AIIU~~ • •··•loc·u 
,,.t=J:..,u 

e 
e 

e 
e 

e 

e 
e 

e 

GU TO lt:>O 
140 CO~ T !NUI:. 

00 ISO 1=1•1'<~ 
DO 150 .J=1oNY 
A~ASSCio~I=AMClo.JI 

1~0 ~~EHGYCio.JI=E~CioJI 
160 CO~ TINUE 

E~U ITERAT!CN LOOP 
DO 170 ~<= 1 o NI!~ 

170 A(I<J=XIIKI 
T li'E=T l"E +OtLT, 

PHINT HtSULIS • 
CALL POATA Ct'oHoTI,bLOI•Yo~AI 
•••••••••••••••••••••••••••• 

liJO C.O~ T !NUt 

no ll"E LOCP 
STCP 

• 

190 FOkMAT (//lSXo1~Hlltk•!IO~ ~UMI!ERoiSI 
Er.c 

60 

,;, ... ¡.,.;,.¡.• 

,,.~P·l•'. 

1'1,.0\bt:"'V 

""._;JO..lll 
,..,,.,: lt-4tW 
tvr,.,: lc.,\J 
l'·'t-lf!r¡l; 
,,.. ... lo·t;J 

1'·\,..lOUol 
,,q:: ,~..,~ 
,l.~ 1fllU 
... ~,/¡u 
, ,, ... 1 ., i:,tJ 

~t.~J.7.>u 
~".-:t/ .. 0 
,..,,,.J l!lt) 
,., ... 1 (hll 

~~•111" 
~-~llbú 

l'l\'l-l/"1U 
.,,.~lchU 

.,.,~ltlu 

•••11:¿u 
1'1\fl~.JU• 
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e 

e 

'\•:' . ',.,· 
~-: 

,, .. 

'.: 
' / ' .r. ·. '.· .· 

· ... , . 
.... : .. · 

SY~kOUTl~t GOATAIIU~TI e' T.· 1.0 
.Uit' i!iJ 

~~~LielT ~!AL0 ~1A~~~U-ll .• .CAT 
·-. ."·.";: ·. IJA 1 

eALLEli FOI(M MAIN .~ ... , ... :·.•· U'T . ~·/ 
l>u ~~~~OSEI 10 HEoO ihU •Hli~·~HC~LEM I~•UWMATI~~ '~T 

··----··········------·---·····-···--··-·.;.····~---.:·~~-•·••••••••••Cf.1 7l+ 
Ul~ENS!U~ TITLEIZOI . . . . ., . CAl bO. 

: '. · · • • '·• • ' , ' ' ' ' ·. CA 1 ~.D 
eu~~ON ¡¡,;~U1/ P~l14!0•10l01\(20;101tYI\1.2UtlÓI,~'P.IifÓ~'ini·~ .. ÚÍÓi:¡il)iA(UoT luu. 

14 o o 1 , A 1 r 4 o o 1 , .. F r z o • 1 o 1 • "~" r 2o o, z 1 •L•x r ¿in u>Y 1 i'ill·• o ir trf,· i ~ '" g'·c 21•'• 1 o 1 e A r .11'' 
CO~I'CN /CON T ~\I/ 1<1< • Nl< t ~U t "Y t NY Y t Ntlt l'odb t 1\ T ~·OEI:lt TI M t. ,~·"F" T·tUf t •1\C t ¡;A 1 ¡¿¡¡ 

leC~O.eOI:.Ftt>t.TAoli'HI ... ... . . '<· C.or· IJ¡, 
CU~~O~ /~UhK/ AA12loiUI,t>•IZloioloEJI2••.lOI;A~.i~Oot~f~tiYC~Otlll·oEYUAT 1•••· 

l ( 2 O t 111 .T A. ( 21 t 1 Q) t 1 •K 1 ~ 1 t l U) 1 TY ( 2 U 1 1 l 1 t TY K ( 2 O t 11 ) t AM C 20 • 1 O 1 t XM A S~ 1 CA T l ~U 
220 oiOl t~l\ 120 oiOI t~l•tHüt IZUtlO 1 o e IZOolilhDii!OolOI.oF Coi:noldl oG 120o1U)CA 1 .le• 
Jo U~ 120ol0l tAI>Ii!Ot1UioiM(2U•lOI,tÚlP(2Ut10I.tDTHI20el01 1 1';o¡Cr2Utlul oi-CAT 17U 
itOLCIZOolOI . . . . .·· .. · . . . . , .. . CAT ¡~o 

eu~~<ON IEXTH#/ 111! .. •1<tlt. , . .LiAf l.~u:· 
····--------------·--··-·-··---·-·••••·---~-~---.;. •• ~~-~---~·--~·.;: .... ~-·L!i. 1 ZIJ ~.·. 

HE~U A~u •Hll~ U~IIS-

l~ITIALIZI:. SI~ULATIO~ I!MI:. • 
Tl~t=o.uo 

· ... ·. · ..... :. " . 'lu· .' ·, :.· ..... ·' UAT < . . .... ' 
li.Or U•l 
CAl olJu 
UAT 2•u 
Uot i!!>lo 
Uol 21>~ 

CÁT 27~ 
0~1 2t>u 

'¡·, 

HlAU AhO WHllE l!TLI:. 
rifAD l~ht2~0) IITLI:. 
aoUTE 1~••2-.0I 
~~ITE INooJOOI TITLt 

. ~ .. LIA 1 iHU 
&:Al JUU,". ·· 
UPT JIU. 
DA! JI.U 
U•T JJO 

ktAU A~U w~ITf F!NITE Ul~~tHENCE INFUH~ATIUN • t.:a&f J~tU. · 

·;.' 

... ·: 

hfAU C"-"•)10) ~.(.NY.flld•NI<•I'\T•NS • ..,HE,¡u.-.·l~·¡pqr'· ·; ..... :~. 
~X NU~BEH Of eUL~~h~ IX•UI~leT¡O~I . . ... 
NY ~u~~E" Of ~OoS r•-Dih<CTIC~I 

l!A 1 J~~"·.". ,_. , .. 
·. O·Al· Jau··--: ... :¡< 
... CAT J7u 

~~- N~t~EH U~ NUN-i~•u oL~C~S 
h~ - ~••I~UM NU~~E~ u• Nt.•IUh ITEwATI~hS 
hT ~ "A'l"lJ"' NU"'~l" O~ •TI.•< SlEI'S 
~S - ''~PM~~ Of ~OU~eE~ 
~~l • I:.STl~ATtU ~A~U•l~T• 
lllPT - hi:.AU 1 Fvl< u"SI.,EA" oEibt1T!Nt; "" I'Ht.SS.UI'tl::l· 

2 FU~ ~1U~v¡~r ~fii~TINb 
IPRT - ~~ .. ~EH uF TIMt: ~Tt:l'~ ~n.~E" P"U•TI~a· ·,.,r .. O.o nu•· 
o><IH 11\•oJcOI . . • . 
oldH 11\•oJJOI NAo,Yoi\OoMtMt~So'l<'f.t1Vf'loii'Hl 

t\)I.)I:~N)I.+J 

~YY=I\Y•I .·,: 
l\er=C 0 1\tt ..... 

~~b • !lJIAL ~UM~E~ UF euu•I.ICN~ 

',·. 

61 
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.. ;· 

UAT JkO 
L:AT J"i0 
C• r •~u 
~Al •lu 
CA 1 .~~ 
¡;~ 1 4.$10 

t;A) .... u 
t.:~ol 't~IJ 

li .o T ,. tHI 

UAT •7u 
L:'"l 4ttfl; ~ .... 
t.:A1 ._..,1.: 
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· Cll . ~i.Í. 
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Tl~E PARAMETERS • 
READ I~Ro3~0l DELT . 
DELT • TlME STEP I~ SE~ONUS 
IIAITE IN11o3701 DELT 

DATA eODES • 
AEAD 1 NA o 31 O l KOD 1 tKOLl< tKOil 3 oKOD~ o KOD~ tK006 oKOOlo KOIIR o KOC ~ 
KOC1 • HEAD 1 IF X•SPAC!~~ IS COhSTANT 
KOCi! • READ 1 IF Y•SPA~!NG IS COhSTANI 
KOCJ • READ 1 Ir INITIAL PHESSUAE IS CUNSTANT 
K004 • READ 1 !F INITIAL E~T"ALPY !S CUNSTANT 
KOCS • REAO 1 IF X•PE~MEAHILITY IS CO~~TANT 
KOC6 • REAO 1 (r Y•PEWHEAdlLITT (5 CO~~TANT 
KOC7 • AtAD 1 (F (N(TIAL ~OAOS!TY !S CUNSTANT 
KOCB • ~EAD 1 Ir RESEHYO!R T"ICKNESS I~ CO~STANT 
KOC9 • READ 1 IF TEMPfMATUkE IS AEAO (o< PLACE OF E"THALPY 
WA(TE CN•o260l K001oKOU2)KOD3oK004oKOLl~tK006oK007o(U0d•~CLl~ 

SPACING • 
IF IKOOioEQ,J) GO TO IU. 
READ lhHo340) IOXIIItl=lth~l 
GO TO 30 

10 REAO INH.t340l OXI 
oo zo ¡ .. ¡,Nx 

ZO DXIIP•0111 
JO liRITE IN1to3!>0l 

IIHITE 1Nwo390l IDXIIlol~lohXl 

IF IKODZ,EQ,J) GO TO 4U 
READ lhHo340l (QY(..¡) 1 .Jii1ohll 
GO TO 6~ 

40 READ (NRo340l DYl 
DO 50 .¡aloNY 

50 DY(..¡¡:DYJ 
60 WRITE 1NIIo3b0l 

IIIIITE (Nito3~0l !DY!Jl o.J=I•'-ll 

PAESSURE • 
IIRITE l"ito3BOI 

.eALL REAO!PoK003oNYo"~l 
ooeoooooooooooooooooooo 

E"TI1ALPY -
IF !KOU9,fQ,ll loRITE I"W•Z70l 
IF !KOO'i,Nf, J) WHITE I"Wo400) 

~ eALL AEAC111oK004 1 NYoNAI . 
OOGOOOO*a•o•OOOOOOOOOOO 

IF I~009,NE,Jl GO TO IUO 

TE~PEHATLRES JEAO ICOM~HESSEC •ATEH ~tblON ASS~~EOl 
CO~PUTE ENTkALPY dY ~twJO~·HAP"SON HE1"00 

62. 

~•T SJ~ 

CA·I ~·u 
cal s~u 

. CAl ~bU 
·I)Al SH 
Cll 5•~ 
UAl ~_,, 

CAl ~uu 
CAl biU 

. CAl btO 
t:A 1 ~JU 
UAl b•U 
o• r t5u 
IIAI ~ou 
llAl tlu 
UAl bbU 
UAT tvO 
C~ 1 IUü 
CAl 71 u 
CAl lliJ 
CAl 7JU 
&;Al hu 
&:•1 '/~U 
c•r 1~u 
CH 77u 
I)Al /!!U 
DA 1 7\IU 
CAl ~uu 

CAl ~IU 
UAl ~20 
IJAl ~30 
UAl e40 
I)Al !!~U 

CAl ~bU 

t:AT ~7u 
(;Al ~~u 

t:AT d~U 

C•T ~uu 
CAT ~JU 
CA 1 ~~u 

CAl ~Ju 
CAl ~~u 

·CAl -':>U 
o~l ~bu. 

!,;Al ~/U 

t:Al ~bU 
.;Al .,.-,ll 
t•l!OUt¡ 
ll•IJUIU 
llAiluc~ 

~OI!UJU 

C/•liC•u 
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110 110 .J•lof'.Y ·· · · 
DO 110 l=l•"A 
lf Ct<!Io~J.tl.l,"o,J uo Tu du 
T•t-Cio.JI 
~Cio.JI•T 0 4l84l004,l8 
PP•I'CloJI•o,¡oor 
HhahCttJ) 0 0.1**7 · 

\ 

110 70 J..J• 1 '" . 
Tl••2,4lcJ1•2,5b222U•~loH~·9,Jl415D•OJ•PP•PP•2o256811~05•1"H*HH 
UTa2,5bc220•01·4,5l3bULl·05°HI< .. ' . 
lln:•(Tl•TI/UT 
hn:htUOh 

70 CO~TI"'lJt 
hlltJl=h~•l0.••7 

80 CII~T!NlJ~ 
~,qTE Ch•t4UOI 
UU 90 ..J•lot.r 

!10 WHITE Cl<•oJ9U) CnCioJI•I•Itf'.X) 
lOO eOi\.Tl'<lJE 

A• ~NO Y•PEtiMEA~lllTY 

lolliT~ (1'<1 .. 4101 
eALL REA0(AKtK005thYt~AI 
•••••••••••••••••••••••• 
•HIT~ (Nh o4201 
eALL ~~ACCYKoKOUboNYo~AI ........................ ., 

POROS!TY • 
•HIT~ '"••4301 
CALL ~fAOC~HioKU07oNYt~XI. 
••••••••••••••••••••••••• 
SA'E PllESSU~E ANO IN!IIAL ~ORUS!TY ~ 
00 110 l•loNX 
DO 110 J•l•"'' 
POLI11l•..JI•PCI•JI 

110 PHIOC!tJI=P11llloJI 

HESf.RVU!H 111ICKNESS Cd_T ~LUCKSI • 
wí<ITE CNilo4401 
CALL HEACCOZoKOUtloNTo~AI 

•••••••••••••••••••••••• 
SllLHCE/~IN~ CG/Sf.CI • 
lltiiTf , .... 4501 
DO 120 J•1oNY 
11.0 120 I=1oNX 

120 UC!o.JI•O,OO 
lf C,_.S,EC,OI GO TO 14U 
UC 130 K•lo'<S 
HEAD Cf\Ho460I loJollll•"'l 
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~~ 11 0~0 
~A TI Oc V 
llAliUIU 
0Al10CU 
UA!l090 
CLTI100 
llA1!11U 
UAT!!cO 
~Al liJO 
UA1ll4U 
CATI!!>U 
~A1!1C0 

UA1!17U 
CAllloU 
O~lll~U 
C6T1tUU 
~ATIZ!U 
UAT1220 
U•TJ2jU 
0A112~U. 
UATlc!>U 
C~T1éo0 
0~11270· . 

. UAT12Ku· 
.UAT 12~6 
CAT13UD 
UATIJ!O 
UA TI JcO 
UAT!JJU ·'· 
UATIJ4u."·· 
UUIJ~O 
UA TI Jo O 
CATIJ7u 
UA TljnU 
CATIJ~O 
e u 1~ 06 
OATio!U" 
-~·n~zu 
UH hJO 

·uATI~4u.· 

OATh~u.· 
UAT14o0 
U~TI•IO 
UAT1o!!U 
UAT!•~O 

UAll~UO 
UAT15!U 
t;A1!52U 
CATISJO 
t;AT15•U 
~.r¡:~o 

UAT15o0 

·~ 



e 
C HCCK PHOPEHTI~S •· 

1~0 AE~O l~~o340) ~KCoCO~UoP~F•ToDForiETA 
C ~KC • ~~C!UM T~ER~AL CuNUú~TlVITT 
C CO~O • CCNFINI~i¡ ~tU fr1fk"AL CCi<IÍIICTlV!T~ 
C P><FWT • tli)CK t:N.f.HALPT uE~IqT!Vt:: ••Hol• IE,.I'E'<AI~Wt 
C OF • t<OCK Ot.~S 1 Ú 
C dETA ··"OC~ CU~PHtSSI~ILiTl 

oA!TE lhwo4601 x~c.co~<~'•~"fwlo~F.bElA 
e 
C CO,.PUTE COtFFICIENT FU" CU~OLCT1Vt. LEA~AGE • 

IF ICO~D.LloOoll GU T~ 15U 
COEF=OF•PHFwT/CO~O 

(: 

GO ro 160 
150 CCEF=O.UO 
16 O COl\ Tl I'<Uf 

C Nu~bEA GAlO BLOCKS • 
C ~PIIoJ) • ~EQUENCE NúM~EHII\G Uf HLOCK~ 1oJ 

1&1\=0 

e 

DO 190 1=1 •"~~ 
00 18~ .J•.l•"y 
IF IOZCio.JloLToUoOUIJ 1>0 TU 170 
~~~c!~~·.l 

· "Pil•JI=l8" 
GO TO ¡~O 

170 Nl'(lo,JicO 
180 COI\TINuE 
190 COI\TII'<Ut 

ll~lTE CNiooZ40) 
00 200 .J=1oNT 

200 ~~ITE 1'-••250) II<PiloJI •1•1 .~~¡ 

C CO~PUTE loJ FOH EACH ~tOuti\TIAL ~LOCK nU~~~~ • 
00 220 I=l tNX 

c. 

00 220 J=l•"'T 
lJ•NP 1 I ',JI 
lF IIJ.~Q,O) GO TO 22U 
NPFI!Joll=I 
"PPI!Jo21=J 

.GO TO 220 
220 CO~ TI NUE 

C lh!TlALIZE SOLUT!Oh V~~TOW • 
DO .23U K•loNB 
ll•'-PI' !Kol 1 
JJ,.l\PPI~o2l 

XI2°K~1l•PIIIoJJI 
~112•K•ll=~III•JJ) 
Xi2•t<l=ki!Io.JJ·I 
~li2°Kl,.~llloJJI 
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~¿¡¡~./U 

., ... ,J~,l.l 
'.(.:;.JJ~'711 

&;.tTlcuv 
~•llól·• 
L.~llt;C'll 

&,;! J l t:.1IJ 

t,;.:.ll~ .. ~~ 
I:Al!ó~U 

UJllle"u 
~•!Te/u 
t;~J]t:UU 

~·~~~~" 
CA117uu 
c¿TJ/Iu 
.0•111¿" 
~alii~U 
tlAl 1 /~U 
U¡olJ"/~U 

l;ol 1 /no 
Uol!l/v 
tJ•li/OU 
UAlli~U 

~AlloU~ 
OAI!olu 
~~T¡"¿¡, 

CAllo~~ 
C1. T lo~!> 
&;All~~u 

C~TiobU 

C•llci'l 
¡;¡.Jiéb;, 
t:"lltJ':IU 
~•Tt-nu 
u~r¡~¡,, 

e·"' 1.,/.v 
t1 JI 'J.HI 
l:AJiij"-ll 
tlAl h~U 
&,j,., l "'() i.• 
a.hd 1'77J 
.;.'! r ,.,t:t~.~ 
u t. 1 ; 1.1\,) •J 

""""Ti?ulu 
~Llcur.u 

UAf?u.;u 
CAf('U~tu 

·.C•T2o~u 

·~•I<'Ut-J· 
&;~o~TiO"fJ 

I,;'A f cU~:~'J 
t.!•tl ¿!.).,V 

. ' 

'· 



. ' 

e 

e 
e 
e· 
e 
e 

e 

e 

- b5-

230 CC~TI"\..t 
kETukN 

.. , ·. IJATZ!UO 
UAli!llU 
IJA.12li~ 

240 FC~I'AT ll!Atl2"GFIIU NUM>!Eri~IIPolZClh•ll ·· •••.. · UAT<IJD: 
250 FOfi~AT 1llAtl61~1 ·.,, UA12l4U 
ZbO FO•~AT ll//lll!Xo~hCOUOS/llXtSII~·I/llAt9!51 U~T21~0 
Z10 rC~I'AT 1/////tl!Xt!YhlhiTIAL TE~PtkATUnE/llXol91ln~l/l UA12loU 
2d0 FC•••r 12UHI ' U"IC'J'/0 
2'10 f(lj;t-A( I!Hlo///J5AtcSH>nAI<•~ATI:'~ FLO- / .. 1\ALYSIS//1 UAl~loU 
300 FO'"AT CIIAo701!~•11ill(o2UA4//llXo70ilHO)///I U~12l~O 
310 FU"~'AT 116!51 ~•T22U~ 
320 fU~~AT l/llAt22HF!~IT~ O!PFE~ti\CE UATAII!XtZ?Il~·l/1 UA1221U 
3JO F0"1'41 llH o!Oxoll"NU~cEn ~F •o2Xo7nCULU~NSo!23/21JtolH•o2Xo4hN'"S•U•lt22u 

112~/21Jtt1~·•2Ao15H~O~·•EHC NL0CKSoi15/~IXo1ri•oi!Xo1ijn~AAl~UI' llt~AlUAT?2J•I 
21~" S, 1 !2/ZIA •1 ,.. , 2•, 1 nnMAl( 1""" ·11M~ s I<PS, 11212 u,¡ H-, i!x, 7~~u ... co~c '' n••J 
Joi~J/~IX•1h•o2Ao!9HtSIIMAI<~ ~A~U~IOTntl11/21Xol~-•2••l~~·tltihllhtiCd1?2~~ 
4 cF1lú~ol14/i!IAo!H•o2Atl~H~HI~Il~G OPllO~ollS///1 UAI~c~U 

340 Fc~~Ar 1e1;¡o,oJ C•TU7o 
3~0 FU~~AT l//11/o11X•¿2H~~ACI,. 1~ X•UIHt"TIU~/(IXo2211H•I/I ~~¡z¿o~ 
3b0 FO~~AT l/////oi1Xo22H~~ACI'& 11\ Y·OI~ocT!u~/li••2211H•J/I UA122~U 
370 FG~PAT 1///•ll~•l5HTI~E ~AkA~EIE~S/1!At!SIIH•I//IIXt?.~Hl~ITIAL li~CAl?.JOU 

lt ST~P ll\ StCU,OSou22od/J UAliJIU 
3b0 FONMAT l/////tllXolAHih!TIAL P~ESSUHE/llXolbiiH~I/1 ~ATIJ~U 
3'10 FIJ .. >'AT (1 II!Xoolt;!¿,!:j,~X) J J UA!2JJu 
400 ~dh>'AT .(/////ol)XtlbHl"!Tl•L E~T~ALPY/!!XolbCI~•I/1. UA1234U 
.410 FIJ~~AT C/////t11Xol4HA•PtH•t•~ILlTY/1lAt!4C1h~l/l UAT?J~~ 
4¿0 fOh>'AT C/////t)!Xol4Ht•Pt"•~A~ILITY/11Aol4(!H•J/I ~•12Jn0 
4JO fOH~AT l/////o1!XolnHIRlTIAL ~UHCSITY/l!Aolb!l~·l/1 C•Tl3/U 
440 FIJNMAT il////•l1X•I~H~tsE"•UlH THIC~,~~S/llXol~llh•l/1 0Al2J~u 
4~0 FOH>'AT l/////ti1Xti~S~UHGt~/IIXo71!H•l/l 0Al~J~~ 
4b0 fCH~AT 12)5,ú)!:i,OJ IJAii!~UU· ... 
470 FCN~AT ll!At2l~oG!~.HI UAll•l• 
4~0 FU••dl I/1!Ao15HHUC~ ~RD~tHT!tS/IlXo1~1l~·J/!lAt2RHME~IU• l~oW•AL ~·1?•~0 
' ICO~U~~Il~ITY·GI7,5/I!A•J~"LOI\FINING ~~u THEA,.AL CO~OUCT!VITY-~IO.J"•lt•JO 

Z/11Xo?~~ .. OCK ENTHAL~Y Ut~I<Allv~·B20,>I11xti3HMOC~·u~~SITY•bJ~.~/l~~IZ••O 
~)Ao'HDC~ Cu~P~oSSldiLIIY·••G24,S/I ~·1~•~<1 
t~~ ~ATr•ou-

•t:C 
SuJlROUTI~E MEAD IOUihiiOUEoNY t~XI ... •t~ 

·~····················~········ ~tt 
!MPL.ICIT !lEAL*~ IA•Ho0-~1 kfC 

. \ •• e 
CALLEO FllOM GDATA APHATS HL 

PURPOSEI TO REAO ~~~=~:::~~:~~~~-----~--------···················•t~ 
---------~-------- ~ kt~ DI~ENSIO~ DUMI20ol01 '. •••••••••········•rU 

------------------------------------------------· ~te 
.NA•S ¡;fC 
N••b •t O 
IF IKODEoEiloll GO T0'2U HH 
DO 10 J=loNY' ,ktc 

lO HE~O 1"~•701 COUMlloJI•I•l•l<ll. otC 
GO lO 40 krC 

zo RE~O (NI<o70l OUMI lite 
DO 30 J=loNT lltC 
00 30 l•loNX lltC· 

30 OU~ lloJI•·OUMI k< U 
40 00 SO J:t,NT ktC 
SO wflllE IM~tbOI IDUM!lo.JI t!•loi\XI ktC 

HElURN kt~ 

bO FO~~AT .I/C!lXo81Gl2oSt¿XItl 
70 FO~MAT ISG!O.OI . 

Er.O 

lltC 
•t e 
lir'C 

!U 
¿u 
~o 

~o 

~u 

b~ 

'" ~u 

"" !UU 
11 u 
¡~o 

1JU 
¡~u . 

1"" 
loiJ 
1 1 o 
l~U 

¡~u 

¿o u .. · 
2!U 
ce u 
/JU 
t~tH 

¿.,IJ 
énU• 

· .. · 

V· 



S~~HOUTI~E TC4LCIUYoDAoO¿,AKoY~oTYoTY~oTXoTAKoXKCo~Y,~X,~YYo~XAI Tt~ IU 
C oooooooeoooOoooooooooooo•ooooooooooooowooooooooooo•••••••ooooooo llA ¿y 

l~PL!ClT HEAL 0~1A~ho~•t) !CA JU 
' .• llA ~u 

·e CALLEO ~HU~ ~Al~ ~ ItA ~~ 
C PIJR~USt::l T~ CUMPur~ l><A"'S•ISSI~ILITY lt:;HtS • I,;A ou 
C •••••••••·---------····-··------------~ ......................................... ~----··1 CA 7u 

e 
e 
e 

e 

e 
e 

e 
e 

e 
e 
e 

e 

DI•ENSIQ~ UY(IOlo UA(¿u¡, UZI20ol0lo A~120ol0lo Y~l~no!Ulo TYiiUollCA 
lll.o TYKtcuolll • TX12lt11ll o T~KI2lolal ICA ••J 
...................................... _ ........................................................................................... fCII 1 Q IJ 

CO~>'UTE THANSt<I~Slt!IU 1 r l~M~S '"' T11E A·OitiECT ~~~ • 
ll~ lO J•loNY 
IF O"'LY CNc COL~""' S~!~ CALCULATIONS • 
lf l,.,x.~~.ll GO TU ZU 
DO lO 1=2oNX 
.JAC•QY(JI•Ulll•lo~I/OAI(•II 
TAC•OY(J)OUllloJ)/UA(Il 
TXA•TXC 0 >~1l•loJ) 

UF.•TAO•AK 1 lo JI 
TTI•TXA+TX~ 
IF lfTT,EI.I.~,OI G~ TO lO 
P~~MEAbllliY TEHM
TXIIoJI•2.~•TAA•TXd/Tll 
HEAT· CONDUCTIU"' T~11M • 
TXKiloJI=2oO•TXC*TAU/IIXC+I~CI*XKC 

10 CO~TINUt: 
20 CU~ TI NU~ 

CC~I'UTé TI<ANS>tlSShs!Lll Y Tt:H~!> 1~ T>tt:: Y·OIHEeTIU~ 

DO JO l•loi'.A 
IF ~~~.~~.¡¡ GIJ TU 4~ 

DO 30 J=2oroY 
TYC•DAIII•Olllo~-11/UIIJ•ll 
TYC=UAIIl•ULCioJl/UYCJI 
TY•=TYCOYK(!oJ•I) 
ne=no•r~ 1! ,..,, 
TTT=IYA+TYH 
lf' ITTToi::C;,O.OI GU TU .;~ 
TYiloJI=2.o•TYA 0 TI~/l11 
TY~II•~l=2.U 0 TYC 0 TIIJ/(IYC+ITCI•~KC 

JO CO~TI"'UE' . 
40 CIÍ~TINUt 

SET THI~SKISSI~lLITY 
TO lEHU ChU•FLU~I 

UO !;O !=loNA 
TTII.II=•r.uo 
TYK lloll=u.oo 
TYfloNYYI:U,UU 

~O TYKI!oi'.YII=O,UO 
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TC
Tel 
ltl 

~~· 
'" ItA 
!ti 
ltA 
ItA 
TC:A 
TI. A 
ItA 
ItA 
ItA 
lO 
!CA 
lCA 
lCA 
!CA 
!CA 
ItA 
ICI 
ICA 
re. 
TeA 
re: .a 
ICA 
IC• 
IC~ 

1 1 u 
¡¿u 
IJV 
l•u 
~~" 
J. ~u 
1 f V 

!dU 
l"'tt 
cUU 
i! 1 ,, 
z¿,,. 
~JU 
e:~ u 
2!:>" 
¿~>o 

C7u 
2eU 
"~~ 
J~u 

JIU 
J¿v 
JjiJ 

3•U 
J':>U 
JC'\IJ 

J '/u 
Jnu 
J>u 

H.A ~~~~~~ · 
ll~ 4IU 
ltll 'tCIJ 
rt:~ tt.h• 
TI..A 46tU 

,..c.~nl l('A ~~tju 

I(.A iltt)(l 

1 rA • IU 
fl.:ll 'tOII 

1 lA 1t 7•1 

ICD 
llA 
lO 

; 

t 



DO óO .;~¡.~y leA ~ til 

TXIloJl~o.uo lí..a ~·11 

TX~Clo.Jl~o.oo 1 \ • ~~V 

TXINXXoJI:O,OO II.JS ":"~· 

bO 14~ (NU t~) =U o OU lt• ''" e HJ ="'1· 
e SET THA~SMISS1~1L11Y •Jt HUU~QAHY tiLOC~~ IEXTF.Ii~AL A"n [l .. Jt ,.i-.AL, 1 L ¡, ':'"'fl· 

e 1H~EGULA~ ><tSHl TU Zt:~" - lt• ~o.JV 

00 80 1=1•"~ 1 .. t r:d,J 

DO 70 J=lot.Y n• ~~.~ 

IF IOZilo.JloGT,O,OUI \>U TU 70 1 lA f'i.lV 

TXIl+lo.JI=O·DO ~~· t)lt.ll 

T~~ll•lt~I=O,UO ll~ t:!) 1.' 

TYI!oJ•ll=o.oo ItA bt,l• 

TYKiloJ+ll=O,OO llA t' (t) 

TXKiloJl=O.OO IC• f::l (\ IJ 

TXIloJI~o.oo IL• Q'll, 

THIIoJI=OoUO lCA 7~u 

TYiloJl"O,I)O 1\A ll lJ 
70 CO~Tli'IUt r t; A te u 
80 CO~ T 1NIJE. ItA IJU 

RETIJR"' H• 1,. L; 

El\ O ILA l~u-

.·· '· 
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e 
e 
e 
e 
e 

SU~AOUTI~E ·MAT~(~PtNYt~X,•~EtM~-~ 
ooooooooooo~oooooooooooooeooooooo 

1~FL1C!I H!A~*~I~-M•U-LI . 

CALLEO fkO~ ~AIN 
t'U¡¡.PQSEI COI'PUTE MATt<H HANC•IOTH 

~AT 

~Al 
I'AT 
~., 

~Al 
~., 

--~-------------------------------------~-------------------------~Ar 

lo 
¿o· 
JO 
4U 

~u 
DO 
7u 

OI~Et.SIO~ 1111~1 t NP120t101 I'AT bv 

e ----------------------------------------------~-------------------~-1 ~u e ~·r 100 
C eo~PUTE ~AXI~U~ O!FFE,.t.••Ct: BEhEEN SbiU~I\TlA.L ~>.!,..CCK I\IUI'~ti<S ~Al 110 
C UF AOJACENT 6LOCIIS - ~A 1 1cl: 

M~oO ~•T 1JO 
uo ~o I=1oNA ·~•T 1•u 
00 ·70 J•ltNY ~Al 1~0 
DO lO .~~·1·~ I'AT 10U 

10 Nlo<III•O ~Al 170 
11=1-1 ~Al 1ou 
12=1+1 I'Al l~o 
JI•J-1 ~~T <uu 
J2•J•1 ... , 210 
1F CII.~~.OI GO TO 20 I'<T U11 

•lll=~~l1loJl ·I'AT 2JQ 
20 CO~TINUt I'Al 24U 

IF 112,GT~"Xl Gil TU JU I'AT 2~0 
NC3l•NP.Il2oJl ••T ioU 

30 ~O~T1NU~ I'AI cfu 
IF C,JI,tG,UI GU TO 40 ~•T cijO 
NC2l•NPIIoJll MAl 2~0 

40 CO~TINOt ~Al lOO 
IF CJ2,üT,NYl GO TO ~u I'Al JlO 
NC4l=Nt'lloJ21 ••1 Jco · 

so NISl•IWII•Jl •• , 3JO 
If CNC5l.~U.Ol GO TU fu ~•1 J40 
uo ~u K=l•4 ~•r 3~~ 
lf CNIKloE~.Ol 1>0 TU I>U ~'Al Jou 

C eOI'PUTt OIF~EWENC~ - ~•1 J7o 
r.~oh l!>l-~ 11\l ~•T JnO 
H lr."',L T, O l NIII••Nr. •ol J~o 

C Cu•PUIE.•AXI~U• UIFFEkt.I\ICt • ~'•1 •uo 
IF lhill,ül ,riMl MH=N~ ~•T •lu 

bO CU~llhUt ••T •cU 
10 CC~TI~ue ••1 •Ju 

, bO CO~T!NUt ••T ••o 
C CO~PUT< HAI\u•IOI" • ••1 •:.o 

"~-:29(l*M~•1J•l 
PHII\l 90t ~~.,~ij~ 

f'pJ IIIOC 

~•• <lo 
P'.Al ltoll 

C ""' tt'Hr 
~o ~c~"AT 11111X•'""A~i"u• ~A~•~-IIJIH 1s ,,a,zx,•co"~..,to TI• t~TIIIATtli••T 5ot. 

1 I:UI\U"'lUTH O~ 1 tl4///J 1"11T ':)ll' 
tt.C ••T ~¿o-
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e 
e 
c. 
e 
e 

e 

e 
e 
e 

.e 

e 
e 
e 
e 
e 

e 
e 

SUeROUTI~E PRPTY!LtKKKI .......................... 
I"PLieiT REAL~S~A•HoO·~I 

joljoj~ 

CALLEO FROM MAlN ~•F 
PUAPOSEI TO CqMPUTE IHE~~UOYN~~IC PRU~E"TIES ~"~ 
••• •••••·-~----~----·· • •••••••• ••••••• ••• •••• -. •••• ·.; ••••••••••••• ••'"';.. F 
Dli'ENSIO~ SW1120ol01t ,TE~<~l(20tl01t Oc:.N2120tlDI 
OII'ENSIC~ CQI20tl01 

...... ¡.;. 

COI'MON /INPUT/ PHll20tl01tXK120tlDitYKI20tlDit~l20tl01t~I20•1PitXI••>' 
HDOioXl (40DitNP120tlOI tNP~120Dt21•0XIcu)oiJYCIOJ tCZI20olUitlol20tllli>'•F 
eD~MON /CON TRO/, NK tNX • ~XX ,~y tNY Y tNd ,r;oo th T tOEL T, 1 l14C:. ,Pr1F• T, U~ • A~C• ""¡.. 
lCD~DtCDEFt~ETAolPRT . Fh~ 

COI'MON /wORK/ AX12ltllll tSX12l tl01tEXClltlDitAYI2DollJ ti>YI2Utllltt.l-•l" 
l 120tllltTXI2ltlUitTXKI¿¡,¡o¡,JY 120olll tTYKI20tllltA"C20tl•lltX .. ASS·IhF 
22Dtl01tENC20tlDitENE~GYC2UtlDioCI2UolUitOicOtl01tFI~n,¡n¡,GI20tlOI••~ 
3oQ~ 120tl01 tXI'ol20tlUit IM(2Utl01 t0T"I2U•IOitOT" 120ol·OI ,Pt,fC 120t1UI•~""" 
40L0120tl01 ' ~--

COI'MON /CHECK/ INDI2001 oll'oUOLD1200) ~kP 
••••••••••••···•··~·-··••••••••••••••••••••••••••••••••••••••••••·~~F 

~ ... .,: 
ST~TE~ENT FUheTtONS FUH THtR~OUY~AMle ~QUPERTIES ""P 

. F~~ 

FIIPXtH~I=l,OD207•~~4<!001Y·4•Px-5,474~b0•5•HX•~,OZ~75~-7•Hx•~x-l,Z>'•F 
l47910•7*HX*HX ~--
F21PXtHA):•2,4!231+2,~b22Z~-¡•~X-9,JI~15U·3•P••~X-~o256•C•S•HXOHX ~•F 
F31PXoHXI=•?,261h2U•S•v,U4~b,4IUO•~•-l•7~0bHO-S•Fx•nx•J,~~27~u-J•~~·~ 
lX•PXOPX 0 PXo5,17644U·lJ 0HX 0~X•~xopx ••-
F41PXtHX)••374o669U0+4i,~~ZlCU•PX·0,6JJ6U6UO•Px•FX•I,J93~6U·~••••"~"F 
1X•3o3372C6/HX/HX/PX/PA•O,Oj5JI54UO/PX/~X/PA•lol725u•9•nl•HX 0HX 0 ~X-~•F 

22o26H61Dl5/HX/HX/HX/HA ••F 

Fl - DE~SITY, COMPHtS~~O aATEk kEG!OI'o 
F2 ··TE~PE~ATUHEt CU~~"E~StU •~TE~ ~E~IU~ 
F3 • OE~S!TY, SUPtri hC:.ATt.~ SlfA~ kEGiuN 
F4 • TE~PEH~TUH~,-~UPtH HtATEO STEAM H~GIU~ 
hKK=NK 
lF IL.~éoll GO TO ZO 
IF IKKK.~E.!I GO TO 2L' 

lNlllALIZE ~RkAYS • 
·oo 10 l=l•Nx 
DO lO .J•lolloY 
Xi'ollo.JI=O,UO 
TMilt.JI•O,UO 
Cllt.J)"O,UO 
o 1 II.J> =o.uo 

· Flt..JI:O,UO 
GIIoJI•O,OO 
Ot<cl.Jl=o.uo 
DTF!IoJI=o,uo 
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~-~ ..... 
't•otocJol 
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IV 
C:il 
JU 
•U 
!:>U ... 
7·1 
o u . ., 

tu o 
llt• 
l2!J 
l..iu ' .. ,. 
I~U· 

lou 
l .,., 
1 o iJ 

1 'i\1 

e o t. 
210 
C~\J 
C)ot 

i•u 
z~o 

lb U 
u u 
¿:tu. 
z-.u 
Juu ,. 
.;¡u 
3i:i 
JJV 
.! ... t. 
.!!>u 
Jov 
j/IJ 

3•~ 
J'l• 
•U u 
•lu 
•e• 
•Ju 
414 tt . , .. 
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e 
e 
e 
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e 
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e 

e 

e 

ort- 1 ¡..,n =o.uo 
S•llloJJ=u.uo .. 
ut."ZII•..oJ=o,oo 
TE~ro2!loJJ•O,OO 

10 CO"Tl~<Ut 
zo CO•TillllJC:: 

u o JO !=lo"X 
uc dO ·..o=loi\Y 
lf IUZII•Jl ,EI.I,O,IJOJ 
I'I':P(!t..OJ 

.tok:l1 ( loJJ 
t'PcPP•O .1 ••·1 
Mts:aH~•O.l••T 

K=~l'!lo.J) 
IF 1 l'IU (1\ J l 3o ... o.~o 

30 ca• Yl'<Ut:: 

l.> U lO a u 

1'1<1' SJU 
>'kF ~·o 
Flll' ::.::.u 
1-~F ~ov 
~w.: ~71) 

...... p ~0\1 

'""'F :;:,.,~, 

. .-:".,: t:Ull 
1'~1' tiV 
.~HP ~¿0 

1'~~ ~JO 

~ .. ~ tlctll 

~kP o!>u 
,. .. f- bou 
...... 670 
.... ~ /00 
.. ~.. 11 u 

... , .. li!U 
l'kl' I.Ju 

eC~P~ESSlU •ATtH RtGlv'< • 
""" l•u 
1'~1' 7!>u 

u•=F 111'1' '"" 1 
TE~P=f'éiPPoHHJ 
1'0•1'•4o42bU7U•11•~.o2oJSu•14•Hr 
PU•"=-~.4745&U•12•~.0l<75U•14•F~-2.49~0lU•l4•Ht<. 
I'T•P=•l.~b2830•9•PI' 
I'Twh•2.~b22cD·~·4,SIJOU•lé•kr 
MATEW V15C051TY • 
1'>~·( AS~E S lEA~ TA~Lt~ FUk~lJLA (p, 741 • 
V••1,U0·6•!c4!,4•10,•~1247.8/!TE .. ~+lJJ•1~JJJ 

t-~""' 7tJu 
1'11~ 110 
1'1<1- 7t>u 
t-•F 7~u 
., .. ~ buli. 
Ho~ t<1u 
fkt: l:f~u·. · 
.... f ti.S\1 

~·" ~·o 
1'~<1' b::.O 

eO~PUTE EI.IUATIO~ CUlF~ICll~TS • I'~<F ~~u 

SI'ACE - P•l' ~IU 
A~!loJJ•Co/V• 1-RF t>OO 
TM!IoJJ•Cw•HH/Vw•Jo,••t 1'~1' •~u 
UTI-IloJJ•I'TwH I'~<F ~Uu 
OTF!ltJl=~T~P t-•1' 91o 
TI~E - F"" ~¿o 
e 1 1 o J J = I'C wP <>PH l 1 1 • J J ""H"l O o*" 7 • PrF ~ T "" 1 oF •OF" 1 1 , D-1'" l 1 1 • ~ J J ¡; "" <; 30 
e· e 1 t ,.,1) =C C 1 t J) +O•o,,o 1 • U7•ttt. TA•~Hl\J ( (t..JI •Pr1l O ( l tJ) •nt:. T A•IJ.,_ •~rtf 11111 f *fl.,:,. .. .,,.U 

fMP t"l'4¡.: IJo!)O 
OCltJ)=PCW~•PMICltJl•Mn•)0.••7+PhF~T•~I~h•OF•Cl.O•Fhl(l,~JI•U••~"l~W~ ~~U 

1 llo.JJ ~ .. ~ ~71J 
~ (!,JJ=I'~! (J,..oJ•PUwi'•U••~UA•I'niO!loJJ P•~ ~~IJ 
G!loJJ=~t'l lloJ)OP(J•H ~ .. F ,.,., 

Sol!Io..Ol=1•lJO 
.~TE~I'l!loJJ~I~MP 

OE•cii•.JJ•Uw 
H~AT ll!~ei1A~GE'v 
Gn!lo..oJ•GiloJl"«H•lo.••7 
GU TO bU . 

7l 

••Huou 
H•F!OIIJ 
P•F10lu 
'"'""1o~u 
r ... ~o~¡oc.lJ 
~~<FIU!>u 

lo',.t"lObU 
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e 
e 

e 
e 

e 
e 

40 COlo TINUE 

ToO·P~ASE HEGION • . 
HWa7J0,9S4+l29,239*PP•lO,D333*PP•PP+OoJ98Bl•PP•PP•PP 

l •99,Q697/PP+l2.9267/PP/~P-D,628359/~P/PP/PP .. 
H5•2822,S2•39o952/PP+2o54J42/PP/PP•O,~J8879•PP•PP 
TE~PcF21PPoH~l 
ObaFl IPPoHiol · 
DS•FJIPPoHSl 
•ATER SATURATION •. 
S~•DS*(HS•HH)/(HH*IDW•IlS)•IH••Ow•HS•OSl) 

SST•1.D-SW 
swc:osw 
YtSCOSlTlES • 
1967 AS~E STEAM TABLES FOH~ULA CP, ·741 • 
Vioal,DE•Oó•(241o4°l0o 00 (247,e/CTEMP+133,¡5)ll 
VSo1,0E•Oó•C,407•TEMP+j0,4l 
RELATIVE. PE~"EABILITY. IWAT~Hl • 
XKaa((Sw•O,JSl/0,651••4 

' 

RElATlVE PERMEABILITY ISTt:AMl • 
XKS•C1oO•IISW•O,JSl/Oob5) 00 2l•llo0•((S•·O,JSl/Oo65ll••2 

.IF ISW.LT,O,Jl XKW•O,O 
lF ISWoLT,O.Jl XKS•l,O 
lF ISW,GT,0,95) XKw•loU 
iF ISW,GT,Oo95l XKSao,ü 
OEI\.aOW*SW+SST•DS 
HH~=HH*1o 00100 
SaaDS•IHS•HHHl/IHHH*CDw•OSl•CHW•DW•HS•USll 
SST•loO•SW 
DEI\.l=Ow•SW+OS•SST 
POwH•IOEh1•0ENl/CHHH•~Hl•1•D•7 
PPP•PP•.99900 
HHa•7J0,984+129,239•P~~-10o0333•PPP•PP~+0,39881*PPP•PPP•PPP 

1 •99,0697/PPP+12o926//PPP/PPP•Q,628l~9/PPP/PPP/PPP 
HHS•2B22.82•J9,952/PP~+z,~4342/PPP/PP~·0,93B879•PPP•PPP 
Tl•F21PPPonHiol 
DDW,.F11PPPoHHWl 
ÓDS•F3CPPPoHHSl . 
S~•OOS*I~HS•HHl/IHH*CilUW•OOSl•(HHio*OO .. •riHS•DOSll 
SST•1,0•S>I 
0~1\.l•DOw•Sw+OOS•SST 
PO~-=IDEhl•OENl/(PPP·~~l*lo0•7 
TE~P1,.T1 
PTaP•CTE~P1•TE~Pl/IPPP•PPl*loD•7 
SllaSWO 

SPACE • 
XNCloJ)•XKWOQW/VW+XKS•US/VS 
T~lloJ):(XKW 0 01oOHW/V~+XKS•OS•HS/VSl•10o••7 
OTPIIoJl•PTWP 
DT~IIoJl=O,O 
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PkF1070 
PHPIObO 
PRF1090 
PAP1100 

. PHP 111 O 
PAF1120 
PAF11JO 
PkP1140 
PRP11!:i0 
PIIF116D 
PRP1170 
PRPlliiO 
PAP1190 
PRP1200 
PAP1210 
PAF1220 
PAF1230 
PRP1240 
PI<P1250 
PHF1260 
PAP1270 
PAF1280 
PRP!29D 
PAPI300 
PRP1310 
PRF1320 
PRP1330 
P~P1340 
PRP1350 
PRF1360 
PRP1370 

PRF1400 
PRP1410 
PHP 1420 
P~F1430 
PRP 1440· 
PRP14~0 
PRPl460 
PRF1470 
PRP1480 
PHP1490 
PRP!SOO 
PRP!SlO 
PRP1520 
PRP1530 
FRP1540 
PRPISSO 
PHP1560 



C T~~E • PAP1570 
e ( ltJ 1 aPOWP•PH l ( I tJ 1 *HH•l O • .. hPHF'•T•P 1 IIP•DF'•IIe O•PH I ( hoJ 1 1 PAP 158 o· 
e 1 r, J 1 =e 1 l• J 1 •OEN•.HH*l. o7 •sE TA"P" 10 1 1, ~ l•PH xo 1 I .. Jl •BETA•cF•Pt~F• r•TPRP 15 90 

lEMF : PRP1600 
OÍieJI•POWH*PHI!IeJl~HH*IOo 0*7+DEN•PHllleJl PRPl610 
F'!leJ)aP~IIleJl•PD•~u~N•~ETA•PHlOIItoJl PRP1620 
G!ltJ)aP~l !leJI*POoH ·. . PIIPI630 

e PAP1640 
S~l!leJl•SW PAP1650 
TE~P2~1tJI•TEMP PRP1660 
DE~2!leJI•DEN PAP1670 
Q11(leJ)uQ!IeJI 0 1HW+IHS•HWI*XKS/!XKS+VS 0 XKII/VW•OII/05l)*lOo**l PRPI680 
GO TO ~O . • . PRP 1690 

50 eo~TINÚE PRP1700 
e PAP1710 
e PRP 1720 
C S~PEII•HEATED STEAM REGION • ·PRP1730 

DS•F3!PPtHI11 PAP1740 
PDal1=•lo7908BD•I2*PP+lo5529320•19•HH*HI1•PP PAPIBOO 
PO•P•4,384410•9•lo790BBD·I2•HH+lo47710-0•14*PP•PP•PP,S,I76440•20*HPRPIB10 
IH*~H*HH ' PRPIB20 
Hlri•730,984+129,239°PP•I0,0333•PP*PP+O,J9SBI*PP•PP*PP 

1 •99,0697/PP+l2o9267/PP/~P·0,628359/~P/PP/PP 
HS•2822oB2•39o952/PP+2o54342/PP/PP•Oo9~8879•PP•PP 
TTl=F4 !PP eH MI 
TT2=F4 !PP eH SI 
TTJ•F2 !PP eHW) 
TE~P=TTI•TT2+TT3 
HH~=HH*loOOIDO 
TTl=F41PPeHHH) 
TE~PH=TTI•TT2+TT3 
PPPaPP•0,99900 
H- =730,984+129,239°PP~·I0o033J•PPP•PP~•0,398Bl•PPP•pppeppp 

1 •99,0697/PPP+l2o9267/PPP/PPP•Oo6283~91PPP/PPP/PPP 
H5a2822oB2•39,952/PPP+2,54342/PPP/PPP•U,938879•PPP*PpP 
TTI=F4!P~PtHHI -
TT2=F4 !PPPeHSl 
TT3=F21PPPtHWl 
TE~PP•TTI•TT2•TT3 
PT~H=ITE~PH•TE~Pl/(HHH•HHI*lo0•7 
PlaP•ITE~PP•TEMPl/IPPP•PPl*loD•7 

C STEA~ VlSCOSlTY • PRP1830 
C 1967 ASME STEAM TABLES FOH~ULA (P, 741 • PRPIB40 

VS=I,OE•06•1.407•TEMP+HQ,41 PRP1850 
t ·PRPI6b0 
C SP~CE • PRP1870 

Xh (le JI =OS/ VS PRPISBO 
T~! 1 eJI•DS 0 HH/VS 0 10o 00 / PRPIB90. 
DT~!loJI•PTWH . PRP1900 
DlF(ltJl=PTWP. PRP1910 

· C TI~E • PRP!nO 
CIIeJI•POWP 0PHIIltJl 0HH•IOo••7•PHF~T 0PIWP•DF•CI.O•PHI(IeJII PRP1930 
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C 1 lrJI •C llrJI •D~•HH•l•U7•~t. TA•FHIO 1 I ,',Jl•I'HlO llrJI oÍ!\:. ;A•Of •I'Hf wl• rt ~~~ 1 ~ .. u 
li'P' . ~-~~~~v 

0 llrJ 1 aPOifhoPHIII i.J I•HH•l O, ••7•PhF•T•o>l Wr•DF•Il. O•P>tlllo~l 1 +U!»'I'" ~~~1' )9ou 
lllr.ll · • · ~~H~lu 
F!lrJlaP"IIlr.II•POwP+U)oB~TA•P~IOIIr.ll ~''Fi9<U 
·GIItJI•P~lllr.ll•PO•H F~~~~>O 

C 1 f•~20UO 

e 
e 

e 

e 

e 

SwlllrJl•O,DO 
TE~PZIIo.ll•lEMP 
OE·~z 11 o JI •DS 
QhllrJI•,IIt.ll 0HH 0 1~··•7 

60 CD~TI~UE ·- . 
IF ICOH,LToOoll GO TU 80 

·T~I~SIE~T eoNOUCTIVE ht.AT LEAKAGE ONLY • 
IF (KI(K,~Eoll GO TU 7u 
IC•L•KKK 
II•NPCir.ll , 
eALL Vf~TCDIDELTtTEMPoLOEFoeCNOoCO~oll•ICI 
••••o••••••••ooo•••••••••••••••••••••••••• 
ea,•CUQ•OXIII•DY!Jl 
eO!IoJI•CQQ . 

70 e o~ TINUE 
QHIIoJ):QHiloJI+eUIIo.ll. 

80 eo~TINUE ·, 
lF IKKK.~E.II GO TU ¡¿u 
PRINT THEHMU DATA EVfHI l~hT TlMt 
lF II<OO!Loii'RTI,NE,OI ~O 10 120 
PR!r.T !JO 
·DO 90 .J•I oNY 
PIIINT I4Ut ISwl llo.JI ,¡a¡,"Al 

90 eOI\TINUE 

100 

110 
120 

PHI"T ISO 
00 lOO J•lo04Y 
PRINT l40o ITE14P21IoJI•I=Itt.Xl 
CO~TIN~E 
PRir.T lóO 
DO 110 J=loNY 
PRir.T l40o IDEtt21ltJiri•l•'~l 
CO~ T IN~ E 
CO~TINUE 
RETUHN 

sn ... -

130 FO~~AT 11/IIXo'WATEH SATUkAllOI\S'/llttllllk-J//1 
140 FO~~AT l/lllXo81GI2oStcXIII 
150 FO~~AT (//IIX~ 0 TEMI'~HAIUHt~•I!IAolc!l!~-)//l 
160 .FOW~AT I//IIXo•O~N~I1Yi¡¡¡x,711H•I//I 

ENC 
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f-•~i'tJlO 

~~1'2~<~ 
hf;>OJU 
lo',.F2041J 
HF20~o 

F-~Fcuou 
h~2U IU 
.,.:·"¡.;coau 
~H~I.U'1u 

l-lif21u~ 
1'~1-2110 

""F¡¡¿u 
l'k>'l! Ju 
~'•Pcl4U 
~~~¿¡~ .. 
.,:w..=~lbU 

I',;P~IIU. 

h>'?.lt'J 
l'o<l'li'1U 
....... ?.2UU · 
"''H: íJC 1•1 
t-"I'Ct-CilU 
...... n:.u 
1-kl'?(~u 

...... io=C'i.:)IJ 

.-,..,.?2n¡l 

..... p;¡/11 

""~"~'· .- ... Fli'11J 
~ ... t-2Jiill 
hh!Jiu 
.... ¡.:C':.!é:l' 

"" .. i'JJu .,...,..,cJ-.1..1 
.... ~¿J~U 
~"J.:t*.:!bU 
.. lot~.t:!"/4.1 
.-.._~¿Jen 

lo'r.~¿J'-'0 

hfc4UO 
~'•l'<'•lu· 

\ 
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e 
e 
e 
e 

e 
e 

( 

e 

e 
e 
e 
e 

e 

e 
e 
e 

•v.: ·l;f ·• 
•• .' ' : •''¡ 

SueHOUTI~t VtHTCOCutLI•TTolOEFoCO~UoC~•IlolCI 
oocoo•ooooooo~oooooooewoooooaoo•oooooovoooooo 

~~~Ll!:IT wlAL•bCA.•Holl•tl 

CHLE"Il fkOM 11't(PfY y;, 1 

IU 
lU 
JU 
411 
,~ 

&U 
'10 
ti U 
~u 

P~~~~~~tl tu COHPUTt Vt~TllAL CU~UUCT!vt LfAKAGE Th~OUUM ~~~ V•T 
cu~FINi'<b ~·u ¡;Y T~t FINITE •LtM¿'" .. ETHOu V IT 

-------------------~----------------------------·-----------------~~1 
U!~ENSiul\ "l~l• >lf>lo e(~lt C(<;), FC~It ua"PI200oU)o CtLZCZu~,¡~v•T 

lit TIC2001• UUTEMPI201itlll . v .. IJ ¡o o 
110 
¡¿o 
tJu. 
!40 
1~11 

11.>11 
!70 
ltSU 
1~0 

cUO 
210 
u u 
<Ju 
c•o 
i!~U 

e t.> u 
27U 
Ztlu 
1YO 
~u o 
Jiu· 
JZU 
JJU 
J•O 
J:>U 
Jo u 
JIU 
J"U 
J~O 
400 
410 
4cU 
4JO 
440 

····--·-----------------~---------------·-··--·---------------·--·v"T 

CO~~UTE ClLIA l C O"' •lqS1 Tl~E .• TEPI • 
CT~~1=102JOU,UO 

.If Cle.~ó,cl bU TU JU 
~ .. 2•11 
NNl • NU~blt( Uf ~OUlS IN l•Dl~ECTIQN 
CC~~uTE Otll CtiASEU o~ TE" tL~~E,.TS ANv OOU~LI~r. THt SIZt Cf EACM 
ELE'<ENTI • 
hi\L=NNl•l 

V 0 t •• • 

NI\L - ~u~kEk Uf ELEMEN 1 S '" z-o IRlCTIUI• 
OELZCII•I\NLI•CT~~l/IO¿J,QU 

SU~=UELliii•I\Nll 
.JSTOP=I\NL•2 
UO lO JJ"1•JSTO~ 
UELl!Il•~NL•JJI=c. 0uEL¿Cllo~I\L•JJ•ll 

10 SU~•SUM•CtLl(llo~~L·J~I 
OELl(!!t11•CTHKI•SUM 

l~ITI4Ll2~ TI A~D 

TIUll"'ll 
00 20 J= loN••l 

20 UOTE~~IIIo.JI:O,OU 
JO CO~TlNU~ 

l~!TlAL12f úTf"~ • 

UIITtlll' • 

IJU 40 J=l•~"'Z 
OTEH~ClltJI=DOlE~~~Il•wl 

FACTO~ FCt( 11HE-Olk!VA11Yt • 
Tl't:l A=J,OO 

SEE CUATSotT,Alot ~~E~ 
~0L"0A~Y CUNDl1ION~ • 
lii'Ft.t( -
UTE~Pilloli=O.Oo 
LU•tH • 

·DTEI'P 1 I lo~!hLI=TT•T 11111 

CALCULAIE Fl~llE tLE~t"l ~~tFF!CI~NTS •o~ ~4TW!l t~UAllO~ • 
.J~o 
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•·l 
hT 
V• T 
v• T 
V•T 
~-l 
v.r 
·~' 
~~~ 
y,;¡ 
VkT 
•~T 
VwT 
V liT 
V k 1 
V~T 
V~T 
Vhl 
V•T 
VwT 
Vh T 
... r 
VhT 
'lril 
V•T 
~. T 
v .. T 
VH 
•·l 
~~T 
y,,y 
••1 
V k T 
v ... t •~o 
~-T 4b~ 

~- 1 4/U 
VhT •dU 
v,..¡ •~u 

v.¡ ~oo 

V~l ~lV 

'V" T ~.:oC 

.... ' 
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e 
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e 
e 

e 
e 
e 
e 

e 

,•, ·. 
Ull SO Ia2 oNNL 
J=~·l ~~1 ~~·· 
Al•UELllllol•1)•eütF/(O,U0°0ELTI ••1 =~·· 
e!•OELLII1tllO~UEFII~•uo•UtLTI ••1 ~n:. 

... 'l·d ., 1\J 
Al~laA1•THETA/O&LZIIl•l•11 vol :~u 
tfi.Jla2,CJOOAI+T11E:TAIUELlllL•1•ll•Z•U0°!:hTriETA/u~LII1Jtll ,.¡ :·••• 
el~l=el•THETA/UELlll1•11 ~-1 '"" 
HIGHT•HA~U 51uE • v•1 olu 
USE OOIE~f' f~OM LAST ~~LuTlC~ AS 1NITI"L CQNUlTJCN:i· ,.¡eh 
O 1 .¡ l = 1 ~ 1• 1 1 , U O • T HE lA l 1 UE L l 1 li • 1•11 1 •U u 1 E" oi 1 11 t 1,;, 1 1 • eÍ> .o n • A 1• e 1 • U o • • • 1 o J ,, 

1 T OiE T A , /UE L l ' I 1 • 1·1 , • 2. u o •C 1- ( 1 .u u- T nE 1 ~ 1/ll~L l e I 1 • !l , O ti() rt .. ~ e 11 • 1 ¡ • '. r ~. •1 

ZIC1•11.UU•TnETAI/U~LZII1olli 0 UOTEHPlii•1•11 •·1 n~< ' 1 

50 eo~T1NUE ,.¡· OftY 

SOL VE 8Y TtiO~AS 

NOTE TI1AT THE~E 

\ 

METHOIJ ISh CAL.!F tiULL NC 63·• StJIT, .l<,Jl l'!>éll 
A~t ~~L-2•~ EQ~ATIONS 4NU.~ ~N~NCWN~ 

UP~ER T~IA~GULARIZ~ • 
F ell=Bell 
Ulli=D11l•AI11•UTE~I'IIIo11 
DIJI=UIJI•CIJI 0 UTtMPCllohNLI 
00 60 1=2.J 
F 111 a~(l·l-e 11•1 1 •A 11 ~~~ 1 1•1 1 

60 Dlll=U(1l•AIII•Uil•ll/f 11·~1 

tiACK SUtiSTITUTE • 
OTEMPII1oJ+1l=lliJl/f(JI 
JI•J·1 

.00 70 1=1oJl 
70 DTE~PIIIoJ+I•Il=IOIJ•Il•CI~·II•01EMf'(I1•~•2•111/F·IJ•11 

OTENP hU~ CCINTA1NS rjfo ~AI.l.tS FOR TEI"'tHHUH~ DIFFEJIF .. et 

CO~PUTE TRA~SI~NT CO~UUCTIVE L~A~A~t 
CQ••2,DO•CONO*IOTEMP(I&oNhZI•DTE~~III•~Nl~11JIUELZIII•~~LJ 

~··1 ,..,u 
'i' .. l t:e~ 

.,,. r '""'!' 
··~ ... 1· t•Ju 

•·1 
Vflil 

. V~ 1 

"'T 
~- T 
,, 1 

V•1 
V~ 1 
Vol 

11~ 

1;" 
1 )lo 

, .. 1.; 

"'~ 
/bG 
7111 
'/f"V ,., " 

V"'1 t'IJI.I 

~-T h!IJ 
~ .. 1 ~t.:\1 

'Vtt r· d.it' 
v"' r r,. ,, 
V•<l ,.~u 

v..,l r!nu 
'ft"l ~lo 

'4"'1 ~nt;· 

" ... ' 1'! .._,, 

·~ 

e SAVE OTE~P '1'"1 ~ 1,) l1 

.... 1 .., 1 h 00 a O ,¡; 1t hNl 
80 DOTE~PilloJI=UTE"PIII•~I 

~EiUHN 
fl'l(; 

76 

" .. 1 ..¡ t' 11 

v .. T ';..J\1 
v•· 1 ., .. ~,. 
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e 
e 
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e 
e 
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e 
e 
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\ 
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sueNCUTI~E f0~M~Q(AoHt~RHUt~8ECl ~~tG Ju 
•••••••••••••••~•••••••••••••••• . ftG Z•J 
l~FLieJT ~tAL 0 dfA-~tO•tl ft~ J~ 
eALLEU ~HO~ MAIN ftC 4~ 

~~~~~==:--~~-~~~:.:~=-~:~~~-~~:~:~-=~~:~:~~----------------------lf~~ ~~ 
DI~ENSiu~ Ati'<H~u ... ~EUI• •t~Htlul ¡i,,-~ ru 

. i •:t- ¡.; ó (1 

ec••ON /INPUT/ ~~lf20ol0ltl~(20o!OltY~f2Uo10JoP(20tl0lo~(20t10itA~E~ ~G 
hOOloXl (4QOloNP(20Ó'lOltNPP(200t2lt0X(O::UltllYf10lo01120tllllt~llUtiOl\f'<G 100 
ec~~ON leONT~O/ NKtNit~Xlt~Yt~YYtN~oN~b,~TtllELToT!Mt,P~f•ToU~oX~C{~EC llu 
1eO~o,eu~F.~tTAt!P~T . . jf:f.; 12" 

efh',..ON 1•0~~1 Al (2loiUio~A(21tlOloEifllt10loAYt20ollJ t'!Yf2uo11 J ttll.H' l~U 
1 ( 2 O t 1 1 l t 1 X f 21 t 1 O l t 1 XK f C: 1 • 1 U 1 • 1T ( 2 O • 11 1 • TY K ( 2 O t 111 t ltl 1 2 O .• 1 O 1 t A~ 4 SS 11 H ~ 1" ú 
22Uo10l tl~tZUtiOloE~EHul I<'U•1Ul tel20o1Ul,0(20oiOloF 120•191 o€f20tló'fF.i.G I~U 
3ot;• f20tl01 tl~(20olUioiM(2Utl0ltUTPf2U•IOltllT"I20oiOJ,PHIC120oiU!'.,'t'f.6t; 1bU 
40LCf20tl01 i •.. fl~ 170 

cu••·ON 1ExT~A/ "il••"~t /... H'é !Hu 
-------------------------------------------------------------~~---~f' 1~~ 
MP:(HHIIII•l)/2 ,..,.. - M,Q,.lf\ UIAGONAL !SlV~EO VE><TleALL Y l 

Hol T IAL!2E AH~AYS -
DO 10 ~=1olllb~ 

!JO 10 Kt(::q tMI=It.: 

At~.~~I=O,IJO 

e~•FUT~ I'AT><IX -
u~ so t\:},NJ:t 

/ 

/ -··· 
l=~l'f'(~tll 

n' 

J=•PI' O( t2l 
.,··~-

"Al" UIA€0~AL TEil".~ .é;;: ,,,:·.· 
P~t:SSU~t • ,<· · 
A ( 2 • r( • 1 t 1' P ) ;<~J::;;{ ( 1 t .J 1 •t T 11 • w) •t: A ( 1 + 1 t J) "t 1 ( 1 t J + 1 l, 
t::l\ lMALP 1, ,....... . , . . l 
A 12 ° ~ ,:,..1' • 1 l =· AX ( 1 t J 1 • ~ T ( 1 • wl • A A 1 1 • 1 t J 1 • A Y ( 1 t J + 1 l ; 
A(_éoK,,~J=-HJt(ÍtJ)-HY{.t:,JJ•t:tX{lfl•J)-o1 litJ•l1 } 

UFF OlAGCNAL Ti~MS • 
1 1 = 1 
lf (J,tlooll GO TU 20 
JJ=..J-1 
"~=M' f 1 I •JJI 
If t~<oN.t~. u 1 u o .ro 20 

j \ 

.. 
_.-~ 

1 

• r.' 

' 

;"-

' ! 1 . 1 

' ,, 
1 

:\-
• t 
l 
¡ 

' 

ft~ 'cOO 
ft¡; ZIO 
F t" nu 
fH 23v 
ft(; é:ltU 
Ft.: 2~V 

' tf¡; chUI 
H~ ¿/u' 

~~~ ~~~ .. 
f lC Jli O 
ft'G il v 
ff'- ;J~L' 
ft:(; :3~11 
fl'_¡;/ :J'+I• 
H~ J~,) 

.. -l~ ,jbtl 

Ftc JIU 
..... ¡; Jov 
H~ J~(· 

~ t ~ •u~ 
rtt.: Hu 
~~. .. ¿y 
fH •Jo 
H~ """ ft~ •::o u 

,.,,,C:;fo.JJ+ (t.."-r\) 0 2 
A(c••-l••el=tYflo.Jl 
A U:OI( ti\.C'-1) ::AY {_f.tJ) 

AC2' 0 t(it"l.J:bY(ItJ) 

1 

i,· tt4 ltOt) 

t ,· ~ •7u 
ft~ •a~r 

t= t.~ ·~-e o e u• r 1 "'"t 
lf (J,t~o,O.YI uO Tl• Ju. 
JJ=.J+I 

J 
r 
1 

·;' 

tL~ ., IJ 11 

.. t-1.. ~ 1 'J 

tl:í. 5ct·. 
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NhuhP ( lloJJI 
lF CNNoHoOI. GO TO 30 
NCo14P+ (1•~-~ 1 •2 
AC2•K•Io~Cl•EYC1oJ+11 
A(2•KoNC•1l=AY(1oJ•1l 
A(2•KoNCl=~Y(1oJ+Il 

30 JJaJ 
IF (J,EQ,1l GO TO 40 · 
llu1•1 
NNEI\II' ( 11 • JJ ). 
IF (N,..,tQ,Ol GO TO 40 
NCaMP+(N~·Kl•2 

A(2°K•lo~Cl=EXCioJI 
A (i*KoNC•1) =AX (lo JI 
A(2•KoNCl•BX(1oJI 

40 IF CI.EU,NXI GO TOSO 
11•1+1 
NNahP ( llo JJ) 
IF (NP,,f.Q,Ol GO TO SU 
Ne,MP+(I'<~·Kl•2 

AC2°K•lo'Cl=EX(1+loJ) 
A(2*Ko~e·JI=AX(1+1oJI 
A(2•Ko~el=8X(1+1oJl 

50 CCh TlNuE 
e 
e CO~PUT~ KNOwN VECTUW • 

DO 70 Kol,~d8 

e 

e 

II•K•MP 
R(Kl=O,UO 
00 bO JJ=It11BW 
11=11+1 
1 F ( Il, LT oll GO TO 1>0 
IF (II,GT,NBBI GO Tu lU 
W (10 :¡.¡ ( ~) +A (K o .JJ I•A 1 ( il) 

60 CO~TI"U~ 
70 CO~TIN\Jt. 

DO ao K•1•"~ 
f=hPP (K ol l 
J=~PP!Kt2l 

C NEaTON•HAPMSO~ RESilluAL VtCTCk • 
H(2*K•1l=•HC2*K•1)+AM(loJl10flT•XMASSCI,.Jl/~ELT•C(ItJl 
.H(2*~1=•kC2*Kl+ENClo.Jl/OtLI•tl'<f~GYCio~l/U~LT·U~CioJl 

e 
e li~EARllfO NfWTO~·HAPt•~O~ PAIHIA • 

AC2•K·1oPPI•AC2*K•l•11~1-fCI,~l 0UA(il•u<(io.Jl•DYIJl/urlT 
AC2•K•lo~P•ll•AC2•~-l•"P+l)•G(i,.J) 0UAI&) 00YI~I•Ul(loJt/ltlT 
A(2•K,~P-ll=AC2•KtMP·Jl•CC!,.l*UACil•UY(~l*Ol(lo~l/UELT 
A(2°Ko~P)•AC2•K,HPl•UCioJl 0 UXCll•UY!Jl~OllloJ)/0ELT 

~o co~T!~'<ut 
HUUkN 

tr.c 
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~H ~JU 

~t' .,.u 
1-t,' ~~u 

ft~ ~nu 

. f•O. ~'~" 
~to. ~dU 

1-H ~-u 
~tG b~O 

~t.• biU 
fü tolo 
f~~ toJO 
h ~ to•u 
He; b~U 

Ft.~ tolo" 
1'~.; t:7CI 
I"F.C. fJChl 

l-1 ~ b~U 

ft(; IUU 

~~• 71u 
f~ ~ Un 
f ~ .. nu 
t-"t ~ 7,.u 
r t ~ 1 ~v 
~te; 7 o U 

~~" /IU 
f te; 1 o U 
t't~ 7'.;¡, 
1-H HUU 

h .. eH 
t-t:t; 11l11' 

l"t'-' riJU 
t't¡.; t,;4~ 

F t. t.; .t<~'' 
.-: t-l; tUHt 
te.~.; e1 .. 
t-r~,; ~clt 

ftt. r:•i!t 
1-r.t. ~u~ 
t l.l. -i J V 

1-r't.: .;tt.l 
ru; ~Ju 

t-' t l. .., ,. 11 

tt e .; ... u 
,.1'·~ • .,,.,, 

t'l.t: .,,,, 

t- r \• 'it ti 

f~··"~" 
t- t ¡; 1 u 11u 
f,...: 1 un: 
r ni ~e u 
jo,._!..lldil 

t • 1. 1 u .. Lo 

·• 
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e 
e 
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-----~-·---~·--···~---~- ·-··---·-------

~~~~curl~t SULVE(K~•o~oWo~tu;l~ALF~o~u!Mo~Cl~l 
•oooaoooooaooo~O?~··~~·•••••ooooooooao•••••••• 

·, 
•s• .. ~ET~<IC tsAN•l ~A TI< l.< t .. uAr 10~ SOLVE" 

OHIGX~ALLY ~HOG~A"t~ ~· JA~ES e, OUGU!u 

~~~~·1 T~<IA~G~LAkllES l~t· ~A~U ~AIHI~ ts 
Kl\lla2 SULVt~ fOH kiGHI >Hlt ko SOLIJTIO" o<t:TUkNS IN R 

Ol~E~~~Q~ HI~Ul"oMUI~lo "'~01~1 
t.HS•htll•l 
.l~l!l'ul,..ALfd+l 
lF lt<I\K.€tl,cl Gu ru 30 

DO ZO K=l•"><S 
I'IVOTatfiKol~tll') 

I'K•K+l 
KC:l11n>' 
UU lO I=KKo"'E!.I 
IIC=I\C•l 
IF I~C.LE,Ul uO TU 20 
·C=-~IloKel/l'lVOT 
~lloi\CI=C 
~I=IIC+l 
Ll~=r<C+li'AL~H 
IJú lO ,J:KloLIM 
JC=IHP;P•""-r<.C 

1 o ~ 1 1 , ,J' =" r 1 • J 1 • e •'tu K, JC.:' 
lO (;O~JJr,Ut 

GO ro lOO 

' MCU!FY LUAU vtCrUR R 
e 

l 
e 

Jo ""'.""'"''1 
IMA,0•2°IHALF~+I 
DO 7U l=c•~tll 
JC•It-o"•l+l 
.Jl•l 
IF (JC.Lt.Ul Gú ro 40 
Gil TU ~U 

40 JC•l 
..Íl•l·IHbF+I 

~o ~IJ~=o.o 
UU 1>0 ~=~ColnALF~ 
Su~=SU~•bll•JI•HIJII 

óO Jl•.rl+l 
10 Hlll=~lll+SU~ 

e•c~ SOLUIIO~ 
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::: t'L 1 \1 

~UL i• 
SI..L J•1 
~lol '11/ 
SVL :n: 
St.L ou 
~t:L 1 ,. 
~(;L ntJ 

~llL .. " 
~(;L 1 OU 
SliL liU 
SCL IC'I• 
~uL 1 Ju 
SuL hu 
~l)L l~v 

~l'·L l~t. 
~t:L I!U 
S<:L 1 ~u 
Sl·L l'iu 
St!L Cu u 
SPL Zlo 
SCL iC~ 
~CL 2.Hl 
SUL i- U 
SCL ¡¡~u 

SuL cou 
S~L <7 U 

~~L. ?.ou 
~l'L ~;,u 

St:l JUO 
Sl·L J 1 O 
!:l·L Jc:Li 
S<:L J~<l 

::,~L J<tll 
St:l hv 
~t:L J~u 

~,:L ,JTi.J 

::n.L Jnu 
~t.L J'iu 
~ ~o~L '-U 1.1 

SúL •lu 
::it·L 4c!U 

Ol•L • JU 
~":L ct-.u 
:!Ll III':)U 

S'il ctt'IU 

sn •7u 
~Ul ltOU 

~,;L ~t •u 
s~·L ~uu 

~vl ~.Lv 

~lll ::¿t, 
' 
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e 

Ml~~Q)c"(NéV)/Bl~EYolncPI 
00 90 IHAC~=Zoh(Q 
1=1\h•IHAel\ 
J~•l 
Ktl•I~HP•I 
HH•~INOII~A~Doi"ALF~tlcAe•l 
su~·o.o 
ou 80 ,¡=~llol'lk 

J~•JP+I 
cO SU~=SU~+H(IoJ)OH(JPI 

90 Hllla(H(II•SUHI/etl•l~~~~ 
lOO I<ETURN 

""r. 

-so-

SUBHOUTII\E PDATA!PoHoii~~.Lti\ToNXI 

···~·~···························· 
I~PLICIT HEAL•S(A•HoO•l) 

CALLEIJ· ~HU~ HA IN 
I'U~POSE 1 TO PRINT CQM~UT".U PRtSSUHE ~·•O t:"'T~A.LPT 

S\.-l 
~\-'L. 

~t·l 
~·~L 

':vL 
St~L 

~ l•l. 
!: l:l. 
S;. l. 
~l'L 
HL 
~i:L 

S&•L 
~CL 

~OT 
POT 
I'UT 
I'Ul 
I'CI 
~liT 

------------------------------------------------------------------~01 
UI~~NSIUI\ P120ol01o niZOoiU) ~Ul 
••••••••••••••;•••••••••••••••••••••••••••••·•••·--··••••••••·····~lJT 

PHI"'T 30o LoTINE 
DO lO J•I•"T 

10 1'~11\T •Uo (l'llo..llol=l•"XI 
PHIIIoT SO 
00 20 ,¡:¡,,, 

20 PHINT 40o lnlloJ)ol•l•NX) 
I<ETUR"' 

_ ..,liT 
~OT 
I'UT 
POT 
l't.l 
~UT 

l'tll 
I'UT 
PUl 

30 fO~I<AT II//11At 1 STEI' lloU"di:J• 1 oholOXo'IIME'•El0ol/llAolS1lt1•1///l1APilT 
lo'FHESSvliE VALUES 1 /11Ao151lt1•)//) PUl 

40 FO~I<H 1/lllXoHCG1.2,S•2X) 1) · ~UT 

SO fOiiMAl (//l1Ao 1 lNTnAL~f VALUE5'/11Xol~l1~·)//l PUl 
EI\C POT 

-61-

'!) -•1.1 
~ .. u 
~~u 

~bU 

~lu 

'!)r. u. 
~"1i• 

Cúll 

b!U 
t:Jlt• 
bJl• 
t:lt.tl 

n~v 

t:~u-

10 
2U 
JU 
~o 

~o 
6U 
7U 
110 
~o 

1UO 
IIU 
120 
!JO 
I•O 
l~U 
11>0 
17U 
1HU 
1~U 

i!U U. 
210 
zcu 
Z3u· 
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e 
•e 
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e 
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e 
e 
e 
e 

e 

e 

JUBAOUTI~E PHREGCINOEXI PHA 
~o•oo•••o••••~••••~·~•• ·P~~ 
lMPLieiT REAL••BCA•HtO•t) PHA 

PHii 
CALLEO FORM HAlN . PkR 
PUAPOSE 1 TO OE:tERMINE I!IHAT THERI<OOYNAMIC AEGION A PHP 

FlNlTE•OlFFEHENeE BLOCK 15 IN . PMii 
••••••••••••·••••••-~·••••••••••••••••••••••·--••••••••••••••••--·P~" 
DIHNSlOh lNOEX 12001 PH;; 

p,¡¡ 

eOI<MON /INPUT/ PHIC20tlOloXKC20t101oYKC20o101oPC20t101t~l20•101oXCF~R 
14001 oX1 14001 oNPC20olOJ tNPP 1200o21 oDXC2UI tDYClOI t0ZC20ol01 oQC20olOJF~í< 
eO~MON /CONTROl NKoNXt~XXohYoNYYoNBoNB~tNToDELTtTIME,PHFoTtOFtXKCoPHii 

1eONOoCOEFoBETAtlPRT . . . . PHii 
••··~···••••••••••••••••••••••••••••••••••••••••••••••••••••••••••FM~ 

INCEX••1 FOR COMPRESSEU WATER PHR 
INOEX•O FOR TWO•PHASE P~R 
lNOEX•l FOR SUPERHEAT~O STEAM P~R 
DO 10 K•1oNB PHR 
PP•Xli2*K•.li•Oo1••7: PHR 
HH•X112*Kl*O,l*•7 Pt<R 
ea~PUTE SATU.ATED STEAH CHSI ANO SATUAATEO WATER CHWI ENTHALPY • PHii 

· HS•2822o82•39,952/PP+2~54342/PP/PP•0,93B879•PP•PP F~R 
Hw•730o984+129o239°PP•l0,0333•PP•PP+Oo~9B81•PP•PP•PP 

1 ·•99,Q697/PP•12o9267iPP/~P-0,6283591~P/PP/PP 
INCEX (KI e o . p¡,¡¡ 
JF CHH,L T ,HWI INOEX (KJ ••1 PHR 
IF CHH,GT,HSI INOEXIKI"1 PHR 
IF TEHPERATURE 15 BELO• 50 OEG e CH•20~o331 ASSU~E IN CO~P WATtR PHii 
IF CHHoLTo209,33DOI INUEXIK1••1 PHR 

10 ea~TINUE . PHA 
AElURN ·PHR 
ENC PHR 

82 

os 
10 
20 
25 . 
30 
40 
50 
1>0 
70 
lj~ 

90 
lOO 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 

240 
250 
2b0 
270 
280 
290 
300 
310-

' ,. 



. ' 

e 
e 
e 
e 
e 

e 
e 
e 
e 

e 

., 

S~e~OUTI~E BALNCEIICXoKKKoPCEEI 
o•oo••••ooooo•O•o•••••••••••••• 
l~PLlCil AEAL*SIA•HoO•ZI 

CALLEO FROM MAIN 
PU~POSE: TO COMPUTE "ASS A~O E~ERGY dALANCE 

SAL 
·SAL 
SAL 
SAL 
BAL 
BAL 

•••-••••·········-~-····••••••••••••••••••••••••••••·•••••••••••••BAL 

CO~MON /INPUT/·PMI 120tl0l oXK120o101 oYK120t10ltPI20tlOitHI20tl01tXIBAL 
14001 oXl C4001tNP12DtlO't tNPP1200t21tDXI2UI oDYI101tDZI20tiOhQI20t101SAL 
CO~MON ICO~ TRO/ NI\ t NX·o ''XX t ~Y t NYY t N8t NI!~'" T, DEL T t T !HE ,PHFII T oDF tXKe t BAL 
ICO~DoCOEF,BETAt!PRT . . BAL 
CO~MON I•ORKI AXI21tlOioBXI21tlOltEXC21t101tAYj20tllltBYI20tl11tEY8AL 

IC20•lllolXI2ltlOitlX11121o101oTYC20o111tTYKI20t111tXMciOo10itXMASSIBAL 
220ol01 tE~ 120tl01 oENERGT 120t 101teCZOtl01 oDC20t101tFC20t101tGI20t1018AL 
3oQ~I20o101t~~I20t101olh120t101tDTP120tlOI•DT"I20o101oPHlCC20t101tPBAL 
40LCC20o101 . BAL 

COI'MON /CHECK/ INDI2001 oiNDOLDI2001 BAL 

os 
10 
20 
30 
40 
50 
60 
70 
81> 
90 

lOO 
11 o 
120 
130 
HO 
150 
160 

•••••••··------··········•••••••••••••••••••••••••••·•••••••••••••BAL 170 

STATEMENT FUNCTIONS FU" T"ERI'ODYNAM[e.PROPERTIES • 
BAL 180 
BAL 190 
BAL 200 

FlCPXoHXI=lo00207+4,42b070•4•PX•So474Sb0•5*HX+S,0287S0•7*HX*PX•lo2SAL 210 
l47910•7•~X•HX - SAL 220 
F2CPXtHXl=•2,41231•2,56222D•I*HX•9,314150•3*PX*PX•2o2568C•S*HX*HX BAL 230 
F31PXoHXl=•2,261620•5+0,0438441DO*PX•l~790880•5*PX*HXt3,692760•8•PBAL 240 

1X•FX•PX•PX•5,17644D-1J*HX•HX•HX•PX BAL 250 
F4CPXtHXl=•l74o66900•47,9921DO•PX•Oo6l3606DO•PX•PX•7,39386D•S•~X*HBAL 260 
IX•3o3372C6/HX/HX/PX/PX+0,035715400/PXI~X/PX•lol725D•9*HX*HX*HX*PX•BAL 270 
22o26861Dl5/HX/HX/HX/HX . SAL 280 

DELIO•OoDO 
OELEao,oo 
DO 70 1=1 oNX 
IJO 70 .J=1tNY 
IF IOZI1t.Jl,GToOoDDI GU TO 10 
XMClo.JI=o,oo 
Ehllo.JI=O,DO 
GO TO 70 

10 COI\TINUE 
PP•P 11 o .JI 
HH•H 11 o .JI 
PP=PP*Oo1••7 
Hh•HH*O ,¡ .. 7 
K•~PI1o.JI 

PH11It.JI•PHI011o.JI*CloUO•IP11o.JI•POLDilo.Jli*BETAI 
Hwa7J0,984•129,239*PP•10,0J33•PP•PP+Oo39SS1*PP•PP•PP 

~ 1 •99,0697/PP+l2o92671PP/PP•Oo6ZSJ59/~P/PP/PP 
JF CI~DIKII 20t30t40 . 

20 CO~TINUE 
DE:~cF!IPPoHHI 
THP•FZ CPPtHHI 
GO TO 50 

83 

SAL 290 
BAL .JOO 
BAL 31 O 
·BAL 320 
BAL 330 
BAL 340 
SAL 350 
SAL 360 
BAL 370 
SAL 380 
BAL 390 
SAL 400 
SAL 410 
SAL 420 
BAL 430 
hL 440 

BAL 470 
BAL· 480 
IIAL 490 
SAL SO~ 
SAL 510 



e 

JO CO~TINUE ·~ ... 
HS•2822o82•39,952/PP+2oS~J~2/PP/PP•O,~J8879•PP•PP 

. TEI'P•F2 CPPoHwJ- .. ·:··.' ·, 
DW•Fl CPPoHWI 
DSaF3CPPoHSI 
SWaOS•CHS•HHI/CHH•CDw•USI•CHw•Dw•HS•DSII 
SST•1o0•5W . 
DEh•Dw•S~•SST•DS 
GO TO 50 

40 CO~ TINUE 
OEhcFJ IPP oHHI ·-
Hwa730o98~+129o239•PP•IO,OJJJ•PP•PP+Oo3988!•PP•PP•PP 

1 •99,0697/PP•I2,9267/PP/PP•Oo628359/~P/PP/PP 
HS•2822,S2•39o952/PP+2o54342/PP/PP•0,~38879•PP•PP 
TT1•F4 CPPoHHI . 
TT2=F4 CPP o ~S J. 
TTJ•F2CPPoi1WI 
TEI'P•TTI•TT2+TT3 

50 HRCCK•TEI'P•PHFWT 
YOL*DYCJI•DXCII•OZCioJI 
X"T•YOL•DEN°PHIIIoJI 
ENTaVOL•CPHICioJI•HH•D~N•!0,••7+C1oO•PHICloJII•H~OCKoDFI 
IF llCXoEOoOl GO TO 60 . . 
DEL"•DELI'•XHASSIIoJl+XHT 
QELE•DELE•ENERGYCioJJ•ENT 

60 XI'CloJI•XIoH 
.. EN CI o JI =ENT 

70 CO~ TINUE 
IF CKKK,ht::,NKl GO TO 9U · 
DO 80 l•loNX. 
00 80 J•loNY 
XHASSCloJI•X"CioJI 

80 ENEAGYCloJl•ENCioJl 
90 COh TI NUE 

IF CICX,EQ,OI GO TO llU 
00(;•0.00 
EEE•OoDO 
DO 100. l•loNX 
DO 100 J•lo1'4Y 
OQ(;:QQQ+OiloJl 0 DELT 

lOO EEE•EEE•OHCioJI•DELT 
PCEM•CDELH•DQOI•IOOoOO 
IF COQQ,~E,O,OOl PCEH=~CE"/000 
PCEE•CDELE·EEt::l•!OO,OO 
lF CEEE.~E.O,DOI PCEE=~CEEIEEE 
IIIRITE C6ol20l QOQoEEEoUELMoOELEoPCEMoPI.:EE 

110 CO~TINUE 
AETURN 

• o 

BAL 
SAL 
BAL 
SAL 
UL 
SAL 
SAL 
BAL 
SAL 
SAL 

'HAL 

SAL 
BAL 
SAL 
SAL 
BAL 
8AL 
BAL 
SAL 
SAL 
SAL 
SAL 
SAL 
SAL 
SAL 
SAL 
B~L 
SAL 
BAL 
SAL 
BAL 
SAL 
SAL 
SAL 
SAL 
BAL 
SAL 
SAL 
SAL 
SAL 
SAL 
SAL 

120 FO~MAT (//IIXo23HMASS ANO ENEAGY BALANLE/llXo23ClH•l/32Xo4~"AS5o3l~AL 
1Xo~HHEATII5Xol2HOISC11ARGE • oG!S,Bo20AoG15,8/ISXo12HST0AAGE • oGBAL 
215,8o20XoG15,8/l5Xol2H1 ERHOA • oGl5o8t20XoG15,8l 8Al 

f."O lo! nL 

84. 

520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 

640 
650 
660 
670 
680 
690 
700 
110 
720 
730 
HO 
750 
760 
770 
780 
790 
800 
810 
820 
SJO 
840 
aso 
860 
870 
880 
890 
~o o 
910 
920 
9JU 
940 
950 
960 
970 
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SECTION 2 
DATA INPUT REQUIREMENTS 

2.1 INTRODUCTION 

' This section describes the requiréd and optional input data for the program. 
Input data forms that illustrate the placement of thevarious input parameters on 
the data cards are described in the text below. 

A single computer job ·can pro~ess ·as many different individual cases as 
desired. Each case requires five or more data cards as described in ·section 2.2 
for multicase runs, the data for each succeeding set is included immediately 
after that for the preceeding one. Also, preceeding the data for the first case 
are one or more cards for control parameters and fluid properties. 

The required input data include a description o! the flow string (total 
depth, lengths and diameters of component segments), mass flow rate, steam 
quali ty and the pressure at one end of the line. . Fluid properties m ay be 
specified, or if unknown they can be determined .from correlations and/or default 
values provided in the program. Detailed steam tables are included, but solution · 
gas properties should be specified if known, rather than relying on generalized 
correla tions. 

2.2 INPUT DATA DESCRIPTION 

The data input forms for the vertical steam-water flow model (VSTEAM) 
are included in this section. Card type 1 through 6 contain data that is used for 
all of the cases to be run; the temperature, pressure and steam property tables. 
These data are input only once, while cards 7 through 21 are input for each case. 
These cards, 7 through 21, describe in detall the wellbore and flowing conditions 
to be simulated, and includes control data for which flow equations are to be 
used, and data for transient heat flux effects between wellbore and formation. 

Each card input uses either a right justified integer format or a real format 
which usually requires a decimal point. · Each card will be exactly described in 
the following section, and a brief description of each variable on each card is 
included. · 



CARO TYPE 1 CONTROL PARAMETERS 0415) 

NC 

• 
1 1 1 

· NZ IP NTR NPR NST NREG !GAS 
10 15 20 20 >O •• •o 401 

' 1 ' ' '- 1 '- 1 1 t 1 t 1 1 1 1 1 1 _f . .L __t__L_L_L . .L 

NC - NUMBER QF CASES TO BE RUN (NOT CURRENTLY USED} 

NUMBER OF INCREMENTS PER SEGMENT (DEFAULT = 5} 

IP OUTPUT CONTROL 

o -
1 -
2 
3 

DO NOT PRINT INPUT DATA 
ECHO PRINT INPUT DATA 
PRINT INPUT DATA WITH Df;SCRIPTIVE TEST . 
ECHO PR!NT AND DESCRIPTIVE PRINT 

sol .. , •& ·~ 10 

--'- __L _LLLL.L _L.,L.L 1 1 
.• 1 1 L .L --'---'-.. 

NTR NUMBER OF ENTRIES IN SUPERHEATED VAPOR TEMPERATURE TABLE (CARO TYPE 4A,O < N.TR < 8) 
' - . . . ' - . - -

NPR NUMBER OF ENTRIES IN.SUPERHEATED VAPOR PRESSURE TABLE (CARD.TYPE 4B, O <~PR < 20} ·. . . . - . - - . 

751 

_l L . 

NST - NUMBER OF ENTRIES IN STEAM TABLE (CARO TYPE 3}. PROGRAM SUPPLIES OWN TABLE IF ENTERED AS 
ZERO OR BLAN K (MAX!MUM OF 200). 

NREG - FLOW REGIEME MAP CONTROL 

·¡GAS 

NOTE: 

O -· ROS/GRIFFITH JI:'IAP USED 
1 - AZIZ .MAP USED 

- CONTROL OF SINGLE-PHASE STEAM 

o -
- 1 -

TWO-PHASE SATURATED STEAM-WATER · 
SINGLE-PHASE SUPERHEATED STEAM 

THIS CARO INPUT ONLY ONCE PER JOB 

, . 
. ' 
1' . \ . 

"! 

: r 

) 

.• 

.. 

00 
. 

.. ' 



CARO TYPE 2·· BASE CONDITIONS (2 FIO.O) 

PBASE TBASE 
S\ 10 

,., 
20 .. , >O\ .. , ~O\ 45\ col .. , eQ)_ 6SI 701 7>1 80 

.1 
' 1 ' ' 1 ' ' . ' ' ' ' ' ' 1 1 1 ' ' ' 1 ' 1 1 1 1 1 1 . ,. 1 1 _L_LL 1 

PBASE BASE PRESSURE, PSIA. IF NOT SPECIFIED, ASSUMED AS 14.65 PSIA 

· TBASE - BASE TEMPERATURE, °F. IF NOT SECIFIED, ASSUMED AS 60°F. 

. . 

·' 



1 f:ARn TYPi': 3 SATURATF.D BTRAM TARI~E (6F10 O) 

1 

.. 
PST TST SVF ·· SVG EHF EHG 

•1 10 "' 20 .. , 30 301 40 .ol 00 .. , 60 .~ 701 ··' 
1 1 1 1 1 1 1 ' ' o 1 1 1 o 1 .L 1 ' ' 1 

. ' ' ' ' 1 1 1 1 ' ' . . . . . ' ' • 1 1 1 

INPUT NST TYPE 3 CARDS. IF NST = O ON CARD TYPE 1, THIS CARO TYPE !S NOT INPUT AND 
PROGRAM SUPPLIES ITS OWN TABLE. 

PST - SATURATION PRESSURE, psia 

TST - SATURATION TEMPERATURE, °F 

SVF - SPECIFIC VOL UME OF LIQUID, cu.ft./lbm. 

SVG - SPECIFIC VOLUME OF GAS, cu.ft./lbm. 

EHF - SPECIFIC ENTHALPY OF LIQUIO: BTU/lbm. 

EHG SPECIFIC ENTHALPY OF GAS, BTU/lbm. 

NOTE 1.) SVF !S MODIFIEO BY SGW ON CARO 9 TO ACCOUNT FOR GRAVITY OF BRINE. 
2.) THIS CARO IS USUALL Y NOT REAO UNLESS ANOTHER FLUID SUCH AS C02 IS BEING CONSIDEREO OR 

.JMPURITIES CAUSE MEASUREO OEVIATION FROM PURE WATER PROPERTIES. 

80 



.. ..., 
CARO TYPE 4A SUPERHEATEO VAPOR TEMPERATURES (5F10.0) 

TRC (1) TRC (2) TRC (3) TRC (4) TRC (5) TRC (6) TRC (7) TRC (8) 
•1 10 151" 20 251 30 »1 ~o ••1 50 ••1 60 651 70 ,., so 

-

1 1 1 1 1 1 • 1 • • • • • • 1 1 1 1 • • . ' ' ' ' 1 1 ' 1 • ' ' ' • 1 ... ' '.' ' ' ' 1 ' . 

~NPUT NTR.VALUES (MAXIMUM OF 8) GIVING REFERENCE TEMPERATURES FOR TABLES SENTH ANO.SVOL, 
F . . . . .. . . 

IF !GAS= O OR N'rR = O ON CARO TYPE 1, THIS CARO !S NO'J' REAO •. 
-. 

NOTE: IF SUPERHEATEO VAPOR TABLES ARE NEEOEO, SETTING !GAS= 1 ANO NTR =O WILL CAUSE PROGRAM TO 
PROVIDE ITS OWN TABLES, ANO CARO TYPES 4A, 4B, 5,_ ANO 6 ARE NOT REAO. . . 



NPR(I) 
~ 10 . 

-. 

NPR (I) NPR I 
15 to 30 

NPR I 
3~ <O 

NP 
60 

INPUT NPR VALUES (MAXIMUM ·op 20) GIVING REFERENCE PRESSURES FOR TABLES SENTH AND SVOL, 
PSIA. ~ . 
IF !GAS= O OR N'I:R =O ON CARD TYPE ·1, THIS CARO !S NOT READ,· 

. ' 

.· 

. , 

.• 

e o 



10 

SENTH 1 SENTH 1 SENTH 1 SENTH 1 J SENTH 1 SENTH 1 
15 20 25 30 <O a o 60 65 70 

INPUT NTR SETS OF TYPE 5 CAROS, EACH SET CONSISTING OF NPR VALUES OF SUPERHEATEO VAPOR 
ENTHALPIES, BTU/lbrrí. (MAX!MUM OF 20 PER SET). FIRST SET OF NPR CAROS CORRESPONOS TO FIRST 
TEMPERA TU RE ON CARO TYPE 4A, ANO ENTHALPY VALUES SHOULO MATCH PRESSURES .ON CARO TYPE 
48. . 

IF !GAS = 0 OR NTR = O ON. CARO TYPE 1, THI& CARO JS NOT REAO. 

80 



CARD TYPE 6 

SVOL (l,J) 
•1 10 

1 1 1 1 1 1 1 1 1 

-. 

NOTE: 

SUPERHEATED VAPOR SPECIFIC VOLUMES (8Fl0.0) 

SVOL (I,J) SVOL (I,J) SVOL (I,J) SVOL (I,J) SVOL (I,J) SVOL {I,J) SVOL (I,J) 
••1 20 25\ 3C 351 •o ••1 50 ••1 60 651 70 701 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' 1 1 l. 1 1 1 1 1 ' ' ' 1 1 1 1 1 " 1 1 " _L '--' 1 l 1 1 ' 1 1 

INPUT NTR SETS OF TYPE 6 CARDS, EACH SET CONSISTING OF NPR VALUES OF SUPERHEATED STEAM 
SPECIFIC VOLUMES, cu.ft./lbm. (MAXIMUM OF 20 PER SET). THE FIRST SET OF NPR CARDS CORRESPONDS 
TO THE FIRST TEMPERATURE ON CARD TYPE 4A, AND SPECIFIC VOLUME VALUES SHOULD MATCH 
PRESSURES ON CARD TYPE _48. • 

IF IGAS =O OR NTR =O ON CARD TYPE 1, TH~ CARD IS NOT READ. 

THIS CONCL UDES THE INITIAL DATA READ ONL Y ONCE PER JOB 

~ .· .· 

80 

' 



$l 

" •• 1 

CASE IDEN'I'IFICATION (18A4) 
-

IDENT 
101 l!l 201 ••1 lOI 301 <O\ ••1 eol 05\ 601 8$1 701 701 

1 1 _l__l__l _L • • • .. 
1.1 " • 1 1 •• • • ••• 1 1 • 1 1 1 . . 1 • 1 ••• 1 1 1 

IDENT IS AN ALPHANUMERIC TITLE CARD OF UP TO 72 CHARACTERS IDENTIFYING THE SPECIFIC CASE 
BEING RUN. THIS CARD SHOULD BE THE FIRST CARD OF EACH CASE RUN. 

· . 
. ' .. 

· .. • . 

. • 

. -r-·--. 

e o 



CARO TYPE 8 CONTROL PARAMETERS (10 1 5). 

NDIA. NOUT VOPT JFI.O ITV IHTX NR KR MIX T. 11''1' 

, 10 ., 20 ., ~o 35 40 ., so ,, •ol ••1 . rol 701 80 

1 1 1 1 ·1 1 • • • . . ' ' ' ' 1 ' ' ' ' 1 1 ' 1 ' ' 1 1 1 1 1 L.L_J_l .. '_, ' ' ' ' 1 1 

NDIA - NUMBE~ OF TUBING/CASING INPUT CAROS (TYPE 13) TO BE READ (MAXIMUM OF 15- MINIMUM 1) 
é 

NOUT = o INHIBIT PRINTING OF RESULTS OF INTERMEDIA TE CALCULATIONS 
= 1 PRINT HEAT BALANCE SUMMARY TABLE 
-e 2 . PRINT INTERNAL VARIABLES USED 
= 3 . ÓBTAIN PRINTOUT OF PHYSICAL PROPERTIES i.JSED 

VOPT = 1 - HAGEDORN AND BROWN '· = 3 - AZIZ AND GOVIER 
= 2 - ORKISZEWSKI = 4 BEGGS AND BRILL 

IFLO = o - FLOW IN PIPE !S UPWARDS (ITV=1) 
= 1 - FLÓW IN PIPE !S DOWNWARDS (ITV=O) 

ITV = o ,PRESSURE TRAVERSE !S CALCULATED FROM TOP TO BOTTOM 
= 1 - PRESSURE TRAVERSE lS CALCULATED PROM BOTTOM TO TGP 

IHTX. ·- o - · ANALYTIC HEAT LOSS FRO.M WELLBORE TO ROCK AROUND WELLBORE 
= .1 - WILLHITE WELLBORE HEAT LOSS CALCS 
= 2 - TRANSIENT HEAT LOSS IN ROCK SURROUND!NG WELLBORE (CARD TYPES 16 THROUGH 19 MUST 

BE INPUT) ~ 

. =:. :-· 

·N.R · - - NUMBER QP RADIAL RESERVOIR GRID BLOCKS (5 !S USUALL Y SUFPICIENT). 

.KE = o INCLUDE KINETIC ENERGY TERM IN CALCULATIONS 
= 1 - EXCLUDE KINETIC ENERGY TERM IN CALCULATIONS (C.AN BE USED ALMOST ALWAYS) 

., ' Mlx- = o· MIXTURE DENSITY-WITH SI:IPPAGE IS USED EVERYWHERE 
= 1 . MIXTURE DENSITY WITHOUT SLIPPAGE lS USED EVER YWHERE · 

LIPT · o - CALCULATE PRESSURE PROFILE GIVEN RATE 
= 1 - · SET .PRESSURE AND CALCUL_ATE DELIVERABILITY 

-r 



CARO TYPE 9 

· GLR 
•1 JO 

' ' ' 1 ' 1 

.GLR 

SGG 

SGW 

VGC 

vwc 
TC. 

PC 

FLUID PROPERTIES (8F10.0) 

SGG SGW. VGC 
151 20 201 >O •• 

' ' ' ' ' ' ' ' ' ' ' , .. 1 ' ' " ' ' ' ' 

SOLUTION GAS/WATER RATIO, SCF/STB 

- SOL UTION GAS GRAVITY 

vwc PC 
40 .or •o •• 60 

' ' ' ' ' ' ' ' 1 1 1 ' 11 ' ' 

GRAVITY OF WATER W.R.T. PURE WATER. IF NOT SPECIFIED, ASSUMED AS 1.0 

- STEAM VISCOSITY FACTOR (DEFAULT = 1.0) 

- · WATER VISCOSITY FACTOR (DEFAULT = 1.0) 

- CRITICAL TEMPERATURE, 0 R, OF STEAM. lF BLANK, SUPPLIEDBY PROGRAM. 

- CRITICAL PRESSURE, PSIA, OF STEAM. IF BLANK, SUPPLIED BY PROGRAM. 

,· 

TC 

••1 70 ,.¡ 80 

' l. 1 ' ' ' . ' 



-
tA Rn TÚE Ío CASE DESC:Ri DA 1' A IRFl O.Ol 

; 

DEPTH- EDI ITOP "~'BOT ,, 10 151 20 .,, 30 351 40 45_( 5Ql ool . 801 

' ' ' 1 1 1 1 1 1 ' ' ' ' ' .LIL1111LI .1. ,· ' ' ' ' 1 1 1 _j_j__!__!_.i_ 1 1 1 1 1 1 1 1 1 1 •. 1 
... 

DEPTH TOTAL LENGTH OF PIPE, FEET (MEASURED DEPTH 
. . 

· EDI - TUBING ROUGHNESS, IN CHES. IF NOT SPECIFIED, ASSUMED AS 0.000~ IN CHES." 

TIOP w_" SURFACE ROCK TEMPERATURE; °F. ., .- . 
· TBOT 

' 
,¡·. 

... · 

.-.. 

. ;- . 

. ! . 

. . 
· ... 

! 

' 
851 

. : 

. 1 

i 
1 

1 

' 1 1 1 

1 . 

•1 

1 

. ' ' . 

1 • 

701 751 •o 

.l..J 1 1 _j__j 1 ' 



CARO TYPE 11 CASE DESCRIPTION (8Fl0.0) -

UWELL OH OLE TIME URES TDIS RE 

•1 10 ,.¡ 20 Hi !O .or •o ••1 00 ••1 60 o si 70T 7>1 

1 1 1 1 1 1 1 1 • • • • 1 •••••• ... 
• • • • • • • • 1 • • • • . . . . • . • • • . 

UWELL - OVERALL WELLBORE HEATTRANSFER COEFF, BTU/(hr-°F-ft2)- APPLIES FROIYI FLUID.TO OUTSIDE CEMENT. 

DHOLE - HOLE OlA METER USED AS BASIS FOR HEAT LOSS UNLESS DICAS IS.SPECIFIED, IN CHES 

TIME - TOTAL TIME WELL HAS BEEN FLOWING, .DAYS. USED FOR ANAL YTIC HEAT LOSS CALCULATIONS. 

URES - OVERALL RESERVOIR HÉAT TRANSFER COEFFICIENT, BTU/(hr-°F-ft2). USED FOR ANALYTIC HEAT LOSS, 
THESE VALUES SHOULD RANGE FROM 1 TO 1(}, BUT CAN BE HIGHER IN A GEOTHERMAL WELL. 

TDIS . - THERMAL DIFFUSIVITY OF ROCK, BTU/(°F-ft2). IF NOT SPECIFIED, ASSUMED AT 0.04 BTU/(°F-ft2)" 
. . . . 

RE :- - EXTERIOR RADIUS OF GRID, FEET (200 IS SUFFICENT) 

NOTE: IF IHTX (CARD 8) IS ZERO, THEN THE OVERALL 
COEFFICIENT IS COMPUTED AS . 

FOR MORE DETAILED WELLBORE HEAT TRANSFER 
TREATMENT, SET IHTX = 1 AND READ CARDS 12A, B, AND C. 

00 

1 



f":A R n 'l'YPF ; ? .l 
.. 

('/Fl.l.RORF f F.\'1' 'l'R ANSFFR IREAD ON',Y_lElHTX- .1l 
f 

AKINS. AKHA AKCEM AKE EPSTO ¡;-PSCI UTOL 
,¡ ~ 15\ 20 zo\ >O 55] 40 ·~ 50 051 80 .,, 70 "' e o 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1_ 1 1 1 1 1 1 1 1 1 1" 1 1 -'--'- ' -'-- -'--'- _1.__1._ -'- _j_ L 1 .1 1 1 1 t__j__j_ ·~· 1 1 1 1 1 _f__j__j_ -'-- ' ' 1 ' 

-' AKINS = THERMAL CONDUCTIVITY OF TUBING INSULATION 

AKHA = THERMAL CONDUCTIVITY OF ANNULUS FLUID -

AKCEM r:: THERMAL CONDUCr!VI'l'Y OF THE CEMENT, BTU/HR/FT/pEG.F ·- ' 
·f . • . 

AKE = THERMAL CONPUCTIVITY OF EXTERNAL RESERVOIR ROCK •. 

' 
EPSTO = EMISSIVITY OF TUBING (INSULATION) SURF~CE .;·. 

EPSCI = EMigSIVITY QF CASING INNER SURFACE. 

UTOL = CONVERGENCE TOLEREN CE 

• 
.-

., 

.. 
. . . •· . .. 

.1· 
'·'·· 



CARO TYPE 12B WELLBORE HEAT TRANSFER (READ ONLY IF IHTX = 1) 

RTI RTO RINS RCI RCO 
•1 10 151 20 201 30 301 40 401 •o 051 601 ••1 701 751 e o 

.. 
1 1 1 1 1 1 1 1 1 1 • •• 1 .. 1. . . ; • 1 • ••• • 1 i _L _Ll__L _L_L _L_L~_!o Ll ~~~i~i_L~_L_L_L L 

RTI = RADIUS INSIDE TUBING, FEET 

RTO = RADIUS OUTS!DE TUBING, FEET 

RINS = RADIUS OUTS!DE INSULATION, FEET 

RCI = RADIUS INSIDE CASING, FEET 

RCC = RADIUS OUTS!DE CASING, FEET 

· .. -: . 

----··-::----~ 



RHOAN U MUAN e 
• 10 ,. 20 30 

'RHOAN ANNULUS F~UID.DENSITY, lb/ft3 

UMUAN - ANNULUS FLUID VISCOSITY, cp 

CAN ANNuLUS FLUID HEAT CA~ACITY, BTU/l~~F 
·• 

TEANN - ANN·ULUS !'LUID TEMPERATURE, deg.F 

.. 

,. 

:. . .. 

. . 
•. 

•o BO 

. • 

·. ! ·. 

•. 

e o 

;· . 

' 
' 

70 BO 



CARO TYPE 13 SO!JRCE DE ;e lN DATA (5F10.0) 

WT XMAS PREF TREF HREF ... ,, 10 "' 20 a¡ !O .,, •o .,, a o .,, •o! .,, 701 ,,, 
1 1 1 1 1 1 1 1 1 ' 1 1 1 . 1 1 • • • 1 l. 1 . ' ' ' ' 1 .l .L 1 1 1 1 1 . 1 ' 1 ' 1 . ' 1 ' 

WT - TOTAL MASS FLOW RATE, Klbm/hr. FOR OELIVERABILITY CALCULATIONS (LIFT t- O), THIS IS THE INITIAL 
RATE GUESS. 

XMAS - MASS FRACTION STEAM QUALITY AT PREF. NOT REQUffiEO IF HREF SPECIFlEO. 

PREF - PRESSURE, PSlG, AT PIPE ENO WHERE CALCULATION OF TRAVERSE BEGINS AS SPECIFIEO BY ITV 
(lF ITV =O, THEN PREF IS WELLHEAO) -
(IF ITV = 1, THEN PREF IS BOTTOMHOLE) 

TREF - TEMPERATURE, °F, AT LOCATION OF PREF. IF STEAM QUALITY IS GREATER THAN ZERO ANO LESS THAN 
ONE, LEA VE BLANK ANO TEMPERATURE IS AUTOMATICALLY SET TO THE SATURATION TEMPERATURE AT 
PREF. IF TREF SPEClFIED A$ LESS THAN SATURATION TEMPERATURE, STEAM QUALITY !S SET TO ZERO 
ANO PROGRAM CALCULA TES A FLASH POIN} INSIDE THE WELLBORE.. . 

. . 

HREF - ENTHALPY, BTU/lbm. AT PREF ANO TREF. 1F LEFT BLANK, PROGRAM SUPPLIES CORRECT ENTHALPY 
CORRESPONDINGTO PREF ANO STEAM QUALITY. 

1 
a o 

1 



r.ARD 14 DELIVERABI ,JTY PARAMETE"RS (215.4F10 Ql 

NMAX LBASE PSET EPS DQ QLMIN 
--• 10 1!1 20 ze1 >O ·~1 ~o ~~~ •o ~~~ •ol .. , - 701 . ,., e o 

_j _l _l _[ .1 1 ' 1 L l _1 _L.LL.l L l_ 1 1 .l l l .Ll ' ' ' ' ' ' ' ' l l 1.1 Lt .J l ' ' ' 
THIS CARO IS NOT READ IF LIFT =O 

IF LIFT = 1: 

NMAX - MAXIMUM NUMBER OF ITERATIONS ALLOWED (lOto 30) 

LBASE - NOT USED 

PSET - SPECIFIED PRESSURE TO BE MATCHED, psia •. _ 
- WELLHEAD PRESSURE IF IFLO =O (ITV = 1) ON-CARD 08. 
- BOTTOMHOLE PRESSURE IF IFLO = 1 (ITV = O) ON CARO 08. 

. -
EPS CONVERGENCE TOLERANCE FOR PRESSURE, FR¡\CTION, DEFINED AS (TRUBHP-PCALC)/TRUBHP 

DQ - LIQUID RATE DAMPING VALUE FOR INTERVAL SEARCH. IF NOT SPECIFÍED, ASSUMED AS 2.0. 

QLMIN - MINIMUM RATE BEFORE POTENTIAL ASSUMED TO BE ZERO, Klbm/hr. . . . 



.. 

("'A lln 'l'YPF' g F"l.nW r.nNniJJ1' m:sr.ll!P'l'!QN {6Fl0.0. 15. 5X. FlO.O) 

HTCH · DIA DICAS WTHIC UHT THETA NTUBE PRK 
•1 10 15( 20 >'l 30 . 35( ~o .. , 00 ••1 60 •• 70 

,., 
' 1 ' 1· 1 1 1 ' 1 1 .1 1 1 1 1 1 1 -' 1 1 1 1 l .. 1 1 L l .. LI L _l_l 1 ' ·, '.1 ' ' ' 1. -1 1 1 1 1 1 1 1 1 .. _l. 1 ' ' ' ' ' 1 

. INPUT EXACTLY NDIA TYPE 15 CARDS 
. .· 

HTCH DISTANCE FROM SURFACE TO DEPTH WHERE THIS SECTION BEGINS, FEET. 

DIA - INSIDE DIAMETER OF TUBING, IN CHES. 
. . 

DICAS - INSIDE DIAMETER OF CASING, IN CHES. NOT REQUIRED IF NTUBE =O. 

WTHIC - TUBING Í'IALL THICKNESS, IN CHES. NOT REQUIRED IF NTUBE =O. 
;·. . . 

UHT - . OVERALL· HEAT TRANSFER COEFF; BTU/(HR SQ.FT °F)I DEFAULT USES UWELL AND URES FROM CARD 11. . : . ' . . . ' -. - . . . 

THETA - ANGLE OF CONDUIT INCLINATION F.ROM VERTICAL,DEGREES. 

·NTUBE - "SPECIFIES WHETHER FLOW IS THROUGH TUBING.OR ANNULUS. .. · • 
.• > 

O ,;~ TUBING FLOW 
• ~ = ,ANNULAR FLOW 

. .. · 

TRK - · ROCI< TEMPERATURÉ AT CORRESPONDING DEPTH; °F. "CAN BE USED TO SPECIFY TEMPERATURE 
GRADIENT IN PLACE OF TTCÍP. ~ND TBÓT ON <:;ARD TYPE 10. 
(USED FOR ANAL YTIC.'HEAT.TRANSFER CASE ONL Y). . · 

• • • f • • • • 

. . . . · .. 

NOTE~ lF IHTX. (CARD. 8) EQUALS· ZERO·OR .ONE, THim ANoTHIÚt CASE:MAY BE READ B"Y RETURNING TO CARD 7 
POR MORE INPUT. . . . . · .. . . 

. -. -: 

: . . .. . -

¡ . 

'· 
.. , ··.;· . -~ . '_:-;;... 

•o 

' ' 1 



READ ONL Y IF IHTX = 2 

. RC RK 
10 " 20 •o •• ~o ~· 00 •• 80 70 e o 

INPUT NDIA CAROS, BEGINNING WITH DATA FOR TOP LAYER 

RC(I) ROCK HEAT CAPACITY, BTU/(ft3 - °F) 

RK(I) - ROCK THERMAL CON DUCfiVITY, BTU/(DA Y -ft-°F) 

NOTE: CARO TYPES 16 THROUGH 20 ARE READ ONL Y ·¡p TRANSIENT HEAT LOSS CALCULATIONS ARE TO BE MADE. 
IHTX ON CARO TYPE 8 MUST BE SPECIFIED AS 2. ·. IF IHTX = O, ANOTHER CASE CAN BE INPUT BY RETURNING 

· TO INPUT STEAM AT CARO TYPE 7 ANO BYPASSING CAROS 16- 20. 



CARO TYPE 17 THERMAL PROPERTY OVERREAO (415) (REAO ONL Y IF IHTX = 2) 

11 

• 
1 

12 K1 K2 
10 15 20 20[ •ol .. 1 •ol ••1 OOI . ••1 601 ••1 701 »1 

1 1 1 1 ' ' ' 1 1 ' ' ' 1 ; 1 ' ' 1 1 ' ' 1 ' ' ' ' ' ' . ' 1 1 1 1 1 1 1 1 1 1 . ,. 1 
' ' ' 

ll, 12 - BEGINNING ANO ENDING RADIAL BLOCKS FOR WHICH NEW THERMAL PROPERTIES ARE TO BE ASSIGNEO 

K1, K2 - BEGINNING ANO ENDING LA YERS FOR WHICH NEW THERMAL PROPERTIES ARE TO BE ASSIGNEO 

NOTE: IF NO OVERREAOS ARE OESIREO, INPUT A BLÁNK CARO HERE ANO SKIP TO CARO TYPE 18. FOR EACH 
CARO TYPE 17 INPUT, ONE CARO TYPE 17A MUS'F FOLLOW. FOLLOW CAST OF CARO TYPE 17 ANO 17A PAIRS. 
WITH A BLANK CARO. 

80 



- .. -

CAROTYPE 17A . THERMAL PROPERTY OVERREAO (2F10.0) .· (REAO ONL Y IF IHTX :: 2) : 

.. URC URK 
•1 10 !OI 20 Hl 301 ••1 ~ol .. 1 •ol .. , sol ••1 . rol rol BO 

1 . L. 1 1 1 1 1 l. 1 1 1 1 1 1 1 1 1 1 L 1 .. 1. .1 L 1 1 ' 1 1 1 1 .1 L 1 .1. .LJ" J _j 1 1· 1 1 1 1 ' 1 1 1 1 
. l. o 1 1 1 L Lo 11 1 ' ' 1 1 

URC ROCK HEAT CAPACITY, BTU/(ft3 - °F), TO BE USEO IN REGION OEFINEO BY CARO TYPE 17 

URK - ROCK THERMAL CONOUCTIVITY,BTUi(OA Y-ft-°F), TO BE USÚ> IN. REGIÓN OEFINEO BY CARO TYPE '17 

-. 

. . 

. · 
- ..... -

.. ~ · .. 

... · .. 
·-•... -

.. - .;.'-'.· . 
. . .. . 

.· .. . :~. ; . ;"· . 



.. -
~ARDT"PE lR RECJRRI>NT CONTitQL_DATA 1415). (READ ONL Y IF IHTX - 2)-

l· JGO · IFLO NOUT NMAP 
• 10 .. 20 .. , 30\ 

,., •ol .. , •111 .. , BOl 

i ' • • • _t_L _1 LJ o o ' 1 Lll 1 11 LJ 1 1 1 1 1 1 1 1 ' 1' L_l_l. L.Jj_ 1 •.• 1. 1 ' 
. ,. ' 

. . 
THIS CARO IS READ ONCE FOR EACH TIME STEP DURING TRANSIENT HEAT LOSS CALCULATIONS 

· IGO = o 
= .1 
-

·IFLO. = o 
= 1 

/ 

NOUT = !l 
1 

= 2 

NMAP = o 
= 1 

QUIT,NO MORE CALCULATIONS TO BE MADE 
. CONTINUE CALCULATIONS 

•· 

FLOWlN PIPE IS UPWJ\:RD(ITV=l) · 
·FLOW IN PIPE IS DOWNWARD (ITY=O) . 

' 
INHIBIT PRINTING OF fNTERMED1ATÉ RESULTS 

~~:~~gg~ ~itt:g:i ~:~¡EB:ii~:~~D.INTERNAL VARIABLES 

. NO PRINTER MAP CONTROLS READ . . ' 
READ CO~TROLS FOR R-Z TEMPERA TU RE MAP TO BE Ot!TPUT ... 

... 

' . . . . 
_-- -

·, 

.. , 701 ,., 
• 

1 1 1 ' 1 • 1 

NOTE: REGURRENT DATA .coi~SISTS OP CARD TYPES 18; 19 ,AND 20. Jp MORE CASES AR~ TO BE RiJN, INPUT IGÓ= O 
(BLANK CARD) AND RETURI'{.'l'O mPUTSTREAM AT CARO ~YPE 7 •. · . . • · · , . . · . · 

1. • . . . 
- ... 

'. 

,, 
.. 

. • . 
- . . -~ .. 

. . ·. 

00 

_j 



~\RDTYPE 19 . RECURRENT RATE DATA (5Fl0.0) (READ ONL Y IF IHTX = 2) 

DTC WT XMAS PREFIX TREFX HREFX 
1 •1 10 ,, 20 251 30 ••1 40 .si 00 ••1 80 ••1 701. 701 so 

1.1 ~ . . . ' '.~ j_ l_!_ ••••• 1 l 1 .1 1 1 • 1 1 1 1 l_t •• 1 ' .J· _j_t~l' ' 1 .1 1 ' 1.1 _, 1 1 '_j' Ll 1 ' ' 11 1 

DTC TIME STEP USED FOR TRANSIENT CALCULATIONS, DA YS 

WT - TOTAL MASS FLOW RATE, Klbm/hr 

XMAS _ -- MASS F.RACTION STEAM QUALITY AT PitEFX 

PREFX - PRESSURE, psig, AT PIPE END WHERE CALCULATION OF TRAVERSE BEGINS 

TREFX - TEMPERATURE, °F, AT PREFX (SEE CARO TYPE 10). IF VALUES OF PREFX ·AND TREFX ARE NOT 
SPECIFIED, VALUES FROM PREVIOUS TIME STEP ARE USED 

HREFX - REFERENCE ENTHALPY 

.· 
. J. . f : - . -- -·-



: :::ARD TYPE 20 "RECURRENT MAP CONTROLS · (415, 4F10.0) 

IRl 

.1 1 1 1 

IR2 KZl KZ2 XLGTH YLGTH 

• 10 15 20 ••1 so 351 ~o 

1 1 1 "1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 .1 t 1 t 

READ ONL Y IF. NMAP = 1 

· IRl - BEGINNING RADIAL BLOCKS TO BE MAPPED 

IR2 ENDING RADIAL BLOCKS TO BE MAPPED 

KZ1 BEGINNING LA YERTO BE MAPPED 

KZ2 ENDING LAYER TO BE MAPPED 

XLGTH - HORIZONTAL MAP WIDTH, IN CHES 

YLGTH · :.. __ VERTICAl.. MAP.WIDTH,_INCHES 

TMIN. MINIMUM TEMPERATURE TO BE MAPPED, °F 

TMAX - MAXIMUM TEMPERATURE TO BE MAPPED, °F 

.IF.TMAX =O, NO MAP PRINTED 

. DATA APPLIES TOLA TER TIME STEPS ·UNTIL READ AGAIN 

• 

(READ ONL Y IF IHTX = 2) 

TMIN TMAX 
451 60 551 60 ·~J . · rol_ 751 80 

1 1 • • tlllllll .• 1 • •• 1 1 

; . 

. • • i 
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ABSTRACT 

The lack of reservoir material property data has been identified as 

a major obstacle to qeothermal development and commercialization. To 
' - - . 

meet this need ~ high pressure/high temperature-test facillty was de-

signed and constructed at Terra Tek under Department of Energy 

. funding. Testing caoabilities include confining and pore fluid pres

sures to 200 MPa and temperatures to 535°C. Rock samples to 10.2 cm 

diameter can be accommodated. 

The program summarized herein is the second year (October 1977-

September 1978) effort (DOE Contract DE-IIC07-77ET28301). Test:techniques 

were de ve 1 oped to meet the geotherma 1 communi ty needs and tests .. were 

conducted to determine: mechanical oroperties, thermal conductivity, 

thermal diffusivity, thermal expansion, permeability, electrical resistiv

ity and ultrasonic velocities. Sandstones, graywackes, granites, and 

basalts, from KGRA's in Baca, New Mexico; Milford, Utah; Geysers, 

Ca 1 iforni a and Northern Nevada, respectively were characteri zei:l. 

i 
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TABLE 1 

Geotherma]._ .Core . .Jesting .Capabi l i ti es 

Maximum 

Test Parameter 
Confinin{ Pressure 

MPa ks 1) 

Mechantcal 200 (30) 
Response 

Therma 1 
Conductivtty 

200 (30) 

Therma 1 200 (30) 
Di ffus 1 v1ty 

Thennal 200 (30) 
Expansion 

Permeabtltty 
1 

200 (30) 

• 

Electrlcal · 200 (30) 
Resistivfty 

Ultrasontc 200 (30) 
Veloclty 

* Not ava1lable at present. 
** References 2-7 

Maximum Maxfmum 
Pare Pressure Temperature Pare Overall 

MPa (ksl) 'C Fluid Accuracy 

200 (30) 535 Gas ±U 
Water 
Brtne 

200 (30) 535 Gas !5~ 
Water 
Brine 

200 (30) 535 Gas !5~ 
Water 
Br1ne 

---· 535 Gas tSi 
Water 
Brine 

69 (lO) 535 Gas tlO% 
Water 
Brine 
Acld 

Causttc 

200 (30) 300 Gas •2.5$ 
Water 
Brtne 

200 (30) 300 Gas ±U 
Water 
Brine 

Appl1cat1on•• 

Dr1111ng 
Stlmulatlon 
Subs1dence 

Surface Exploratfon 
Subsurface Evaluatton. 
Reservotr Engtneertng 

Surface Exploratton 
Subsurface Evaluatton . 

· Reservoir Engtneerfng 

Reservotr Engtneerfng 
Subsidence 

Reservotr Ehgfneertng 
Stlmulatlon 

Surface Exploratton 
Subsurface Evaluatfon 

Surface Explorat1on 
Subsurface Evaluation 

Contained within the appropriate individual description sections are 

data on sandstones, granites, graywackes, and basalts. The tests con-

ducted include materials from KGRA's at Baca, New Mexico; Milford, Utah; 

Geysers, California and Northern Nevada. The data have been generated 

in support of the DOE/DGE supported programs in surface exploration, 

subsurface evaluation (logging), drilling, stimulation, reservoir engineer

i ng and subs i den ce, and ,in s upport of resource de ve 1 opment acti vi ti es by 

several industrial groups. 

2 

. 

1 



FACILITY DESCRIPTION 

· Capabil iti es 

The geothenmal material property test facility is shown in Figure l. 

Data· acquisition and associated control equipment are shown in the fore

ground separated from the load frame and pressure vessel (background) by 

a clear protective barrier. A schematic detailing majar components of 

.the load frame is contained in Figure 2.. Capabilities of the high 

·· · pressure-high temperature test facil i ty are summari zed: 

t. Confining .pressure.to.200 MPa (30,000 psi-~ 

• T.empera tu re....to .. 535°Cj lOQQ~n 

• &,.ia.UoaL,tg....§,2.JLlQ~tLLlO.?....lb.$J 
t Sample size: 5.1 cm (2'') diameter (to 535°C) 

10.2 cm (4") diameter .(to 200°C) 

·while maintaining these previously described environments the follow

ing geothenmal material properties can be determined: 

1 ~echanical properties: complete stress-strain response in

cluding longitudinal and lateral strains (volume response) 

and pare fluid pressure. 

t "thennal properties: · thenmal conductivity, thermal diffusivity, 

· thennal expansion coefficient 

• · Matrix.and .fracture .permeabilit~/conductivity to gases and liquids 

• Elec.tr:ical.-resistivity 

• Uttrasorüc .. ve.loc.i..tie~ 

·. ' 
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Figure l. Geothermal material test system. 

333 Cr.t 

LOWER PL.\U.N 

/-.L-,-_.L _ _J._.J¡IlACTION NU J 

MACHINI 
MOUNT 

Figure 2. ,Geothermal material test system schematic. 
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Figure 3 contains a photograph of complementary eq¡¡ipment at Terra 

T~k. includirig an identical vessel in a configuration designed specifically 

for long term consolidation (creep) tests, anda high temperature, high 

flow circulation system. This flow system is capable of pressures to 

69 MPa (10,000 psi), temp~ratures to 312°C (600°F), and flow rates to 

371iters per minute (lO gal/min). As well as circulating fresh waters, 
' . ·-:. 

it can transport mixed brines, light acids and light caustics. 

/ Figure 3. Complementary test equipment. 

Pressure .Vessel 

The pressure vessel, in which the material property testing is con

ducted, is a 15.25 cm (6 inch) inside diameter hardened steel cylinder 

capable of internal pressúres to 200 MPa (30,000. psi). A mild steel 

5 



cooling jacket/safety liner surrounds the vessel. Cooling water cir

culating in the jacket maintains a constant vessel wall temperature 
' 

during extended .duration testing. Elevated sample temperatures are 

achi e ved by i.[l.t.Únall v..JllQ.LUl.J:e.dJJ.ea.t.e..cs..l.uR.-t.P.....9...1U..l.i?w1lt1~~ whi eh promete 

fast test times due to the avoidance of long heat up and cool down times 

associated with externally heated vessels:. 

Dowtherm A (liquid) was selected as ~-C'onfined medium after test

ing determined thÚ it remained electrically non-conductive at 200 

MPa (30,000 psi) and 535°C(l000°F). Degradation begins in the fluid at 

approximately 400°C (750°F) but this does not prov·e to be a serious limita

tion since very little of the total fluid is exposed to the high tempera

ture. Dowtherm A will not vaporize a~ atmospheric pressure until approx

i~ately 29D°C (550°F). A pressure of 7 MPa (lODO psi) is sufficient to 

maintain the fluid phase to 535°C (1000°F) 
' All load, strain, temperature, and pare pressure measurements are made 

inside the pressure vessel. Pressure effect on each of these transducers 

is carefully documented. Samples .ranging .. from.-t.5 -em.(L inch) diameter,~ 

S. l. cm .{2.jnch) .length to.l0 •. 2 ... cm ... {4. inch). diameter~x-20 •. 3-<m-{8- .. ülch~ 

length can be accommódated. 

Load Frame and Cóntrol 
. . 6 

The load frame is capable of applying an axial load of 4.5 x 10 1'\ew-

tons. {1 million pounds) via the servo-controlled upper actllator. Columl\ 

and rod design are used in the load frame. Prestressed rods and columns .. 

maintain· a rigid frame. Pressure vessel to lower plateo clearance 

allows for assembly of. the test stack with heaters and multiple ceramic 

6. 



shrouding prior to the insertion of the lower closure into the vessel. 

A reaction column is used to support the lower closure. This type of 

~esign allows for quick stack and vessel assembly thereby reducing 

test times and costs, The capacity is sufficient to provide loading 

to fa i1 u re of a 11 except the s tronges t rocks. 

Load feedback and displacement feedback are available to provide 

constant load or actuator position operational modes. An electronic 

ramp generator is used to establish a constant displacement rate of 

the upper actuator and therefore allows accurate control of strain rate 

during triaxial compression testing. 

7 
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TEST TECHNIQUES ANO TEST DATA 

Sample Preparation 

When applying a confining stress to a rack sample it is necessary to 

isolate the internal pare fluid from the confining fluid. ln-low .. tempel'<l• 

tu¡:e .• ¡:ock-mechanics .. tests, .. thin .. urethane .jackets .are used to -seal.,ths 

sam~le. At temperatures above 175°C (350°F) urethane degrades. For 

t.e111pel'atures .. to...300°C .(..::600°r}. a. pre-mo lded s i1 icone.-rubber .. ( RTV) jacket 

}.s...used.. End sealing is accomplished by wiring the jacket to stainless 

stee 1 endcaps. Ies.t i.ng_at...tempera tu res. abo ve_ 300~C .( ~600°f.). requi ce$ 

Ule-use-of.0.025 .. c;m. .. (0.0.10-inch).thick annealed copper jackets.. Seal-

ing is accomplished by tapered endcaps; press-fit. sea1ing rings allow 

quick assembly and reuse of the endcaps. Jacketing of this type has 

been used frequently in high temperature re?earch and has been shown to . 

have negligible influence on the measured strength of competent rack 

(qranite, basalt}8. Jacketing effects of weaker, less competerit materials 

(sandstone, shale) at large strains require documentation on a case by 

case basis. 

For tests requiring no pare fluid between the sample and the inside 

of the jacket (electrical resistivity and permeability}, RTV is. applied 

directly to the sample surface. This provides a good adhesion plus an 

ideal jacket fit. The extent of silicone rubber infiltration is not 

significant. 

The complete range of sample sizes, 2.54 cm (1.0 inch) diameter to 

10.2 cm (4.0 inch) diameter can be accommodated by both sample prepara

tion techniques. 

9 



Mechanical Response 

The quasi-static stress-strain response of a ·material under simulated 

.geothermal conditions is determined in the testing ·configuration of 

Figure 4. Both lateral and axial strains can be measured allowing the 
' r , ( 

evaluation of failure characteristics, elastic properties and volumetric 
1 

response characteristics. Pore pressure, confining pressure, and axial 

.load are controlled by separate closed loop servocontrol systems allow

ing simulation of various pressure-load application ''paths''. 

The test sample, prepared as discussed in a previous section, is 

located in the upper portion of the test vessel. Ceramic insulation is 

used on each end of the sample to minimize the longitudinal temperature 

PR ES SUR E 
VESSEL 

OUTER 
CERAMIC 

SHROUD--~~~~~~~~lh 
INNER 

CERAMIC 

SHROUD --t;t-'~it"Nh-~l': 

HE A TER 
lli-~f!i'flft.:: 

LOAD 

CE LL --1?~-"'\---.i 

SIGNAL 

FEEDTHRU __ tf~~~~~. 

HEATER 
VOLT AGE 

FEED THRU 

PORE 
PRESSURE . 

~~4r~-TRANSDUCER 

OUARTZ 

H'c--~1+-- R OD 

AXIAL STRAIN 
MEASUREMENT 

¡t._.,k-~t:;7'- L VD T 

Figure 4. ~1echa_nical response test configuration. 
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gradients. Heating elements are coiled about the l01~er aluminum ínsula

ter and the 1 01-1er porti on o( the samp 1 e. A cyri ndri ca 1 cerami e shroud 

is placed over both the sample and the coiled heater to localize the 

fluid convection currents; Convection within the vessel is further 

minimized by a second all-encompassing ceramic shroud. These ceramic 

convection baffles enable temperatures of 535°C {1000°F) to be reached 

within the inner sh~oud while maintaining the fluid surrounding the 

exterior shroud to remain at less than -100°C (200°F), well below the 

maximum allowable for the internal instrumentation and pressure seal. 

Supporting this sample stack is a strain-gaged load cell selected 

to give optimum output for the anticipated load levels. Measurement 

.of axial load in this manner eliminates the possibility of seal fric

tion errors. Axial strain is measured by two LVDT's (linearly variable 

differentia"l transformers) contained in the lower vessel closure. These 

transducers are attached to the top of the test sample by quartz rods. 

·Quartz was selected because of its very low thermal expansion. Lateral 

strain measurement is made by a cantilever arrangement using long, stiff 

cantilever arms with strain-gaged sections near the bottom of the pres

sure· vessel outside of the high temperature environment. 

Axial strain measurements with appropriate calibration for tempera

ture and pressure effects can be made over a range of ±1.27 cm (0.5 

inches) and are accurate to 0.0013'cm (0.0005 inches). · Lateral strains 

of ±0.64 cm (0.75 inches) can be measured and are accurate to 0.003 cm 

(0.001 inches). Confining ~ressure, pore pressure and axial load are 

accurate to within ±1 percent of the ·measured value. 

1'1 
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During debugging of the mechanical response system, various un

confinad and triaxial compression tests were conducted. Figures 5, 6,· 

7 and 8 contain typical mechanical response data. Figure 5 shows the 

stress-strain response of a ·granite material undergoing triaxial load

ing to failure. This sample was tested dry, without any pare fluid, 

at a temperature of 200°C (-400°F) and a confining pressure (o 3) of 

13.8 MPa (2000 psi). 8oth axial and lateral strains are shown versus 

axial stress difference (o 1-o 3). Figure 6 shows the volu~e response 

for the same test. Note the difference in behavior of the saturated 

and dry sarnples. 

Figures 7 and-8 contain a failure envelope and failure stress ver

sus ternperature behavior respectively, of Westerly granite. 

TRIAXIAL. COMPAESSION 

2oo•c 
a3 • 11.11-"olaoool'll) 

0.1 o.e o.4 
TRANSVERSE, (r , % 

0.2 

lOO 

o 
STRAIN 

BRITTLE FAILURE 
ORY-GRANITE 

0.2 o.4 o. e 0.1 
AXIAL,(A:% 

Figure 5. Mechanical response of a dry granite material 
at tempera tu re. 
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Thermal Conductivity 

Thermal conductivity can be measured in the simulated temperature-

pressure environment by the transient line heat source (''needJe-probe") 

method as used by Woodside and Me~smer9 . A detailed discussion of the 

theory applicable to this testing is contained in Appendix A. 

Basic sample heating and insulation are accomplished in the same 

manner as previously discussed in the mechanical response testing. A 

schematic of the thermal conductivity test set-up is contained in Figure 

9. A 0.32 cm (0.125 inch) diameter heater approximating the behavior 

of an, ideal 1 ine heat source is placed a long the long.itudina] axis of 

'- . 
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Figure 9. Thermal response test configuration. 

a 5.1 cm (2.0 inch) diameter by 10.2 cm (4.0 inch) long test sample. A 

thermocouple is attached to the heater at the mid-sample location. The 

entire probe assembly is then ,¡potted'' in place with a mixture of 

ceramic cement and powdered copper to minimize the contact resistance 

between the probe and the sample. Ceramic insulators are used to mini-

mize heat loss from the ends of the test sample. The overall interna] 

heate~ length, 13.4 cm (5.25 inches), gives a heater length to heater 

dlameter ratio of 42. Blackwe11 10 has shown that a L/D ratio of 30 is 

mínimum for an acceptable approximation of an infinite line source in 

this type of test. ' 
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Power, in the form of carefully monitored voltage and current, is 

applied to the probe heater (for periods less than one minute) while the 

test sample exterior is maintained at the desired temperature and pt·es

sure. Sample conductivity determines the probe heater temperature rise. 

The exterior temperature' of the sample does not change; a sample of 

finite dimension can behave (as the theory requires) as though it were 

infinite in size. Th~rmal conductivity for the material is calculated 

from the internal heater temperature history and the power input; Due 

to the absence of therma'l conductivity s·ta-ñdards .in this range, accuracy 

definition is uncertain. lt is .estimated that thermal conductivity 

values are accurate to within ±5 percent. 

Thermal conductivity testing was performed following calibration 

1vith fused quartz (K@ 20°C = 1.36 W/m·K) at temperature and pressure. 

Majar emphasis during debugging was placed on developing a·standardized_ 

probe cementing procedure. Once this was established, consistent re

sults were achieved. 

An example of thermal conductivity testing perfprmed on Westerly 

granite is contained in Figure 10. Comparison is made with published 

data contained in Clark.'s Handbook· of Physical Co.nstants11 . The only 

significant deviation from the published values occur at 200°C. Also 

contained in this figure are .thermal conductivity values for fused 

quartz. Confining pressure results in increased thermal conductivity 

as can also be seen from Figure 11. Even for a very low porosity rack 

the variation of thermal conductivity with pressure is significant. 
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Thennal Diffusivity 

lhermal-di.fius i vity-is-the. rati o •. of--the .. system! s .. abi.l i ty . to, condu~ 

heat..-to ... the system!s .. ability . ..to....store.heat.. Thermal diffusivity (oc), 

thennal conductivity (K), density (p) and specific heat (cp) are related 

by the following: 

K= _f_ 
pCP 

Thermal diffusivity measuremenf of core material under simulated in situ 

conditions is ·,important: 1) for geothermal reservoir modeling and 2) as 

an alternate method of detennining thermal conductivity (assuming the 

density and specific heat are adequately known). 

Density can be measured and corrections for overburden pressures and 

temperature can be obtained ,from hydrostatic compression tests and ther

ma 1 expans ion tests, respecti vely. Because .. speci.ijc,heat... i s, a.mass-re .. 
. ' 

l.a te d. phenomenon ... i.t .. can. be .. accura tel y .. estima ted . .for.-.rock-from .minera l.og.;-

caLcomp.osi ti on...usJng .. Kopps .• .Law.~.(.F.i gure..lZ). which -aye!.'_~ges. the-mas-s 

~ei gh ted.spectf.i.c..hea ts •. a.f....the..indi vi dual.mineral ogi e<~l-components, 

~~~-t~~\ 2 ~~s-~h~w~the .. change.s • ..i n .. he a t. capaci.ty~wj th....tempera tu re. fa.r 

r.ock.. ar.e..s.imi 1 ar_ for.. r:ocks • .oLdi.fferent • .mtner:¡¡Jqgj_c-ª.LG9mP.QSÜJIJI\. 

(f.i gure .l3.l.. Correct i ons mus t be i nc 1 uded to account for the i nfl u en ce 

of pore fluid. r 

Several methods have been developed to experimentally determine 

thermal diffusivity of thermal systems 13 . Of these various approaches, 

the one best suited for determining thennal diffusivity in geolog.ic 

materials under in situ conditions is based upon a classical heat transfer 
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model presented by Carslaw and Jaeger14 . This model requires that a 

sinusoidal temperature oscillation be induced at the surface of a 

finite cylindrical sample while thé interna] temperature is monitored. 

Under su eh conditi ons the center tempera tu re wi 11 1 ag the surface tempera~ 

ture by sorne time,. t 1 • This measured time lag, period of oscillation, 

and sample radius are then used to analytically determine diffusivity. 

A detailed presentation of the theory is contained in Appendix B. 

The testing configuration is very similar to that of the thermal 
• 

conductivity test set-up (see Figure 9). A thermocouple is plotted 

along the.center axis of the sample cylinder using a potting mixture 

of ceramic cement and powdered copper. A second thermocouple is 

placed upon the outer surface of the sample and cemented to the rock 

surface. The sample is jacketed with material suitable for the anti

cipated temperature a·nd pressure. 

The sample is convectively heated with the temperature oscillation 

controlled by a programmable temperature controller. The insulating 
1 

shroud minimizes the quantity of heated fluid and confines it to the. 

region near the sample surface. Because of .the simplicity of the 

measuring devices and the accuraty with which the radius of the sample,· 

period of óscillation and time lag can be determined, diffusivity can 

be determined to within 5 percent. 

Therma 1 diffus i vi ty changes si gni fi cantly wi th tempera tu re, see 

Figure 14. This is to be expected due to the temperature dependence 

of both heat capacity and thermal conductivity (and to a much lesser 

extent, density). Figure 15 shows the comparison of thermal conductivity 
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measured directly (needle-probe method) and values calculated from ther

mal diffusivity measurements with the appropriate density and heat 
... 

capacity. Estima tes are based upon publ ished mineralogical colnpositions 

and density values, 

Thermal Expansion 

Thermal expansion characteristics of geologic materials have not 

been studied extensively at in situ conditions. ~tudies-Pe~formed-a~ 

e.J2yated-.tempera.tures .. ha ve. shown .. the .. expansJon .coeff~cie~t--to . .have 

c:ans.iderabl e. tempera tu re. dependence and- si gnlf~cant. nonrecoverab le- ther,; 
' 

mal~-strain •.. generally attributed. to microcr.acking. nuring heating and 

cooling, fragmentation may ocGur with~n a rock sample as a result of 

anisotropy and thermoelastic property differences between adjacent grains. 

The magnitude of interna 1 s tres ses wi 11. depend on the di s tri bu ti on and 

orientation of individual grains. The thermal fragmentation process 

depends, among other factors, on thermal gradients during heating and 

the reaction of rock material to induced thermal stresses15 . Heating 

rates less than 2°C/min. have been found to cause significantly less 

fragmentation in small rock samples than higher heating rates16 . 

Thermal expansion of geologic materials can be evaluated at 

in situ conditions in the configuration shown in Figure 16. Although 

the basic components, such as the ceramic shrouding and heater, are 

the same as previously presented, several unique aspects of this set-up 

are worth noting. All non-sample stack components exposed to the high 

temperature environment are fused quartz, with a thermal expansion 
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Figure 16. Thermal expansion test configuration. 

coefficient of 0.5 x 10-6 cm/cm•c. Fused quartz .endcaps and a fused 

quartz stack spacer support the sample. Quartz rods attached to the 

top'of the test sample suspend the core elements of the LVDT trans-
'·. 

·formers at the base. The expansion of the rods and stack components 

tend to offset one another except for the expansion of the sample . 

. System expansion consists of the expansion of the fused quartz rods 

.over a distance equal to the sample length. Compared to the anticipated 

range of rock expansion (-8-10 x 10-6 cm/cm•c), the expansion of the 

qua rtz i s sma 11. 
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High resolution LVDT's located near the base of the stack measure 

the axial strain induced by sample temperature change. Thermal strains 

-2 ·. of up to ±2.5 x 10 cm ( 0.010 inch) can be measured with an accuracy 

. of.±6.2 x 10-5 cm ( 2.5 x 10-5 inch). Avera~ing the outputs of the 

. :·· .,· .'., · .. :•two LVDT's removes any false strain due to tilting. Calibration was 
··~- . ' . . 

.. ·. ·.· . . . . .. .-

......... ' 

.. ' .... 
.. , .. ·'."· 
'.• ·.· 

. ·,. _, . · ;.:accomplished with three materials; fused quartz, steel, and aluminum • 

: Us i ng accepted expans ion coeffi ci ents for these materia 1 s, the sys tem ,- . ' 

.. 

· · e)(pansion was determined as that amount of expansion in excess of 

published values for the calibration samples. The system expansion is 

typi.cally 0.5 x 10-~ cm/cm.°C, a:nd is repeatable regardless of the 

sampl e materia 1. 

··Sample temperature is·cmonftored by a thermocouple placed at mid-
• . 1 

. point 6n the sample, continually in contact with the sample jacket. 
/ 

Sample temperature is increased at a predetermined rate depending on 

the test material. It is desirable that the sample temperature in-

crease occur uniformly. Rates can be controlled from zero to 5°C/min., 

with rates of 0.5°C/min. generally being the most desirable. System 

accuracy can be strongly affected by the heating rate. Heating too 

rapidly produces in~reased hysteresis. Hith heating rates of less 

·.· than 1.°C/min., hysteresis is minimized and overall accuracy of ±5 

: •, · percent i s achi e ved. 

Sample dimensions are; 2.54 cm (1.00 inch) diameter, 5.1 cm 

(2.00 inches) length, with the ends ground flat and parallel to within 

. 2.5 x 10-3 cm (0.001 inch) .. Before jacketing, the sample is bonded to 
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' 
the endcaps, with a mínimum sized peripheral ring of adhesive along 

the interface line. A prestretched silicone jacket is sealed to the 

fu sed quartz endcaps by 1 oc k wi re. Sil i cone jackets are preferred to 

copper in this type of testing because of the low Young's modulus of 

the silicone. 

A typical test procedure includes stabilization at room temperature, 

followed by a programmed heating and cooling cycle. Stabiiiza'tion at 

particular temperatures for up to 10 minutes assure uniform temperature 

J · distribution and increase the accuracy of strain measurements over a . . 

certain temperature range. However, best results over a broad tempera

ture range are achieved by imposing a quasi-static temperature increase-

up,on the samp 1 e and surroundi n.g sys tem. 
• 

Results of such a test with 
. '; . . 

·~ steel sample is shown in Figure 17. When scaled from the 

the coefficient of expansion for the steel sample is 12.2 x 

' 

graph, 

10-6 oc1; 

this includes system expansion. This compares well with published 

values for the thermal expansion coefficient of steel, which is approxi-· 

mately 11.6 x 10-6 oc-1. An example df thermal strain versus tempera

ture for a geologic material, welded ash fall tuff, is shown in Figure 

18. Note the ·non-linear thermal strain. 

Permeabilities 

Permeabi 1 ity :neasurements a t tempera tu re, confi ni ng pressure and pore 

fluid pressure are accomplished in a test set-up similar to those pre

viously described. Although both gas and liquid can be used as flow 

media, this discussion will focus on the liquid (principally water and 

brinc) flow mcdium. Figure 19 shows a typical test configuration. 
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Figure 19. Permeability test sample schematic. 

The test sample has two stainless steel diffusion discs placed at each 

end. · These highly permeable, isotropic discs distribute the pore 

fluid over the sample end faces. Behind each disc is a ceramic in-

sulator.and stainless steel endcap. A coating of two component cat

:. ~l{zed silicone rubber (RTV) is applied to the test sample, adhering 

to the circumference of the sample and filling any irregularities. 

Flow is therefore prevented from occurring down the sides of .the sample. 
) 

Sealing is further enhanced by the application of confining pressure. 

An additional silicone rubber tube is placed over the sample and sealed 

by ·lock wire to the endcaps. 
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Flow lines are attached to the base discs. Inlet flow is intro-

duced at the top of the test sample to allow preheating of the permeat

ing fluid prior to 'entry into the top endcap. Confining pressure and 

pore fluid pressure are established and the sample is allowed to 

stabilize. Stabilization times vary based on porosity and estimated 
' ' 

permeability. For the tests, flow across the sample can be controlled 

by two different means, constant flow rate or constant head pressure. 

In the constant flow rate system, Figure 20, a constant displace

ment pump is used to establish flow. Differential pressure is measured 

between the upstream and downstream faces of the sample. Ihe-flow -is 

$elle.raLhundred ..times .. the-totaLsample."pore..vo 1 ume .. in ... order -to. achieve 

!.he .. othe~: . .s teady"s ta te.method. current1y bei ng .used.J s .. the cons tant 

head .. pressure...techn.i que. Schema ti ca lly the sys tem i s shown in Figure 

21. Gas pressure, held constant by precision regulators, is used to 

pressurize one side of a separation accumulator. This in turn pres

surizes the fluid at the upstream end of the sample. After flowing 

through the test sample, the permeating fluid is'collected in a down

stream separation accumulator maintained at a lower constant pressure. 

Pistan location in each accumulator is monitored electronically and 

is used to determine flow rate. Differential pressure across the 

.sample is monitored by a transducer and recorded continually. Pressure 

and flow _rate accuracy is better than ±1 percent. Provisions have been 

made to allow sampling or precision weighing of the circulated fluid. 
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l?ermeabi 1.i ty • .is. ca 1 e u la ted accor.djng._to~the~.QgrsYJªw.< 

A t.P 

where: 

K= permeabi1ity, darcies 

vt,vr = specific volume of fluid at temperature and at reference 
point, resoectively, m3/kg 

Qr = flow rate at reference point, ml/sec (measured at T = 23•c, 
constant) 

~ = viscosity at flow temperature, cp (temperature dependent) 

L = sample length, cm 

A = cross-sectional flow area, cm2 

t.P = pressure differential, bars (absolute) 

The specific volume ratio at the front of this equation constitutes a 

volume.tric correction for fluid volume expansion at the flow tempera

ture since f1ow rate measurements are made at a reference point with 

cons tant 23•c tempera tu re. Pressure differenti a 1 i s ma i nta i ned cons tant 
• 

during the course of the test. · Al1 other parameters on the right side 

of this equation can be physically measured from the sample or deter

mined from published data on the properties of water at temperature 

and pressur.e appropriately corrected for salinity17 

'the . ..above .. techni ques a 11 ow .. fluid per.meabi 1 i ty. (br.ines ~ .. water. 

oi.ls,.or. .. light acids} .te be determined.under.simulated-in-situ condi-

t-i<lns-for-.rocks -rangi ng .• i n permeabi l i ty .from..SO .. lldarc i es .. to_.l__darcy. 
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Special, systems allowing permeating fluid preheat are available for 

high:flow~high temperature circulations. Transient techniques can 

, be employed for materials below this permeabil ity range. 

Pérmeabil ity responses for two sandstones are shown in Figures 

:22 and '23. Test temperatures were .limited to 200°C because pore 

fluid pressure was less than 2.07 ~1Pa (300 psi) and flashing of the 

.water to steam was not desired. In both cases, permeability declined 

.· significantly with temperature. This effect is discussed in detail 

b/Casse and Ramey18 and Danesh, et. al. 19 'and is generally attributed 
. •·' ,... . . 

. . ·~ ' . " . . 

. to 'water-pore surface i nteractions. 

'. 
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Figure 22. Castlegate sandstone permeability to water. 
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Figure 23. ~1ixed Company sandstone permeability to water. 

Electrical Resistivity 

l'arameters. rel evant .to .. the...res i s ti vity .. of geothermal .. rock .. are .. th&· 

temper-a tu re, pressure ,. por.e. fluid .pressure,. i ni ti al-satura ti on ,-.para. 

fluid . .c.hemistry. and . .frequency ... This particular area of study is some

what complex and only a brief discussion will be given here. An ex

panded presentation is contained in Appendix C. 

A detailed schematic of the test sample is shown in Figure 24. A· 

four pole electrode arrangement is used; two current, two potential. 

·A porous, 0.03 cm (0.010 inch) thick diameter ceramic disc is placed 

at each sample face, followed by a platinum mesh potential electrode. 

A porous ceramic spacer connects the titanium endcaps to the 
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EQUIVALENT CIRCUIT 
( ic SAMPLE 

TITANIUM 

,.-----,vE N OCAP 

LOCKWIRE 
_&---J¡,_........-SEAL ' 

ll~===llr~-2 LAYER RTV 
...- JACKET 

PORO US 
--l/1----CERAM 1 C 
- SPACER 

~~~~~!'!l~l~!!"J.~~~ .. ~"'!.;!t!jJtt-~--~~~f~~~~:LE 
j¡iló.lioiOi>áDi~f!--- POROUS 

CERAMIC SPACER 
( BOTHENOS 1 

-tlt--POROUS 
CERAMIC 

- TITANIUM 
ENOCAP 

Figure 24. Electrical resistivity sample configuration and 
equivalent circuit . 

. sample. The entire assembly is then coated with high temperature sili

c~ne rubber .for isolation from the confining medium. Samples of porous 

material are saturated for approximately 24 hours under vacuum with 

jacket material in place to prevent leakage paths due to jacketing 

wrinkles. Since the response of the test sample is electrically com

plex, impedance and· phase angle measurements are made to. determine the 

electrical response .. Measurements are made using a Hewlett-Packard 

modél 4274A ~1ulti -Frec¡uency LCR meter at approximately 2 volt alternat

ing current (to prevent electrode polarization) and. at frequencies rang

ing from lOO Hz to 10 Khz. The potential electrodes are isolated by 
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approximately 1012 ohms impedance improving the instrument's accuracy · 

at high impedance values (lO Kn and up). A schematic for the instru-

.ment and sample arrangement is shown in Figure 25. 

Data obtained during the debugging of this test set-up is con

·'.· tained in Figure 26. As expected, the resistivity of the sandstone 

· materia 1 de el i nes with tempera tu re, an effect tha t i s primarily due to 

·the increasing charge mobility caused by decreasing oore fluid viscosity.· 

Pressure and temperature effects on the pore fluid al so contribute. to 

this effect*. In a.material of this type, electrolyte effects tend to 

domínate, _especially with heavy concentrations of ions. 

Present capabilities allow measurement of electrical resistivity 

· ·· · to 300°C and 207 MPa (30,000 psi) confining pressure. Accuracy of 

· resistivity measurements are ±2.5 percent. 

HEWLETT-PACKARD / 
MODEL 4274A LCR 

.. 
jLOW VLOW VHIGH 1 IG 

.. ..:· 

... ' 
·_;: ... i.· . . =· :)"· ··· .. t:.' 

ISOLATION 
..., 10

12 
OHII 

AIIP IN PE DANCE 

:··.· .· 

1 ' '-c..... • 1 \' _,¡ .. 
~ ~~~~ 
--' - 1 

TEST SAMPLE· 

.. ··, · .. 

Figure 25. Electrical resistivity circui~ ~onfiguratio~:. · . ,.:· 

* See appendix for more complete discussion. 
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Figure 26. Electrical resistivity of partially and fully saturated. 
Colton-sandstone at temperature. 

Ultrasonic Velocity Measurements 

The longitudinal (p-wave) and shear (s-wave) velocities can be mea

sured .at e 1 evated tempera tu re, confi ni ng pressure and pare f1 ui d pres-
1 • 

~ure. These data, together with the bulk density of the material, are 

used to calculate dynamic elastic moduli. 

The velocities are obtained using a "through transmission system" 

adapted from a technique introduced by Mattaboni 20 The equipment 

. confi.guration is show.n in Figure 27. This method of measUring velocities · 
• 1 ' • . ' . 

¡ · ··.·.in solids has been employed for sanie time at Terra Tek 21 •22 , and is 

: : . notpa~t of the development in this program. 

···Figure 28 shows the sample configuration that is presently being · 

used. A ferroelectric ceramic material (lead titanate zerconate; PZTS) 
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1 PULSE GENERATDR FREQUENCY 
PULSE 1 BINARY f-e- HP 214A SYNTHESIZER 
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· AITEM.IATOI'I 
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THROUGH TRAN~MISSION SYST~M 

Figure 27. Ultrasonic measurement system schematic. 
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IS• WA'IE) 

&PACER 

ROCK SAMPI.E 

R( S[AL 

Figure 28. Ultrasonic velocity sample co.nfiguration. 
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.was selected for use as the transducer elements. The desirable fea~ 

tures of this ·material is its high Curie point (360°C) and pieza-

el ectri e coup l i ng coeffi ci ent23*. · A single transducer, cut to produce 

a shear wave is used as the emitter. It has been found from experience 

that this transducer produces sufficient p-wave energy to allow both 

shear and longitudinal velocity measurements if separate receivers are 

used to detect the respective signals. The electrical leads are· ceramic · 

~ns~lated and all connections are either brazed· or mechanically made 

with a positive contact force. 

The tempe.rature effect on the endcaps and ceramic spacers are· 

determined by conducting a tesl without a sample. To date, successful 
' "measurements have been made to 250°C. No problems are foreseen in 

.extending to 300°C in the near future. 

Figure 29 shows the velocity data obtained on an aluminum reference 

sample and Westerly granite. The least squares fit of the .aluminum data 

is well within 1 percent agreement with published data 24 as indicated 

in Table 2. The velocity data for aluminum and Hesterly granite were 

obtained with the hydrostatic confining pressure held constant at 13.8 

MPa (2000 psi) for all measurements. The slope of the least squares 

fit of the granite data is -4.65 x 10-3 per oc for the p-wave and -2 .. 46 

x 10-3 per °C for the s-wave. The RMS error is 3.75 x 10-2 (km/sec) 
. . 2 

for the p-~1ave and 1.88 x 10- (km/sec) for the s-wave. The measured 

velocities, calculated Young's ·maduli and Poisson's ratios are tabu-

lated in Table J. 

* ·Approximately a factor of seven (7) larger than that of standard 
quartz transducers. 
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TABLE 2 

Compa ri son of Terra Te k and Pub 1 i shed Data on 6061'-T6 AliÍmi num 
. 

. 
ASAY(l7) TTI 

. 

Oensi'ty (g/cc) ' 2.704 2.702 
• 

Longitudinal velocity (km/sec) 6.428 • 9.1 X 10"41* 6.459 • 9.4 X 10"41* 

Shear veloclty· (km/sec) 3.188 • 8.6 X 10-4T 3.217 • 1.16 X 10"3T 

Pofsson's ratio 0.336 + 1.1 X 10-4T 0.337 + 0.82 X 10"41 

Young's modulus 7.35 X 104 • 41.6T 
. 4 

7.38 X 10 - 43,491 

*r • ·remperature in °c 

TABLE 3 

Ultl'asonic. Ve loci.ties .. and .E las tic . .I1ddul i .as. a .. function.of. Jemperatur.e 
w:i.tn-the-Confini ng .P.ressure. a t . .l3 .8 .MPa . ' : 

Velocitfes 
Sample Young 's .. 

Oens 1 ty Len9th 1em~. P-Wave s-wave Modulus Pohson !s 
Material . (gm/cc) . (mm) ¡oc (km/secl . (km/sec) (GPa) . Ratio ·· 

' 

Al (6061-16) 2.702 50.80 76 6.384 3.115 70.46 0.3438 

Al (6061-T6) 2.702 50.80 99 6.358 3.094. 69.57 0.3449 

Al (6061-T6) 2.702 50.80 152 6.313 3.035 67.18 0.3497 

Al (6061-16) 2.702 50.80 173 6.295 3.021 66.00 0.3504 

Al (6061-16) 2.702 50.80 202. 6.278 2. 983. . 65.12 0.3542 

Al (606i·16) 2.702 50.80 225 6;252 2 •. 954' 63.96 0.3563 

Al (6061· 16). 2.702 50.80 250 6.216 2.930 62.96 0.3572 

Gran !te 2.631 48.97 75 5.624 3.297 70.82 0.2382 . 

Gran !te 2.631 48.97 101 5.478 3.245 68.14 0.2297-

Gran !te 2.631 48.97 151 5.184 3.154 63.14 0.2061 

Gran !te 2.631 48.97 200. 4.978 3.020 . 58.01 0.2088 

Gran f te 2.631 48.97 250 4.822 2.860. 52.88 0.2287 
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SUMMARY · 'iD 

The following geothermal material properties can be evaluated at 

simulated in aitu conditions: 

1 11echani ca 1 response 

1 Thermal conductivity 

1 Thermal diffusivity 

1 Thermal expansion 

1 Permeabil ity 

1 Electrical resistivity 

1 Ultrasonic velocity ··,:. 

Major developments are now complete in each of these areas allowing 
,'.' 

basic testing capability.fn each. Sample configurat}Óns.and testing 
• • J '. 

procedures ha ve been defi ned and verifi ed through bo~h;."~ebuggi ng" and 

actual testing experience. 

Following,is a general discussion of t~e data.ribtained in each test

; ng area wÚh references where appropri a te to similar work in the 1 itera

ture. The data c~ntained in the text of this report is representative 

of the data generated during testing development. Proprietary data is 

not included. 

. ' 
Mechanical Response ' . 

Data obtained on various materials have shown ultimate failure· 

stress and failure mode (ductile Ór brittle) to be strongly pressure 

dependent. The nature of the_pore._f.luid .. medium.(liquid.:.gas ... or_.two"phase 
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· Uuid) .. and.jts pressure.state can also.have.cons.i.denb.lUll.fJ~enctUUI:<: , . _ .. 
' ... ,. . -· . ·. 

t.Ae .. elas ti c.. modu lus.oL.the..mater.i a 1. Tempera tu re demo'!strates a· .si gni ~ · 
' 

ficant effect upon ultimat~ failure strength and may play a~ important · 

role in determining the material compaction characteri~tics25 • 

Thermal Conductivity 
1 

l:henna~ .conduct i vit ies..general ly. dec l.i ne. w.i.th-i-ncr.ea~>,ing. -tempel'a~ 

• tur~~ i n..the. grani.te. and. sandstone.ma terials ..tested~ Thfs i s ,corisist~nt . · , 

with pub 1 i s hed data 26 . The appl i cat ion of confi ni ng pressu~e can al te~ 
. . . .. .. , . ,, : - .. . ---~-... ' : ..... 

tliis decline and in sorne cases reverse it. Materials in which fractures 

and mfcro-cracks contro.l the porosity seem more susceptible to the in-

fl uence of pressur.e. The nature of the pare fluid can also significantly . - . \ , . 

affect the thermal conductivity with water saturated 

thermally conductive than dry or partially saturated 

Therma 1 Diffus i vi ty 

rocks being more 

rock27 
• 

1herma l di ffus i.v.tty~oLgeol ogi c_mater.i als .tested .. decr;ease.:witb · • ·. 

iJicr.eas ing" temperatura. Thi s effect i s i nterre 1 ated. to the dependence 

of diffusivity upon thermal conductivity and specific heat. Spe~if1c 

heat has been shown to be strongly temperature depend~~t 12 and there~ .. 
fore has a ~ignificant influence on thermal diffusivi~y. Thermal con

ductivity iS al so tempera tu re dependent and the two parameters act in 

. such a way (see text for complete discussion) as to •cause a decrea~ihg'· 
•t • • ''· 

thermal diffusivity with temperature. 
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Thermal Expansion 

Data obtained under in situ pressure and temperature states have 

indicated considerable variation in expansion coefficients over the 

temperature ranges 23°C to 300°C. Due to the nature of rock (brittle, 

polycrystalline, heterogeneous and anisotropic mineral aggregates), 

microcracking c.an occur during temperature cycl ing as a result of 

dissimilar expansion and contraction 15 . 

, Permeabil ity 

ln..ger¡eral,...per:meabi 1 i ti es.-in-porou~mater:ial s-(e. g ... ...sandstone.) 

demons trate .. s ignificant .decl ines .. wi th i ncreas i ng .. tem11eratu.:e.. Thi s . . ' . . 

phenomenon is believed to be due to rock-water intera~tibn at the 

higher temperatures. Clay _swelling and adsorption ~haracteristics are 

· believed to play a big role~ Sorne very low permeability materials ' . . 

(granites in particular) have shown a somewhat different trend. Data 

obtained on a few such materials demonstrated permeabilities thát in-

crease with temperature2!,~9,30. 

Electrical Resistivity . ' 

. - Data generated in this test system have demonstrated trends and 

phenomenon that agree with published values. l!igh.porosity materials 

~~ands.tones.-show_dr:amatic...z:es.i.s.ti.lt..i.ty_decreaser...w.ith...tempeca.tuce.. 

an_ef.fect. thaLir...pdmar:.i.ly._due .. to .i ncreas ing mobiltty.:..caused by de

e~:eas.ing_por:e.ílu.i.d llisc~31 • 32 . 

Ultrasonic Velocity 

To date successful testing has tieen conducted to 250°C and ·it is. · 

anticipated that testing capability can be extended to 300°C+ in the 
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near future. In general, velocities in very competent crystalline ma- · 

terials, such as granite, tend to decline with increasing. temperature. 

Di fferent tendencies ha ve been observed in recent testing on saturated 
' 33 porous materials ·at elevated temperatures 

I/'( 
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ABSTRACT 

Physical properties test;pq techniques have been evaluated, and, in 

oarticular, the applicability of these techniques to the determination of 

Nevada Test Si te tuff properties. The physical oroperties· include the as 

received bulk density, dry bulk density, grain density, effective and total 

porosity, permeability and microscopic analysis ((]rain size, grain spatial 

orientation and mineral coQtent) for rocks. Multiple.testing techniques 

are described with the use of the Ruska Mercury Porometer and Beckman Gas 

Pycnometer emphasized throughout the text. The Ruska Mercury Porometer is 

shown to increase bulk volume measuring accuracy. The Beckman Gas Pycno

meter reduces test time for obtaining grain density values while improvinc 

accuracy. Hater immersion methods are presently being used for grain den~ 

sities where gas reactions with zeol itic materials may occur. 
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I NTRODUCT ION 

Physical properties data are a valuable aid in predicting and under

standing the variations in the mechanical response of materials. In par-

ticular, the Nevada Test Site has used physical property data in estimating 

the stemming and containment potential of a site for nuclear testing. lt 

is essential to accurately determine the densities for containment evalua

tion applications 38 . For instance, bulk and grain density ac~~racies of 

0.001 gm/cm3 when combined produce deviations in the calculated air vofd 

content* in excess of ±0.2% (not ±0.2% error but ±Q.2% air voids). Thus 

new and presently used physical property techniques were calibrated and -

compáred to evaluate accuracy. The new methods priinarily involve improved 

volume determination. 

Material volumes are usua·lly determined by 'either direct measurement 

(calipers) or flu'id displacement (immersion). Dueto surface irregularities 

volume determination using direct caliper measurement usually results in 

high volumes, therefore low densities. Immersion techniques produce more 

accurate volume measurements on materials since they account for irregular 
' • 1 • 

surfaces; To improve vol ume determina ti on accuracy, jmmers ion techni ques 

have been investigated. One method involves bulk volume determination 

using mercury or water whil.e the other method determines grain volumes 

using helium. 

A general understanding of
1
rock structure and fabric is .al so helpful. 

Permeability, porosity and microstructure studies are used to determine 

structure and fabric. Effective porosity measures the volume of connected 

pores as opposed to the total porosity which measures the total pore volume. 

*Equation 4, Table C-2-1 
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Microstructure analysis gives grain size distribution,· orientation and 

mineral content analysis as well as ,pare size. 

This report provides the testing techniques and present accuracy 

capabilities at Terra Tek for pbysical properties measurement, The phy-

sical properties test include as-receiveq density*, dry bulk density, 

grain density, water content, effective and total porosity and gas or 

liquid permeability. Mu1tiple test methods are given for most of the 

properties .. Table C-2-1 lists the symbols ~nd interrelations between the 

physical properties. 

TABLE C-2-1 

Phys i.ca 1 Property Symbo 1 s and Equat i ons 
~mbo1s 

K "' per"meabil ity in da rey' s 

'le= effective porosity in percent 

•it = total porosity in perce~t 

¡)w (gm/cm
3

) " in situ bulk density ( 1~et or "as·received" density) 

''d (gm/cm
3

) = dry bulk density after oven drying 

··~ (gm/cr.h • grain density (density of so1ids) 

Sr = degree of saturation in percent 

Vav = air void content in percent 

w = moisture content in percent of wet weight 

(''w - 1'd) w: lOO X ------, .• 
''d ., • 100 ' ( 1 - ... ) 

t " y 

(W X •' ) 
Sr = 1 00 x -· - - -~ 

"t 

Vav • 1UO X (1 + o'd (1 • 1/,, ) ·o' ) 
g • 

(1) 

(2) 

(3) 

( 4) 

*Wet and as-received_density are used interchangeably in the 
text; wet does not 1nfer that the_material is fully saturated. 
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SU1·1MARY 

Table C-2-2 summarizes.the testing techniques and accuracies for the 

physical· property methods. Accuracy was obtained from calibration ·tests. 

Error may be calculated using 

= 1.8 gm/cm3, pd = 
3 gm/cm , pw 

average Nevada Test Site tuff 

1.45 gm/cm3, and w = 19%). 

values (p
9 

= 2.40 

t1oisture content: The moisture content is determined by weighing a 

sample befare and after oven drying with a resulting accuracy of 0.13% H20 

due to loss of water dur.ing crushing. 

Bulk density: Dry or "as-received" bulk densities may be found from 

the volumes determined using l) calipers, 2) the Ruska ~lercury Porometer or · 

3) the water immersion meth'od. If a precision 

able for caliper m~asurement, then for samples 

machined sample is not.avail- · 
3 . . 

30 cm or larger the Ruska 

t1ercury Porometer should be used, whereas the water immersion method is · 

better for volumes less than 30 cm3. 

Grain density: The National Bureau of Standards powdered silicon. (SRM 

640) and the crys ta 11 i ne qua rtz tests indica te that the Beckman Gas Pycno

meter technique is more accurate and precise than the water immersion method 

(0.001 gm/cm3 as compared to 0.010 gm/cm3 respectively). Materials contain

ing zeol ites may lead to volume drift in the gas pycnometer unless the sample 

is allowed to equilibrate with atmospheric moisture prior to testing. 

Total porosity: The total porosity is calulated from the grain and 

dry bulk density values and consequently depends upon the techniques used in 

·those determinations. Using the most accurate techniques the total porosity 

accuracy is within -0.35 percent nt to 0.07 percent nt"· 

Effective porosity: Effective porosity is dete_rmined using water im

mersion, mercury injection (Ruska Mercury Porometer) and gas pressurization 
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TABLE C-2-2 

Accuracy and Error of Phys i ca 1_ Property Methods 

STRUCTURAL INTEGRITY 
PHYS!f.~.L PROPERTY HOW OETERMJNED ACCURACY* ROCK NECESSARY FOR 

MEASUREMENT 
1---------11--------1- -- - ---------\--_:::_:_:___:e_:::_:_ __ , 

Moisture Content Weight determined usinq o. 13% w poor to good 
1- (w) electronic balance 
1-------------l--'--------- --1-------------1----------l 

Wet nulk Oensity 
(nw) 

Volume measured usfng 
1) Cal ipers 
2) Ruska t1ercury Pororneter 
3) Water Immersion 

l ) 
2) 
3) 

!) -.014 to -.028 gm/cc fair to ~ood 
.on1 gm/cc ±. 002 qm/CC 2) fair to good .. 
-.002 gm/cc ±.004 gm/cc 3) peor -té 900d ----·-----·--- ----- -·· --- --- ... -------------- ··---

Ory Rulk flensity + 
(rd) 

' 
1 ) Cale. us1n~ t<~ and pw 
2) Cal ipers 
3) Ruska Her·cury Poi"ometer 
4) Water Immersion 

Volume measured usina 

1 ) 
2) 
3) 
4) 

.004 gm/cc ± .002 gm/cc !) refer to w & p 

-.017 to -.031 gm/cc 2) fair to good w 
.004 qm/cc ±.002 gm/cc 3) fair to good 
.001 gm/cc ±.004 gm/cc 4) poor to good 

Grain Oensity l) Water !lll11ersion · l) .01 qm/cc ± ,04 ~m/cc l) poor to good 
:r

9
) 2) Gas Pycnometer 2) .001 qm/cc ± .005 gm/cc 2) poor to good 

~ ----=----+----------if--------
Total Pnrosity** Calculated from Pq and nd 

(nt) 
---- -- . - ---- -· - -

EffectivP. Porosity l) Rus ka Hercury Porometer 
(,,e) 2) Water Jmmersion ?·53~ "e 

1-----'--------+..:3:_:)_::Ga::s:...:.:Py~c::n::o~m-:_eter ___ 4 _______ __ 

Permeahi11ty (K) Permeability equipment Repeatab1e to within 20% 

fa ir to good 

1)fairtogood 
~) poor to good 
3) poor to good 

poor to good 

refer to densities Air Voids** 
(Av) Ca 1 e u! ated from PJ!_:_~_P::¡w~·-16_%_A~_± _._4 __ 4%_A_v __ -1-----------l 

Safuration** refer to e,. "t • Pw 
(Sr) Ca1cu1ated fromw, "t ~ Pw 0.26% Sr t .56% Sr 

1-- ----------------------- ---------------1---------l 
1 ) Microscor>ic l) Large grain method · For all microscopic 

Anillysis (Grain' size, using Bausch and lomb methods accuracy is 
orient~tion and Monocular dependent upon magnifi-
miner!ll content) 2) Medium grain method cation level and 

using Zeiss smallest 9rain size. 
3) fledium grain method 
using universal stage 
4) Sma11 grain method 
using scanning electron 
microscope 

* Errors may be calculated using average NTS tuff values 
Pw = 2.80 gm/cm3, Pd = 1.45 gm/cm3, and w = 19%) 

peor to QOOd 

2) fai r to good 

3) fair to good 

4) poor to good 

(p = 2.40 gm/cm3, g 

** Accuracy calculated from Ruska Porometer and Beckman Pycnometer values. 

t Dry bulk density accuracy includes moisture content error. 
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(Beckman Gas Pycnometer). The Ruska ~1ercury Porometer requires knowledge of 

the mean saniple pare size for complete effective volume determination .. While 

the gas pycnorneter can determine effective pore volume, it cannot easily 

measure bulk volumes thus requiring another method to. determine sample bulk 

volumes. Only the water immersion method is self-contained in that both 

bulk. volume and effective pare volume may be determined using the same piece 

of equipment. No effective porosity standard exists, but method comparison 

showed the effective porosity to be repeatable to within 0.53 percent r¡e.· 

Percent saturation and percent air voids: Enumeration of these pro-:_ 

perties is subject to accumulated error from density, porosity and percent 

moisture determinations. The accumulated accuracies for each property are 

shown in Table C-2~2. The percent saturation and percent air void accuracies 

a re computed us i ng the mos t accura te techn i ques for dens i ty, ·poros ity and 

percent water. 

Permeability: Permeability may be determined by either a transient or 

a steady-state method. No generally accepted permeability standards are 

·· available, but comparisons and variations in method suggest the values are 

repeatable to within 20%. 

Microscopic analysis: Microscopic analysis consists of grain size, 

spatial orientation and mineral content determination. Four methods are 

available, each of which has its advantages. Mineral content analysis is 

not possible using the scanning electron microscope (Method IV). However, 

it provides means of testing low cohesion rock f~brics as does the "large 

grain method" (Method 1). The "medium grain techniques" (Methods 1! and 1!1) 

require fair to good cohesive rack .fabrics because of thin-sectioning and 

handling. As stated in Table Cc2-2, the determining factors deciding which 

method to use are the grain size and the structural integrity of the rock. 
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EQUIPMENT 

Much of the equipment that is used is standard for all physical pro

perties testing. Both the standard and specially developed equipment is 
\ 

described here according to the function performed. 

Balances 

The three balances used for measuring weight are the Mettler H 33 

balance, Mettler Gram-Atic balance, and the Sarto.rius type 225-4So-400 

balance. 
. . -5 . 

Both of the Mettler balances have an accuracy of ±5 x lO gms 

and a maximum capacity of 160 gms, while the Sartorius is accurate to 
-3 ±5 x lO gms and has a 1.0 Kg capacity. The Mettler Gram-Atic Balance 

is used primarily for water immersion bulk density tests. 

Oven 

Oven drying is used to remove moisture. Samples are dried in a 

Blue M oven. The oven has a 300°C capacity but for physical properties 
• 

testing purposes a setting of l05°C (ASTM s~andard) is maintained. The 

oven operates under forced air convection, thus promoting maximu~ drying. 

·A Pyrex brand desiccator with cal.cium chloride drying agent is used to 

hold oven dried samples during cooling. 

Ruska Mercury Porometer 

The Rus ka Mercury Porometer i s u sed to meas u re vol umes by mercury 

displacement. The porometer and its components are s~own in Figures 

C-2-l and C-2-2. It consists of a hand operated pump connected to a 

pycnometer, 2 l/4'' x 3'' in diameter, with an interna] volume of 260 cm3. 

A manometer, two pressure gauges and a·volume pump are ~on~ected in serles 

with the pycnometer. The manometer and volume pu~p are used for volume 
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determínation while the pressure gauges are used for determining the in

jection pressures during effective porosity 1testing, 

' Beckman Gas Pycnometer 

The Beckman 930 Air ·comparison Pycnometer is used for determining 

grain volumes. This is a gas immersion technique (helium is used for the 

present application). Figure C-2-3 is a schematic of the pycnometer. The 

cup volume is 50 cm3. 

Permeability Eguipment 

Permeability is measured with Terra Tek designed equipment at atmo

spheric or confined pressure. This equipment uses either gas or liquid as 

a permeating fluid and is capable of performing the tests· vi a either a 

transient method ora steady-state method. The transient method test can 

be run with a pore pressure regulated from Oto 60 ksi. A differential 

pressure across the speci~en can be regulated from Oto 1 ksi, whic~ is 

only limited by the range of the differential pressure transducer in pre-

sent use. Steady-state tests can be performed also from O to 60 ksi pore 

pressure. Figure C-2-4 shows· a schematic of the vessel configuration for 

permeability tests. 

Microscopic Methods 

Depending on the technique employed, there are three microscopes which 

may be used. The Bausch and Lomb model 31-33-61 monocular (0.7 to 3.0 x's 

magnification) is used for large grain size dístríbutíon tests. -For medium 

grain size samples the Zeiss model RP-48 standard scope with binocular vision· 

and photo attachment is used. For three dimensional studies, a universal 

stage is employed in conjunction wíth the Zeiss microscope. With the sta~e 
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Figure C-2-4. Vessel Configuration for Permeability Tests. 
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preferred orientation of grains can be dete'rmined. Magnification of the 
' 

Zeiss microscope ranges from 2.5 to 100 x's. For very fine grain samples 

the Scanning Electron Microscope (SEM) at the University of Utah Material 

Science Department is available. 

J 
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MEA5U~!NG TECHNIQUES ANO CAL!BRATIONS 

This section discusses ·the measuring techniques and tneir relative 

accuracies using calibrated specimens. A brief explanation of the sta

tistical methods and procedures 11sed in this section may be found in Appen-

d. A 39 
1 X • A 5 percent level of significance (n) was used in all statistical 

analysis except durinq effective porosity data comparison for which a 1 

percent level of significance was used. Detailed machine operation, cal-

culation procedures and data sheets are available upon request. (! .< F 11 . · .• 

Percent Moisture Content 

The percent moisture content is expressed as the percentaqe by weight 

of the wet sample. To determine the moisture content a prepared sample 

is weic¡hed immediately after removal from its hermetic container. The 

samole is then oven dried at l05°C for 24 hours, after which time it is 

removed from the oven, allowed to cool in the desiccator and again weighed. 

The moisture content is: 

~~ -w wet dry 
wwet 

X lOO ( 5) 

• 1 

Tests have shown that crusing the samples beyond the bulk volume 

state results in eliminating additional water residing in occluded po~es. 39 

The measured moisture content has been sho~m to increase by as much as 1.5 per

cent upon crushing (i.e., from 15 percent water tq 16.5 percent water). Samp1es 
' 

are therefore broken off from the original core samo1e (to e1iminate water cut

ting effects), crushed, and then oven 9ried. Tests have shown that.at most 

an 0.13 percent 11ater 1oss ·occurs during crushin¡¡, using Nevada Test Site 

tuff samples. Assuming al1 pare water to be e1iminated. the error gener-

ated from crushing for a samp1e of .20 percent moisture content would 

be 0.65 DercenL The moisture content errr,r generates an error in dry 
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density of at most +0.003 gm/cm3 when using average Nevada Test Site Tuff 

va 1 ues. 

Bulk Density 

The term bulk density refers to the weight per unit volume of a mat

erial including all of its constituents: solid, li~uid and gas. Both 

an "as received" and a dry bulk density may be found. The buH den

sities may be determined by two different techniques. The weight is deter~ 

mined and then the volume measured by either direct measuremen~ with cal-

ipers (for competent rocks) or fluid volume displacement. For the "as re

ceived density'', caution must be taken to maintain the moisture content .at 

its in situ level while for dry densities, it is necessary to eliminate all 

pore water from the sample. Thus measurement accuracy is a function of 

both volume and moisture content accuracy. 

Method I: Dú•ect Measul"ement 

The direct measurement technique is best suited for competent rock samples 

that have easily calculated .volumes, e.g., samples that may be readily cut 

into cylinders. Typically, a core .sample is cut to a desired length from ~ 

•·1r~pped NX size core (this core sample is usually the one used for mechani

cal testing). The cylinder is immediately weighed on the Sartorius bal

ance and measured with calipers. The wet bulk density is determined usino 

the weight and calculated volume while the dry bulk density is calculated 

using the sample moisture content as measured for a smaller piece of the 

same sample. 

In using the direct measurement technique, preparation of the cylin

drical samples requires saw cutting usually with the use of a liquid cool

ant. The error in weight resultinn from the use of this coolant is less 
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than :t.03 percent for saturated ash-fall tuff. However, other ma_terials · 

which are less than ''fully'' saturated, have been shown to ~ain consider

able amounts of water (lO percent to 20 percent of the rock samp1es weight) 

from being subjected to the coo1ant. Thus, the di rect measurement method 

re~uires that caution be exercised when samples have irregular surfaces 

and/or 1ess than "full" saturation. When errors caused by cutting water 

and surface· irregu1arities are anticipated, the mercury immersion tech

nique should be used with a samp1e chipped from the core rather than using 

a prepared specimen. 

A prior Terra. Tek investigation determined the "as received" density 

for se1ected tuff samp1es 3 using caliper measurement, mercury immersion and 

water immersion -techniques. 38 The samples were 1 inch cylinders cut ad-

jacent to each other from an NX core. The caliper method gave 1 percent 

to 2 percent 1ower densities than the immersion methods. This suggests 

that "the immersion techniques may give more accurate volumes based on fluid 

conformity to irregular surfaces. More accurate volumes cou1d be obtained 

with the caliper technique if the samples were machined to "perfect" cyl-

inders. However, due to sample exposure to air, moisture loss would cause 

errors in the "as received" .weight .. 

llethod II: Meraury Immersion (using Ruska f.Jeraury Porometer) 

The mercury immersion technique may be used with materials which 

range in competency from poor to ~ood. 5oft, loose materials such as 

low grade shale, siltstone, etc., may be tested by first coating the 

sample with an 0.5 mm to 1.5 mm thick layer of beeswax to avoid sample-
1 •, 

breakup. Sample volumes are determined by immersing a sample into a cal

ibrated volume of mercury and measuring the displaced volume. 

The primary source of error for this m~thod is air trapped on the 

sample surface. To determine the extP.:lt of the error, volume calibra-
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' tion tests were performed on metal cylinders and spheres with volumes 

ranging from 8.58 cm3 to 93.07 cm3. The "true" volume was considered to 

be the volume determined from micrometer measurement. The results indi-

cated that 1) the porometer measured volumes are consistantly higher than 

the ''tru~'' volume with the absolute di~ference increasing with increasing 

sample volume, 2) the volume scatter from repeated measurements on any 

given calibration sample decreased -as sample volume increased, 3) the 

steel spheres gave less scatter and volume error than the cylinders,and 

4) the results from wax coating of the steel cylinders did not signifi

cantly vary from the uncoated steel cylinders after subtraction of the 

additional wax volume. Result 3) may be explained by considering the 

area to volume ratio of the cylinders and spheres. For equal volumes, a 

sphere has less surface area than a cylinder thus conceivably trapping. 

/ less air and causing less error. 

Figure C-2-5 sliuwo the linear least square fit for the uncoated and 

"waxcoated"J steel cylinder data (curves A and B respectively) including the 

95% confident interval curves for "A". The shallower slope of curve B may 

be a result of the more "spherical" geometry of the wax coated cylinders. 

Figure C-2-6 shows the linear least square fit for the uncoated steel sphere 

data (curve C) including its 95% cohfidence interval curves. Figure C-2-7 

shows curves A,B, and C where the shaded region represents an approximate 

range of mean volume error. 

Because the error curves were reproducible and the cylinders and spheres 

approximate the full range of sample volumes and geometries of the rock sam-

ples to be tested, Figure C-2-5, C-2-6 and C-2-7 can be used for volume cor-. . . 

rection. 

Wax coating the sample offers three distinct advantages: 1) it allows 

reuse of the sample for grain de;-~sity determination, 2) it maintains 
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a constant surface between the mercury and the samn1e and 3) it does not 

allow mercury to penetrate the sample. A statistical (student t) comparison 

of the wax-coated and uncoated steel cyl inder data showed that there .·was 

no significant difference in the vo1ume errors thus indicating that the. 

1~ax coating does not change the cal ibration curvP,;. Microstopic examina-

ti en of three rack samples (1imestone, sandstonc urd tuff) after wax coatinn 

indicated no significant wax intrusion. into surface "Ores. Tests on tuff 

and sandstone have shown moisture loss due to ~1ax coating to be negligable. 

(.03 percent or less moisture loss). 

To check the use of the porometer.having corrected for the vo1ume '. 

based on curves A, B, and C in Figure C-2-7, Arkansas Quartz crystal den-

sities were determined with 
. 3 

sample volumes ranging from 13.39cm to 28.86 

cm3. The mean quartz density determined from the mercury system was 2.649 

gm/cm3 with a standard deviation of 0.002 gm/cm3. For ambient temperatures 

and pressures at the Terra Tek laboratory the most probable density value 

for a colorless natural (l-quartz crysfal is 2.651 (Jm/cm3 according to Dana's 

Silica Volume40 whereas x~ray powder diffraction measurements 41 give densi

ties of 2.647 qm/cm3. The porometer determined density did not significant-. . . 

ly vary from the published values using a statistica1 .(student t) analysis. 

Figures C-2-5 and C-2-6 show that the scatter in volume measurement may 

be si gnifi cant ly reduced by us i ng samp 1 es 1 a rger than about 30cm3• A 30cm3 

vo1ume is the suggested minimum samp1e volume for porometer testing since a 

corrected volume accuracy is obtained to within -0.015 cm3 to +0.015 cm3 

with a. resulting "as received" density to within -0.001 g~/cm3 to +0.001 gm/cm3 

ata 95% confidence interval. The dry density includes the moisture con~ent· 

error (+.003 gm/cm 3
) giving accuracy to within 0.004 gm/cm3. Reca11 that the 

above accuracies are calculated from steel samples. Tests on uncoated ash

fall tuff samples suggest scatter t.'l 1~ithin -0.001 gm/cm3 to +0.001 gm/cm3. 
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Method III: . Water' ImmeY'sion 

Volume determination by water immersion is suitable for materials 

ranging in competency from fair to good. The sample is first presoaked 

in distilled water so that no water absorption occurs during immersion. 

The specimen is then immersed in a distilled water bath and weinhed, be-

ing sure that thermal equil ibrium of samplr! water dllJ bath water is main

tained.· The sample is removed from the 'bath, quickly surface dried and 

weighed in air. The resulting difference in samole weipht submerged and i~ 

air gives the sample volume when the distilled water bath density for the 

a8bient temperature and pressure is known. 

Calibration of this method involved the volume determination of pre-

cision machined metal cylinders and spheres identical to those 

mercury immersion calibration. 
- 3 

Volumes ranged from 8.58cm to 

used for 
3 28.94 cm . 

The metal samples indicated that all measured volumes were low by 0.06 per

cent wh~n compared to the ''true'' (microme~e~·measured) volumes. 
' 

A cal ibration check was made using Arkansas quartz crystals .. using 

the 0.06 percent correction for the quartz crystal tests. a mean quartz 

denstiy of 2.649 gm/cm3 was obtained from seven samples with a standard de

viation of .002 gm/cm3. Analysis (~sing the student t method) showed the 

water immersion quartz density to agree with both of the published a-quartz 

densities (2.651 gm/cm3 from Dana's Silica Volume and 2.647 gm/cm3 from pow-
. J 

der diffraction measurement). The accuracy may then be stated to be within 

-0.006 gm/cm3 to +0.002 gm/cm3 at a 95% confidence interval using the 2.651 

gm/cm3 published quartz crystal density). Ory density accuracy would be 

within -0.003 gm/cm3 to +0.005 gm/cm3 when including the moisture content 

error (-.003 gm/cm3). Wet and dry bulk density tests on ash-fall tuff sam-

ples have shown data scatter to be within the above statea.bounds. 
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Grain Density 

In general, geologic materials contain threP. distinct phases: salid; li~-
' 

uid, and gas. The term "grqin density" deals with the density of only the sol-

id phase. Thus it is necessary to eliminate the effects of the liquid and nas 

ohases to obtain a true grain density. To measure the salid phase only, the 

material must be ground sufficiently small to eliminate the occluded pares, and · 

a vacuum pulled on the sample to assist surface tension in assuring maximum 

saturation of the microscopic voids.. The grain t:lensity accuracy on materials 

such as ash fall tuff is highly dependent on the nulverizing step and on thP. 

abil i ty of water to penetra te the zeo 1 i tes. I t has been shown 42 that for ':1axi.

mum penetration of water into the zeolites, the samole powder should be soaked 

in distilled water for 3 to 4 days while a partial vacuum is pulled. · TherP. ?.rP 

also indications that different immersion fluids may cause density changes.· 

Standard laboratory procedure is to pulverize samples to -100 mesh (-0.149 

millimeter) based on results inyestigating the effect of mesh size on grain ~en

sity43. Studies on ash fall tuff16 indicate that vrdrl sizes range from several 

millimeters to 10-7 millimeters with void shapf ran<:¡ing from spherical to lim

ellar. The same study also suggested that sowe vnit:ls do remain intact aft."~ 

pulverizing and seem to be contained such that ·.~atPr molecules cannot accrss 

them. Thus, it would appear that the smallest occliJ~ed voids are not acc~ssed 

by grinding to -100 mesh material. Grain density te~ts 43 showed an averaar. 

0.007 gm/cm3 density increase when tuff samples ~Jere ·pulverized from -lOO mesh 

material to -200 mesh material. This density increase causes a change in air 

void content of -.18% Vav. However, since the additional crushing time neces

sary to obtain -200 mesh material is considerable (5 minutes in pulverizer vs. 

4 hours in ball mill )44 , obtaining this additional accu1·acy in density and a ir 

void content is not practical for Nevada Test Site anplications. Nevertheless, 
' a -200 mesh material is obtainable for special apnlications where maximum ac-

curacy i s requi red. Wi th -325 mesh tl!ff Lawrence L i vermore Labora tori es 4~· 
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derived inconsistent density results. This may be due to poor statistical 

sampling éaused by grains of different density migratjng in the ground mix

ture prior to test i ng or by the i ncreased sürface e ha rge dens i ty on the gra in 

boundaries further enhancing zeolitic reactions. Thus, even though accuracy 
' 

for tuff is a function of the volume magnitude of the inaccessible voids, 

data indicates that grinding the tuff to a -100 mesh allows for maximum 

accuracy with minimal preparation. 

Two techniques for determining grain densities are given in this sec-

ti on: a water pycnometer and gas pycnometer techni que. The former method 

has been used as the standard grain density method at Terra Tek. However; 

because of improved techniques the gas pycnometer method is being implemen

ted into standard laboratory usage. 

Me thod I: fvate:r PzJanomete:r Teclmique 

This technique requires approximately 48 hours to obtain grain density. 

values. A sample weighing approximately 50 gms is first ground to a -lOO· 

mesh particle size. The pulverized material is dried in the forced con

vection oven set at l05°C for 24 hours. Approximately 25 gms of dried 

material are placed into a volume claibrated 50 ml. flask and immersed 

in distilled water. A vacuum is drawn on the flask and the subsequ.ent 

water displacement volume in addit~on to the oven dried sample weight de

termines the grain density. 

The accuracy. of thi s method was determi ned us i ng Standard Reference 

Material 640~ 5 obtained from the National Bureau of Standards. SRM 640 

is a -200 mesh powder composed of high purity elemental silicon. The 

National Bureau of Standards has not yet deter~ined the density of SRM 

640. However, si nce SRM 640 i s th'e p011der form of sol id SRM 99o 46 the 

density stated for SRM 990 is used as the calibration density value, that 

being 2.329 gm/cm3. In addition, both materials carne from the same in-
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dustrial source thus assuring uniformity in production technique. The mean 

density determined for SRM 640 using the water immersion technique was 2.319 

gm/cm3 with a standard deviation of .022 gm/cm3. A statistical (student t) 

analysis showed that the water immersion mean density value for SRM 640 

statistically agreed with the published value 
. 3 

of 2.329 gm/cm . This result 

was due to the large standard deviation of .022 gm/cm3. However, it is re

commended that only three digit densities be given (e.g., 2.32 gm/cm3) since 

uncertainty exists in the hundredths place and the accuracy stated as being 
' 3 3 ·within -0.05 gm/cm to +0.03,gm/cm ata 95 percent confidence interval. 

Method II: Gas Pycnometer Technique 

This method requires a test time of about 36 hours. Early investigation 

using the gas technique showed volume drift to be a problem presumably due 

to gas reactions with the zeolite in the ash-fall tuff. (Te,sting atmospheres 

included argon, helium and ·air.) This d~ift has been alleviated by not oven 

drying the pulverized sample prior to testing but instead allowing it to 

equilibreate with the atmospheric moisture. It is presumed that drift is 

avoided by the free water filling the small pores present in the zeolite, 

thus preventing a zeolitié reaction. The volume contribution of the free 

water is determin~d after testing and subtracted from the sample volume. 

Arkansas quartz crystals and SRM 640 silicon powder were used for cali

bration of the gas pycnometer. Helium is used as the gas due to its small 

molecule. Using SRM 640, the Beckman Gas Pycnometer determined a density 

of 2.330 ~ .005 gm/cm3 ata 95 percent confidence interval for ten trials 

giving the maximum accuracy of the method as -0.004.gm/cm3 to +0.006 gm/cm3. 

For a 2.5 gm/cm3 grain density sample the error is then -0.16 percent to 
. . ' 

0.20 percent. The Arkansas quartz crystals were used as a calibration check 
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for which a mean density from seven trials was determined to be 2.647 
1 

gm/cm3 with a standard deviation of 0.006 gm/cm3. A statistical (student 

t) comparison showed no significant differenci between the gas pycnometer 

d o d bl o h d d o o 
40 •41 d t o d f mean quartz ens1ty an pu 1s e a-quartz ens1t1es e erm1ne rom 

Dana's Silica Volume and x-ray powder diffraction measurements. 

r;¡•ain Densit¡¡ Cornpa¡•ison (Water IrnrneJ'sion -vs- Ga.s P¡¡cnorneter) 

In arder to analyze differences between the water and gas pycnometer 

grain density techniques, the mean densities as determined for SRM 640 

were statistically compared (using Aspen-Welch student t method). The 

result was that the two means, 2.31 gm/cm3 and 2.330 gm/cm3 for the water 

and gas pycnometer techniques respectively, were shown not to be statisti

cally different. (This result was due primarily to the large standard de

viation of the water immersion technique.) However, upon analyzing the 

standard deviations of the two techniques it was found (usinq the F sta

tistic) that the gas pycnometer standard deviation 1•1as significantly less 

than the water immérsion 

and low data scatter the 

Poros i ty 

standard deviation. 
1 

Thus for maximum accuracy 

gas pycnometer should be used. 

Porosity of a material is the volume fraction of pores. The pore 

volume may be found by either measuring the soli.d volume (i.e., volume oc

cupied by the solid grains) and subtracting .that from the dry bulk volume 

thus obtaining the pore volume indirectly, or the pore volume may be mea-

sured directly by fluid impregnation. The latter technique measures the ef-

fective porosity, that is, those pores which are interconnected and thus ac-

cessible· to measurement by· an impregnating fluid. The total porosity measures 

all pore spaces whether they are occluded or interconnected. Consequently, 

the effective porosity is less than or equal to the total porosity. 
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Method I: Total Porosity (using dry and grain densitiee) 

This method requir\!~ that both the grain density and tlie dry bulk 

density be determined for the material. Using pd and p
9

, the porosity is 

then calculated using equation (2), Table C-2-2. 

The error in the total porosity value is a result of the errors in 

measuring the dry bulk density and grain density. Using the mercury poro

meter and gas pycnometer density accuracies, the calculated porosity .ac-
. 3 

curacy is within -0.348 percent to +0.074 percent nt using Pg = 2.4 gm/cm 

and pd = 1.45 gm/cm3 

Method II: Effeative Porosity 

Effect i ve poros ity i s the connected pore vo 1 ume d_i vi ded by the bul k 
1 

volume. To determine the connected pore volume the sample may be impreg~ 

nated with mercury, gas or water using for volume measurement the Ruska 

Mercury Porometer, Beckman Gas Pycnometer or 11ettl er Ba 1 ance respecti vely. 

Using thé Ruska Mercury Porometer, an oven dried bu1k samp1e is o1aced into 

the pycnometer with mercury injected into the samp1e under pressure._ The 

injected mercury vo1ume is equivalent to the connected .Pare vo1ume toa 

first approximation when using equation 6: 
p 

Ve = Vm (1 + 1 

p2L 
) - Va + t.Vs 

pl 
(6) 

where Ve is the connected pore volume, Vm is the injected mercury vo1ume, 
' P1 is atmospheric pressure, P2 is the interna1 trapped air pressure cor-

rected for capi11ary forces 47, Va is the vo1ume of air trapped on the sample 

surface and t.Vs is the vo1ume change due to matrix shrinkage. The de

rivation for equation (6) may be found in Appendix B. The Beckman Gas 

Pycnometer requires standard volume measurment of an air dried bu1k sample 

from which an apparent grain volume is determined after correcting for the 
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free water volume (recall the grain density' technique). The sample bulk 

volume is then found from which the effective porosity can be calculated. 

The water immersion technique requires that a sample first be oven 

dried and weighed. The sample is saturated allowing distilled water to 

fill the connected pores and then immersed in a distilled water bath 

to determine its buoyant weight. The difference in buoyant weight to 

the oven dried weight gives an apparent grain volume. After bul.k volume· 

determination the effective porosity may be calculated. 

A synthetic material, Tegraglas (3M product), was used to compare 

the effective porosity techniques. The material was selected because 

of its uniformity, availability in various pore sizes, and its compari

bility to rock fabric. · A comparison toan absolute value was not pos

sible since no standard porous material exists. The three techniques 

• determine the effective volume directly thus allowing direct calcul.a

tion of the effedive density. Table C-2-3 lists the obtained. effec-

tive density means and standard deviations. To analyze the difference 

in the three methods, a statistical comparison (using an analysis of 

variance and Duncan's multiple ranqe test) of the mean effective densi-

ties was conducted for each grade of material. The analysis showed that 

no si gnifi cant difference in means was observed for grades 15 and 90 

materials suggesting that the three methods were giving the same re

sults. However, all three means were significantly different for the 

grade 40 material. The difference in the high and low mean effective 

density for the grade 40 material corresponds to an effective porosity 

difference of 0.53 percent porosity using equation 7. This would 

correspond toan error of 1.9 percent (%error not% porosity). For 



many applications this size of error may not be critical. Consequently, 

any of the three methods could be used to determine effective porosities of 

granular materials (similar to Tegraglas in pare size) with a maximum un

certainty of about 0.53 percent porosity (% porosity not % error). 

JABLE C-2-3 

Mean Effective Densities (pe) Using 3M Tegraglas 

(7) 

~1a teri a 1 Grade Beckman Density Ruska Density Water Immersion Density 
(in microns) gm/cm3 gm/cm3 gm/cm3 

---1-----------

15~ Pe = 2.118 Pe = 2.111 Pe = 2.117 
S = .006 S = .002 S = .006 

--1-- - :-- -

40~ 1 Pe = 2.212 Pe = 2.196 Pe = 2.208 
S = .003 S = .002 S = .001 

. ~---·· ~------

90¡J Pe= (2.357 Pe = 2.353 Pe = 2.358 
. S = . 003 S - .003 S = .001 

fermeubi 1 ity 

The Terra Tek permeability equipment allows determination of permea

bility at confining pressure, deviatoric stress, and pare fluid pressure. 
1 

A difficult problem is that of determining when a sample has reached equil

ibrium at the pare pressure at which·it is to be tested. If a pare pres

·sure gradient is present in the sample, the peremability will be in error. 

This error can be avoided by monitoring the permeability until it is stable. 

The equipment is capable of gas or liquid permeabilities using either a 

transient method ora steady-state method. Appendix C outlines the equa-
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tions in calculating the permeabilities. 

The transient method48 , requires t~e application of a differential 

(~1 pressure pulse (• l percent of the confining pressure) across the sample. 
-

The resulting pressure decay vs. time, in addition to the properties of the 

permeating fluid, the sample geometry and ,the system volumes, enable cal

culation of the permeability. This'method is more adapt to low porosity 

materials such as tight sandstones where permeabilities are in the tens 

of microdarcies. Consequently, accurate measurements are possible on 

very tight samples while easily accomodating high pore pressure (up to 4 

kilobars). Figure C-2-8 shows a typical transient method plot. 

A steady-state determination of permeability is made by measuring 

the steady-state flmv of fluid through a sample for a small pressure dif

ferential across the sample. The permeability can be calculated Íf the 

flow rate, ·pressure drop, fluid viscosity and sample \jeometry are known. 

Although there is no commonly accepted standard for permeability, sev

eral methods have been utilized to verify the accuracy of the measurements. 

For ex amole, compa ri sons were made wi th sands tone samp les_ obta i ned from 

the United States Bureau of Mines that had been tested over a rarige of 

confining pressures. Comparisons indicate values to be accurate and re

peatable to within20 percent depe~ding upon sample permeability and test-

ing conditions. 

Microscopic Methods 

The texture and fabric of a rock is often used to aid in explaining 

· t · t · b h . 16,1 7, 49 M. . . -_ 1 s an1so rop1c e av1or. 1crostructure stud1es 1nclude analysis 

of particle size distribution, spatial orientation and mineral content: It 

is importaht that an unbiased- sample population be obtained and that a 

statistically significant number of particles be counted. The sample size 
--

will depend upon th~ fabric complexity but studies 50 have shown that a 

minimum of lOO grains must be samoled tn nbtain a first approximation of 
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Figure C-2-10. Grain Orientation Frequency Histogram 

Depending on the grain size and rock fabric three possib1e micro

scopic techniques may be emp1oyed: 

1) An opaque, 1ight ref1ection mcthod for grain diamet.ers greater 
than lo-3 in with fabric cohesion ranging from poor to good. 

' ' . 

2) 

3) 

A thin section, 1ight transmission method for fabrics having fair 
to good cohesion with grain diameters greater than 2 x 10-5 in., ~nd 

For grains sma11er than 2 x 10- 5 in., with poor to good fabric co
·hesion a scanning e1ectron·microscope (SEM). 

The University of Utah SEM is avai1ab1e for the purpose. 

The two sources of error which exist for the three techniques are 1) in

sufficient number of counted grains (digcussed in proceeding paragraph) and 

2) a biased estimate of the diameter caused by surface preparation. · The surface 

plane may disect a partic1e at anv diameter not necessary the average dia. Con-
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sequently, grain size analysis yields an apparent dia~eter. Numerous correction 

factors have been proposed for converting from the apparent to the true dia-
51 

meter~ . Reported coefficients range from 1.126 to 1.5 and may be used 

for true diameter estimates. 
' 

·.\fethnd I: Lm'ge Gmin Technique ( dia. > zo- 3 in.) 

This technique utilizes the Bausch and Lomb monocular and follows all 

proceedures as outlined in ·the introduction. Random sampling consists 

of creating a grid on the sample and counting only those grains which lie 

under ·intersection points. Grain orientation cannot be measured using 

the Bausch and Lomb monocular. 

Method TI: Mediwn Gl'Qin Technique (dia. > 2 x zo- 5 in.) 

The Zeiss model RP-48 standard scope with binocular vision.and photo 

attachment is the only equipment necessary for this test. Prepared samples 

require thin sectioning. Thin section work is done for Terra Tek by 

Western Petrographic of Tucson. Arizona. The thin section is made from a 

1/4'' cube with etching and dyes introduced during the sectioning process 

to highlight grains. 

A random unbiased sample population of grain diameters, orientations 

and mineral contents is obtained by using a mechanical stage. Polar fre

quency diagrams may be constructed as shown in Figure C-2-10 with north

south, east- and west axis being established for the top thin section, 

east-west, top and bottom axis for one side and north-south, top-bottom 

axis for the other side. 
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Method III: Medium G~ain Technique (alte~nate method using the unive~sal stage) 

An alternate technique is available for grain orientation studies. 

This involves the use of the universal stage which locates linear and planar 

features in three dimensional space. Subsequent diagrams of these grains 

involve the use of Wolf, Schmit or Lambert stereo nets. Sample prepara

tion, sampling and measurement techniques follow Method 11 for grain size, 

c1rientation and mineral content studies; the onl.v morlification to the pro

cedure being the additional two angles (strike and dio) recorded for each. 

gra in. 

Method IV: Small Grain Technique (dia. < 2 x lO-S in.) 

For particle diameters which are less than 2 X 10-5 .in. a scanning 

electron microscope (SEM) is available at the University of Utah. SEM 

photomicrographs can be used to measure grain size and grain dimensional 

orientation from photographs. Because of the lack of color, mineral con

tent cannot be easily determined. The calculational procedures and error 

are similar as for those of Method JI of this section. Measuring is dif-

ferent, however, in that grain size and angles are obtained from photo-

graphs. 
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CONCLUSION 

The methods used for determining physical properties are highly depen-

dent
1 

on the material structure, composition, and condition of the rock. 

~ost of the properties are dependent on the·pore structure. For example, 

the permeability and effective porosity are directly related to the intercon

nected pores while measurement of grain density and moisture content requirr. 

the accessibility of all pores (occluded and interconnected) after crushin~ 

or pulverizing the sample. The composition of the rock is important when . 

c'onsidering physical property ·techniques. For instance, the water immersion 

technique would disintegrate certain shales whtle care in sample preparattn~ 

is required to prevent zeolitic reactions durina ¡¡rain density determinati<'n 

ustng the gas pycnometer method. Obviously, possible mineral interaction 

must be considered when selecting a measuring technique. The condition or 

competency of the rock also bears on the selection of a testing method. Ex-
, 

1 

amples of this would be a rock which is dry or less than fully saturated in-

dicating that it should not be subjected to cutting water (water absorption) 

or the case of a highly fractured rock which requires a wax coating in order 

to prevent sample break-up during bulk volume determination. 

With roe k s tructure and compos ft ion known, t'12 rroper phys i ca 1 proper<:::• 

tests may be•selected. It is then desirable to cons'::ruct a testing sequencc 

to determine standard Nevada Test Site physical properties (pw, p
9

, w) whtch 

1~ould 'give the most accurate results. The follo\'lir.Cl test sequence is pro-

~osed: 

1) Immediately upon unsealtng a ,core, obtain a chip of material 
of approximately 50 cm3 adjacent to the sample which will be 
mechanically tested. Clean the chin, ~eigh it and seal it 
in beeswax. Determine,the combined weipht of 'the sample 
plus wax. 
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2) De termine the samp 1 e bul k vo 1 ume us i ng the Rus ka Mercury Por- . 
ometer. The wax volume is eliminated by knowing its weight 
and dens ity. · · 

3) The bulk volume sample is stripped of wax, immediately passed 
through the jaw crusher and weighed. The crushed material 
is then oven dried. 

. 
4) After weighing the oven dried material, it is passed through 

the pulverizer and reduced toa -100 mesh material. 

5) The grain density. is then determined using the water immersion 
method. Grain density for many non-zeolitic materials·can be 
done using the Beckman Gas Pycnometer to increase accuracy. 
Investigations are being conducted to evaluate its usefulness 
in determining grain densities for Nevada Test Site zeolitizeti 
ash-fall tuffs. 

This procedure incorporates Terra Tek's most accurate techniques to 

date for determining the "as received" bulk density, moisture content and · 

grain density on Nevada Test Site ash-fall tuffs. From these three values 

the dry bulk density, total porosity, percent saturation and percent air 

voids may be calculated. 

" 
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APPENDIX A 

Statistical Methods and Proceedures 

Measurement accuracy and precision of a piece of equipment must be known 

prior to its use in a test i ng program. Accuracy i s the abil ity to produce the 

true value while precision is concerned with data reproducibility. When 

\. dealing w.ith normally disturbed-random observations, accuracy is best 

determined by comparing mean values (x) while the best measure of precision 

is the sample standard deviation (s). Thus when analy¡:ing a single 

machine or method, x and.s usually suffice in describing its measurement 

characteristic. However, when numerous methods and equipment are 

being analyzed it is not always. obvious now they statistically compare 

with each other using only the mean and standard deviation. For example, 

suppose two· machines (A and si were·used to determine a density from 

seven samples with machine A giving x = 2.641 grn/cc, s = .009 grn/cc and 
•, 

machine B giving X= 2.649 gm/cc, s = .002 gm/cc. Using the proper 

statistical procedure (Aspen-Welch student t method, a= .05), it may 

be shown that the two means are not statistically different. This 

result is not obvious by simple examination of the sample mean and 

standard deviation. Hence, more re'fined statistical measures must be 

· u sed to e va 1 u a te numerous performance characteri s ti es. 

Seven statistical measures are used in this report, namely 

1) the sample mean (x), 2) the sample standard deviation (s), 3) the 

student t test, 4) the Aspen-Helch formulation of the student t test, 

5) the F test, 6) the analysis of variance and 7) Duncan·•s multiple 

range test. All the above tests requires normal sample distribution 

and random sampling. The meaning and use of each statistic is briefly 

given below. Detailed explanations may be obtained from reference (39). 
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The samp 1 e mean va 1 u e (x) common 11y ca 11 ed the "average va 1 u e" • 

is the summation of al1 observations divided by the number of 

observations and it is used simply to give the central tendency of the 

data. Closely associated with the sample mean is the sample standard 

deviation (s) which measures the dispersion or scatter of the data about 

the mean va 1 u e. 

The student t statistic uses the values x and s as well as the 

number of observations (n) for analysis. Simply put, the student t. 

test compares the samp1e mean x to the "true" mean (~). The result is 

that statistical1y x is shown to either equal or not equal ~ thus 

indicating whether the observations used in determining x are a subset 

of the cibservations which determine the val ue ~ The Aspen-Wel eh 

formulation of the student t test is used mainly.to compare the means 

of the two sets of independent observations. Typically this test 

involves the comparison of the sample means of two machines or methods. 

For example, a comparison of xA and x8 is done from machines A and B 

with the result being either xA ·= x8 or xA t x8. (Tests for xA < x
8 

and 

xA > x8 may also be done.) 

Once the equality of means has been statistically established 

using the student t methods, standard deviations may be compared using 

the F test. For example, the F test could determine·whether the 

standard deviations (sA and s8) of two machines A and B were statistically 

ei ther equa 1 or if one was 1 arger than the other. If i t i s con e 1 uded that 
•, 

sA = s8 then the two machines A and B are equally precise in measurement 

capabil i ti es. 

When comparing more than two means, an analysis of var.iance is used 
\ 

over the Aspen-Welch formulation. A typical analysis of variance would. 

compare the mean values of many machines to determine if they could all 
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be from the same population, i.e., X = X = A B If one or 

more means varies significantly from the other means, then the test says 

all means are not equal but not which mean (or means) are unequal. To 

determine the mean (or-means) which are unequal' requires the use of 

Duncan's multiple range test. Duncan's test examines each mean as to its 

equality to all of the other means with rejection of the mean occurring 

if equality is not realized. 

In all of the statistical tests 3) through 7) use is made of x, s 

and the sample size (n) as well as the level of significance term alpha (a). 

The level of significance term (a) is selected by the experimenter when. 

using the published tables and charts during the statistical tests. The 

term (a) then indicates the probability the e~perimenter is wirling to 

accept that the results of the statistical test are not occurring by chance. 

For example, when comparing a mean mineral density as determined from 

two machines A and B, (xA = x8), if the experimenter chooses an a = 5 percent 

it 111eans that upon determining xA t- x6 using one of the statistical methods, 

he can be 95 percent certain that the outcome of the test did not occur by 

chance. Li kewi se, if an a = 1 percent w'as chosen, a 99 percent probabi l.ity 

that the outcome xA t- x8 was not chance would be obtained. In the text an 

a = 5 percent was used except for the effective,porosity data comparison for 

which an a = 1 was used. 

1 ' 
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APPENDIX B 

Derivation for Ruska Porometer 

Effective Pore Volume 

Using the Ruska Porometer for effective porosity determination requires 

impregnation of the connected sample pores with mercury. ·lmpregnation is 

accomplished by pressurizing the sample from atmospheric to 750 psig (manu

factures suggested pressure). However, this injected volume is not the 

true effective· pore volume. Errors result from the air trapped inside the 

sample, capillary forces acting within the pores and matrix shrinkage due 

to hydrostatic pressurization. Correction for these three errors may be 

accomplished through the following derivation. 

Figure C-2-llA: Porous sample prior 
to mercury injection. 

. \ 

Figure C-2-llB: Porous.sample 
after mercury injection. 

Figure C-2-11: Porous material model before and after mercury injection. The 
shaded region represents the sample matrix while the crosshatched region re
presents the mercury. 
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Certa in assumptions must first be made: (1) the mercury is in equilib

rium and incompressible and (2) the perfect gas law may be applied to the 

trapped air. Figure C-2-11 shows a model of a porous material and shall be 

used to illustrate the problem. 

tlote the folluwing variables: 

Vpl = initial volume of a ir _i!l_ p_gres 

Va = initial volume of air trapped on sample surface 

Vp2 = final volume of air in pores 

V m = mercury impregnation volume 

Ve = eonneeted pore volume 

lt ~ay be seen that the total volume of air befare pressurization is 

equal to the volume of injected mercury plus the final air volume. 

Vp1 + Va = Vm + Vp2 (1) 

Furthermore, using the perfeet gas law, the initial and final volumes of 

air may be related as being: 

(2) 

where P1 and P2 are the initial and final absolute pressures used during 

injeetion. Sinee the conneeted pore volume is equal to Vp1, equation (1) 

may be rewritten as: 

Ve = Vm + Vp2 - Va (3) 

Combining equations (1) and (2) and substituting into (3) gives: 

(4) 

If the present volume error is assumed to be caused by trapped air on the 

sample surface, then Figure C-2-7 may.be used to caleulate the trapped air 

volume Va if the bulk sample volume is known. 
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To account for the capillary forces within the pores a simple model of 

a circular capillary tube is used. By assuming circular pores a capillary 

pressure, Pe, may be derived as being: 

4 Fm cos am Pe = -'-'--"'---7=-'::......::"'. 
d 

Fm, = -430 dynes/cm 

am = 140° (5) 

by solving a simple force balance problem. The term Fm is the surface ten

sien of mercury while am is the contact angle or angle of wetting and d is 

the mean pore diameter. The values of Fm and am are from source 47. To a . 

first approximation, the trapped air pressure is less than the gauge pres

sure by the value: 

(6) 

Since a hydrostatic pressure is being applied, a simple addition to the 

equation involving the matrix shrinkage may be included. Let óVs be the. 

matrix shri~kage. Thus the basic form of the correction equation becomes: 

Ve= Vm ( 1 + P1/(Pz' - P1) ) -Va+ óVs (7) 

The matrix 'shrinkage is an 'additive· correction since it represents a void 

shrinkage and thu~. reduces the amount of mercury which may be injected into 

the connected pores. The term óVs may be obtained if the bulk modulus and 

volume of the matrix is known for a given sample. The matrix volume may be 

obtained from the bulk volume minus the total porosity volume, 

Vs = V B - VT (8) 

where Vs is· the matrix volume, v8 the bulk volume and VT the total porosity 

volume as calculated from equation (2) in the text. In this instance .the 

equation (7) modifies to: 
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where Ks is the matrix bulk modulus. In samples where Ve - VT equation (8) 

. becomes: 

P1) ) -Va+ (P2 - P1) VB 
K5 ( 1 O) 

Equation 10 is a useful form of the correction equation when the total poros

ity volume is approximately equal to the effective volume because all of the 

terms except·· Ks and P2' on the right hand si de of the equation are determined 

during effective po_rosity testing. The bulk modulus Ks may easily be found 
'e 

by conducting hydrostatic loading tests on the sample matrix in a triaxial 

configuration. The term P2' must be calculated using equation (6) thus 

· requiring knowledge of the average pore diameter. 
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APPENDIX C 

Permeability Equations 

for Transient and Steady State Methods 

Transient Method 
\ 

The transient method requires the reductian ~f the pressure drap vs. 

time plat, Figure C-2-8, ta obtain the slope a. With a knawn alang with 

the fluid canstants, length and volume parameters, the permeability may be 

calculated. 

A brief autline of the thebry involved in measuring permeabilities 

using the transient technique is given belaw. A detailed treatment of this 

analysis is presented in reference 48. 

The equation far compressible flow in a compressible media is: 

./p=~c'!.E. 
· k a t ( 1 ) 

where 

v = fluid viscosity 

e= fluid compressibility 

k = permeability 

C = a term which includes the compressibility af the rack matrix 

and 

P = pressure 

lf the fallowing assumptians are made concerning fluid flaw characteristics 

l. Darcy's law is valid. 

2. The fluid flow is laminar. 

3. The change in fluid volume in the pares in the rack, due to the 

step pressure change, is negligible compared ta the amount of 

fluid flowing through the sample during a test. 
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4. The pressure step is small compared to the absolute pore pressure 

so that the physical constants of the fluid (viscosity and com

pressibility) can be considered constant in all parts of the sample. 

, then the s16lution to Equation (l) is given by: 

(2) 

6P = lnitial step pressure ~dded 
·-

6P = (lnstantaneous pressure)- (Final pressure) i.e., · (Pi-Pf) 

V = Volume of reservoir at either .end of the sample. 

The permeability k is given from Equation (2) as : 

(3) 

t T (4) 

where 

a = the slope of the semilog plot of the natural log of the decaying 
pressure versus time. 

1 = the sample length 

A "' the sample are.a 

Thus, the permeability can be determined with no direct measurement 

of the flow rate. Clearly this is a majar advantage for making measurements 

of the permeability at hi gh pressure. 

Steady State Method 

The steady state method requir,es knowing only Q, the fluid flow rate 

in ml/sec and P1 and P2, the upstream and downstream pressures in atmospheres. 
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Q L 
The perrnea!Jil ity is then K(darcies) = ---

A(P1 - P
2

) . 

where L is the sarnple length in cm and A the sample area in cm2 . 

.• 
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GEOTHERMAL ENERGY EXPLORATION AHD PRODUCTION 
T. William Thompson 
Subpane Z C'hai rman 

INTROOUCTI ON 

The exploitation of geotherrnal energy involves tapping the heat energy stored 
in the earth's crust. Hot rocks can always be found at sorne depth, but drill
ing and production costs and complexity limit the econornic developrnent of this 
energy source to areas where high ternperatures are found near the surface. 
Localized upward displacernent of isotherrns can occur in areas of high-conduc
tivity rocks, where near-surface rocks form an insulating blank~t or where 
upward migration of rnolten rock, or hot waters, heats the upper strata. Many 
classical geothermal areas occur.in areas of known volcanic or tectonic activ
ity, where surface rnanifestations have led to the discovery_of geothermal 
reservoirs. 

In any geothermal are a the mode of exploi tation is dictated by the ·· 
nature of the resource but always involves the rernoval of heat to the sur
face, where it rnay be used directly or converted to other forms of energy. 
Two rnajor types of geotherrnal resource can be identified: resources where 
the rocks contain hot fluids in sufficient quantities to act as the heat
transfer medium (Figure 1.1), and those where the hot rock is essentially 
dry (Figure 1.2). The first type includes hot water (hydrotherrnal) and 
stearn reservoirs. There is a gradation between these two kinds of reser
vo.ir and the type rnay change during fluid production, as pressure and tem
perature changes lead to phase changes of the reservoir fluid. By contrast 
the second type includes those resources where fluid is either absent or 
present in quantities too srnall to allow direct extraction of heat energy. 
This is the' class of resource, commonly referred to as "hot dry" rock, from 
whi~h heat rnust be extracted by injecting fluids. A third type of resource, 
allied closely to the first, is geopressured geotherrnal reservoirs in which 
the high-ternperature fluid is at elevated pressure. These are less common, 
but are found in the sediments around the Gulf of Mexico, where they form a 
potentially important source of energy. 

Frorn the standpoint of rock mechanics, geothermal reservoirs may be di
vided into nonporous, which will always be hot-dry reservoirs, and porous, 
the latter class being further divided into reservoirs where the porosity is 
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FIGURE 1.1 Schematic i11ustration of a steam~dominated 
hydrotherma1 geotherma1 system. 
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primarily due to fractures and those where the porosity is mainly intergran
ular. This report concentrates mainly on the fractured porous and the non
porous hot-dry-rock r!!sources, because the problems associated with nonfrac
tured porous resources are largely extensions of those associated with the 
exploitation of hydrocarbon reservoirs, which fall into the subject area of 
another subpanel .. Nevertheless, many.of the problems outlined in this sec
tion do apply to this class of resource. 

Until recently, rock mechanics, in its restricted sense, has not been 
widely recognized as a major contributor to geothermal energy exploitation. 
However, continuing development has focused a need for bett'er understanding 
of the mechanical behavior of producing ftactured and nqnfractured reservoirs. 
Specific knowledge is needed of the interaction of pore-pressure changes and 
compaction and of the potential effects of compacting reservoirs on subsur
face subsidence. An understanding of fracture mechanics is integral to the 
development of non-porous, hot-dry-rock resources. In a broader sense, a 
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detailed knowledge of the physical and mechanical properties of rock masses, 
and ·their dependence on environment, is, critica! to the search for and eval
uation and development of geothermal resources. Our present understanding 
of these areas is limited, particularly in the temperature and stress re
gimes applying in geothermal.reservoirs. 

In considering the recovery and development of geothermal resources 
the Subpanel concluded that the major overriding limitation caused by rock
mechanics problems was the basic lack of understanding of their geology, 
geophysics, and mechanics. All phases of recovery of these resources, from 
exploration and evaluation to production and environmental impact, require 
a suitable conceptual and theoretical model for the reservoir. Part •f the 
problem· in identifying and refining these models lies in the complexity of 
natural rock systems and the gross heterogeneity of fractured rocks; part 
is the inability to gather more than highly localized data in'a system 
buried under thousands of feet of rock. Other limitations are due to the 
technological problems of manufacturing sensing and production equipment to 
operate under the hostile environment of a geothermal reservoir. Although 
not strictly rock mechimics, this area is related to rock mechanics and is 
of sufficient importance to warrant inclusion in this discussion. These 
limitations will be considered in greater detail later. 

Although many of the basic limitations are currently subjects of re
search, this research is sporadic, deals· wi th small are as, and is generally 
insufficient to produce the necessary large-scale resource development. 
The basic recommendation, therefore, is that a coordinated and expanded re
search effort should be initiated in this area. Although.the major limita
tions on the development of known and preven resources lie in the areas of 
production and development technology, the lack of full understanding of 
the geology and mechanics of these systems will severely limit •he timely 
identification and development of new geothermal resources in the future 
and the development of knoWn sites~ full potential. The complexity of 
these characteristics will dictate intermediate to long-term research pro
grams, and it is recommended that these should be initiated as soon as 
practica!. 

Given the imperfect basic understanding of many aspects of the geology 
and mechanics of geothermal reservoirs ,. detailed projection into the inter
media te and long term is a hazardous, but necessary, exercise. It. is 
strongly recommended, therefore, that many of the major research and devel
opment areas should be the subject of preliminary feasibility studies. 
These feasibility studies could be of one- or two-year duration, and could 
be fairly low-budget items aimed at assembling all relevant current knowl
edge and pointing the way to the research necessary to remove the limita
tions. 

Finally, the Subpanel strongly urges the continuation of interest and · 
research effort into geothermal energy exploitation !md development. · Given 
su~ficient effort to overcome the various problems, whether caused by geol

. ogy, rock me.chanics, or 1 imi tation in surface technology, . geo::hermal re
sources form a potentially massive energy base whose exploitation would be 
environmentally acceptable. · 
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ROCK MECHANICS LIMITATIONS IN GEOTHERMAL ENERGY EXPLORATION ANO PROOUCTION 

In view of the broad and diverse nature of the subject and the limited time 
available, it was thought to be neither possible, nor advisable, to detail 
completely the areas in which research is required. Thus the area of com
paction mechanics, for example, has been identified as causing majar limi
tations without detailing many of the pr.oblems and limitations that make 
up that area. To avoid inadvertent omissions the subject has been divided 
into six sections, each covering one phase of geothermal recovery, and each 
treated roughly in the same arder as would be followed in resource develop
ment and exploitation: exploration, evaluation, drilling, stimulatio1., 
production, and environmental impact. .These divisions are somewhat arbi
trary and overlap·in sorne areas, but they clarify the situation for the 
reader. 

Explora ti on 

Problems affecting exploration include the following: 

o Imperfect characterization of geothe~mal resources in terms of 
.exploration parameters 

• Limited experience in applying deeper-sounding geophysical 
techniques such as deep-sounding magnetic and magnetotellurics to the 
identification of geothermal resources 

e Lack of detailed knowledge of the effect of temperature ·on the 
physical, particularly electrical, properties of rocks 

e · Poor interpretive ability for detailed deep-sounding geophys
ical surveys 

The search for commercial geothermal reservoirs depends mainly on the 
ability to recognize localities where high temperatures occur near the sur
face over an area sufficient for economical exploitation. Techniques exist, 
and are being perfected, that could be useful in obtaining this data on a 
r,egional basis. There is a growing understanding of the geological sett.ing 
for potential geothermal sites, and existing geophysical techniques could 
be used for regional exploration. There. remains, however, a need for better 
geological characterization of geothermal sites while potentially useful 
geophysical techniques are still in their infancy, particularly from the 
standpoint of interpretation. 

For the regional identification of gross high spots, the use of deep 
magnetic techniques shows promise in identifying the depth of the Curie 
point, and hence in determining regional trends of this isotherm. In a more 
localized setting, magnetic, electrical, and particularly magnetotelluric 
techniques have a potentially significant role in exploration. These tech~ 
niques suffer from imperfect knowledge of the dependence of rack properties 
on temperature and from poor characterization of geotherm·al sites. These 
shortcomings lead to limitations in interpreting data. 

ThesP techniques should be subjected to· further research, and others 
should be sought and dev~loped. This search should concentrate on techniques 
with a capability for deep surveying. Techniques that identify only surface 
abnormalities, or that identify only the first hot z6ne, are considered to 
be of limited application. 



12 

Evaluation 

Barriers to successful evaluation of geothermal resources include the 
following: 

e Inadequate down-hole techniques for characterizing the rock away 
from the boreholes 

o Inadequate characterization of fractured formations 
• Imperfect understanding of the mechanics of recharge and poorly 

developed techniques for identifying and tracing recharge in "'et reservoirs 
o Lack of down-hole instrumentat1on for heat-flux and conducti"ity 

measurements 
o Absence of electronic components capable of sustaining high temper

atures for reasonable periods 
e Lack of high-temperature resistant synthetic.materials for use in 

down-hole tools 

The first stage in the evaluation of a geothermal resource would be 
intimately connected with the later stages of exploration, and many of 'the 
same techniques and limitations would apply. Improved early evaluation is· 
a natural fallout from research into exploration techniques, particularly 
that research aimed at understanding the temperatur~ dependence of rock 
physical properties and ·the measurement and interpretation of these proper
ties at the surface. 

In down-hole measurements, adequate techniques are not available for 
identifying and characterizing fractured rock systems or any rock systems 
away from the immediate vicinity of a borehole. Severa! techniques might 
help. These in elude passi ve seismic moni toring, precise down-.. ole gravi
metric surveys, and hole-to-hole sonic and electrical methods. A study of 
the ·relation of surface or regional structures and the down-hole determina
tion of the primitive-stress-field orientat,ion could help significantly. 
Advances in these techniques would help to evaluate and manage sites now 
under development. 

From the standpoint of doh~-hole technology, the main limitations 'are
the poor high-temperature stability of electronic components and of synthet
ic materials used in down-hole tools. ~lany of the electronic problems can 
be and are being solved in the short· term by the development of protected 
packages; eventually these problems will be overcome by the development of 
high-temperature stable components; Similarly the problems caused by syn
thetic material breakdown at high temperatures should be overcome with the 
continuing advance of this technology. 

Further limita tions ,.·ere identified in the characteri zation of recharge 
for hydrothermal or steam reservoirs. Knowledge of rech:;.~ge potential and 
areas will be.essential in evaluating the availability of hot fluids and in 
t~e rati~nal use of reinjection. Techniques currently uhder investigation 
to 'help ~;¡ this characterization are based mainly on conventional hydrology 
and on' the sophisticated analysis of water chemistry. These techniques, how
ever, are not yet well understood, nor is their application to geothermal 
resources. This situation constitutes' a major limitation to successful eval-

1 

uation and management of existing reservoirs. 
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Drilling 

The problems of successful drilling are as follows: 

o Temperature limitations on drilling equipment 
o Scarcity of high-temperature lubricant-mud additives for low

pressure high-loss zones 
o Underdeveloped technology for temporary sealing of high-loss 

fracture zones 

Drilling technology, in itself a wide field that continues to re~~ive 
much attention, has been the subject of similar workshops. ~lany of the 
limitations identified in drilling geothermal reservoirs are not specific 
to geothermal energy, and most would be solved by an evolutionary rather 
than a revolutionary process; in any case, they are dealt with more compe
tently in other forums. For these reasons, no limitations have been · 
specifically identified other than those ,peculiar to geothermal energy. 

Stimulation 

HydPaulia Fraaturing 

Rock-mechanics limitations to hydraulic fracturing are as follows: 

o Irnperfect understanding of the detailed mechanisms and controls 
for hydraulic fracture propagat~on 

o Lack of effective techniques for mapping fractures 
• Lack of suitable high-temperature proppant-carrying flcid 

Hydraulic fracturing is a criticar component in the development of un
fractured hot-dry-rock resources. In this development, fractures are used 
to establ ish a connection between 'two or more boreholes' which requires an 
ability to predict fracture orientation and geometry,_and to determine these 
parameters after fracturing. It is known that fracture propagation will be 
controlled by the stress field and by lithology, but little is known of'the 
interrelation of these controls, and prQpagation in complex natural lithol-_ 
ogies cannot be predicted. Even if these factors were understood, the 
limits imposed by reservoir characterization and in situ stress.measurement 
would hamper their-application. So far, despite considerable research, no 
successful techniques are available for mapping these .fractures after their 
production. ' · 

These factors form a majar limitation on the economic development of 
impermeable geothermal resources. Severa! different approaches to the 
problem are needed, including a basic theoretical and experimental study of 
fracture mechanics in natural geological materials under various states of. 
stress, a study of the relation between major structural trends, the in situ 
stress and artificially induced fracture geometry, and a continuation of the 
stud~es of various geophysical techniques for fracture mapping. 

The whole area of defining fracture propagation and of mapping fractur'es 
is difficult and complex,. and it is imperative that a considerable, long
lasting research effort be made to remove the major limitations imposed by 
the current state of the art. 
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Other less extensive problems are the lack of suitable high-tempera
ture tools, such as impression packers and borehole televiewers, for 
mapping fractures at the borehole, and the absence of sui table high
temperature carrying fluías for proppants. These problems are being ad
dressed, and the work will probably continue under the impetus o~ current 
site requirements. 

Exotia Fraaturing 

Progress is affected in particul~r by the following: 

e Poor understanding of thermal cracking in geological materials 

A technique such as thermal cracking will be essential for full de
velopment of a hot-dry-rock resource, because it will increase the volume 
of rock contacted by the heat transfer fluid. A 'general lack of informa-
tion and understanding of the detailed development of these fractures exists;··~ 

Other exotic fracturing techniques that may be applicable to geother-· 
mal development are the electrical and explosive methods. Electrical 
methods may be useful in the development of controlled-fracture initiation. 
Although these methods could be of use in geothermal developments and should 
be monitored, they must take low priority as far as research support in this 
area is concerned. Explosive fracturing has possible application in the 
development of extensive-volume fracturing and'in connecting blind holes 
to natural fracture systems, but this technique is limited by the problems 
of developing explosives for use at the high geothermal temperatures and 
characterizing the fracturing produced. The desired results cr•1ld probably 
be achieved in most cases 'by combinations of hydraulic and thermal fractur
ing, and for this reason explosive fracturing was assigned a low priority. 

ChemiaaZ StimuZation 

Although certain problems are identified in chemical stimulation, these are 
considered to be highly. site-specific and to have limited overall impact. 
The limitations identified, therefore, are not considered to be applicable 
to the overall geothermal program, nor are they thought to be severe. 

Production 

The following are limitations to production of geotherm:ll energy: 

e Imperfect understanding of compaction mechanics of porous rocks 
and techniques to predict the behavior of these rocks when subject to 
varying pore pressures and temperatures 

o Imperfect understanding of flow behavior in fractured reservoirs 
and the dependence of this on compaction and temperature 

e Lack of moni toring instruments 

The gross behavior of porous unfra.::tured strata under varying pore 
pressures and temperatures is not completely understood. In fractured sys
tems, even less is known, and flow characteristics are not well understood. 
The understanding available tends to be based on oversimple assumptions and 
to be restricted to isothermal and normal 'temperature conditions. The 
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solution of these problems is essential to the controlled operation of a 
geothermal reservoir and requires a major, long~term research effort in 
the theoretical area, in the laboratory, and in the field. 

Durable instruments, capable of monitoring production, need to be 
developed. Sorne of these instruments will be used to monitor pressure, 
flow rate, and temperature. Current techniques and instruments need up
grading to withstand the hostile down-hole environment. Others should be 
developed for monitoring conditions within the reservoir,·particularly 
changes in water/steam horizons and recharge areas. In this latter group, 
considerable research is needed in developing techniques to be applied·to 
both down-hole and surface instruments. 

Environment)l Impact 

Knowledge of the.environmental impact of geothermal development is re
stricted by the following: 

o Very limited understanding of subsurface- and surface-subsidence 
mechanisms · 

o Inadequate understanding of seismic-hazard potential resulting 
from production and reinjection 

o Lack of understanding of the impact of reinjection on the envi
ronment and on production in terms of physical, chemical, and mechanical 
changes 

The boundary condition for subsidence will be resetvoir volume changes 
induced by production, reinjection, and temperature changes. An adequate 
understanding of the compaction mechanics 'of the reservoir rocks is there
fore an essential prerequisite for subsidence evaluation. Even with this 
knowledge, little is known about the behavior of the rocks overlying a com
pacting reservoir, particularly in areas where fault activation may lead to 
discontinuous subsidence. These gaps in present knowledge constitute a 
serious environmental limitation to geothermal production. 

In view of the tectonically active localities of many potential geo
thermal developments, the imperfect understanding of the relations of fluid 
pressures to earthquake activation creates a major limitation, particularly 
where reinjection is contemplated. 

Summary 

The limitations identified in the preceding subsections fall into two dis
tinct groups: the strictly rock-mechanics or geoscience-based limitations 
and those that are esentially technological with a strong bearing on rock 
mechanics in the bread sense. The limiting areas, and their relevance to · 
different types· of geothermal reservoirs, are swnmarized in Figure l. 3. 

RESEARCH PROGRAM 

General Recommendations 

Although many of the most urgent problems in geothermal·development are not· 
concerned with rock mechanics, timely and extensive future "development will 
require a much better understanding of the mass behavior a~d properties of· 
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geothermal .reservoirs and the overlying roi:ks. The current level of knowl
edge in this area and the complexity of the problems involved demand a major 
research effort. 

Assessing priorities for the various programs is difficult. Geothermal. 
energy covers a wide range of rock types and production problems. , Some pro
grams are clearly most urgently needed in certain areas. In considering the 
limitations to the overall geothermal program, all rock mechanics research 
areas demand equal priority, whereas the various peripheral tecimological 
areas are of limited priority in the current study. They are undoubtedly 
important to the total geothermal effort but embrace research and develop
ment programs limited in nature, outside the area of the geosciences, and 
likely to be solved outside the geothermal program. These technological 
problems shuuld, nevertheless, be kept in mind and their solution encouraged. 

The Subpanel makes the following general recommendations: 

o A comprehensive research program should be initiated immediately, 
for the purpose of removing the rock mechanics limitations to future geo
thermal development. This program should be initiated and continued with 
medium effort over a long period rather than with great effort for a short 
time. 

• The-program should be carried on in diverse research localities and 
by researchers with diverse backgrounds but with careful coordination by 
sorne central body. 

• Adequate dissemination and interplay of the various research areas 
should be carried into other overlapping subject areas. 

e Development in the various peripheral technological areas should be 
encouraged to improve down-hole techniques and equipment as soon as poss~ble . 

. specific. Recommendations for Research 

With these general purposes in mind the following specific research programs 
are recommended; the programs are divided into'five major areas each con
taining several ·related programs. No priority is implied in the order of 
these programs. In certain programs an ipitial feasibility study is recom
mended. This study is envisaged as a one- or two-man-year, low-cost study, 
to define the state of the art in one particular area and to identify and 
evaluate the most promising lines of research. 

Characterization, Identifiaation, and Evaluation of Potential Geothermal Sites 

• The characterization of the geological setting of commercial geo
thermal sites and the isolation of geological indicators that may help to 
identify future sites. 

• An investigation of the influence of temperature on the physical 
pr.;perties of rocks from geothermal areas, particularly those properdes that 
may apply to 'geophysical prospecting techniques. 

o The development of geophysical techniques capable of identifying and 
characteri zing geothermal si tes, in el uding de ve lopment of both equipment and. 
interpretation techniques .. This program should be preceded by a feasibility 
study and should be closely related to the previous program. 

o The application of existing and new geophysical techniques to geo
thermal sites, directed initially toward gaining experience in the use of 
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present techniques and later toward eyaluating techniques developed in the 
preceding program. . 

o The identification and development of down-hole passive and active 
logging techniques for the characterization of formations away from the 
immediate vicinity of the borehole, particularly in fractured reservoirs. 

Characterization of Recharge in Wet Geothermal Reaervoira 

0 The investigation of rec!·::nge mechanisms by hydrological and geo
logicál interpretation methods an~ by flow studies. 

o The development of techniques for identifying recharge areas and 
geothermal fluid provenance. This development should be preceded by a 
feasibility study. 

The Mechan~ca and Characterization of Artificial Fracturing 

o An investigation of the influence of stress and lithology on fracture 
propagation and orientation and the development of mathematical techniques 
for predicting this influence. 

o An investigation of known geological structures as possible indica
tors of preferred orientations or induced fractures. 

o The development of techniques for determining the down-hole triaxial 
stress field. 

o. The development of techniques to be used for mapping fractures. This 
developmeht should be preceded by a feasibility study. 

e An investigation of thermal fracturing in stres'sed rocks and the de
·velopment of mathematical techniques for predicting this. 

Compaction, 7nermal Mechanica, and Flow Studiea 

o The evaluation of existing theories for the behavior of porous rocks 
ur.der elevated and varying pore pressures. and ,temperatures, upgrading and 
extension of these theories, and development of new models where necessary. 

e The development of t)leories and models for the behavior of naturally 
fractured rocks under elevated and varying pore pressures and temperatures. 

o k~ investigation of fluid flow in natural fracture systems under
going compaction and the development of theory and models to predict this 
flow. 

Environmental Impact Studiea 

e The de\. lopment of models for the behavior of rock masses above com
pacting reservoirs, including those where fault activation is possible. The 
models are to be based on data for rock properties and are to be evaluated 
against known areas of subsidence. 

o An investigation of the effect of fluid pressures and of temperature 
on seismic activation in geothermal areas, with particular reference to 
r~:njection. 

CONCLUSIONS 

Limitations imposed by rack mechanics on geothe_rinal development have been 
identified in·the areas of exploration, evaluation, drilling, stimulation, 
production, and environmental impact. These limitations arise from major 
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gaps in the present understanding of the nature and·mechanics of geothermal 
reservoirs, together with sorne peripheral problems in technology caused by 
the hostile environment in a geothermal reservoir. 

These limitations do not form absolute barriers to the current develop-
. ment of geothermal resources, but they will severely curtail future develop
ment. They form absolute limitations to·the rapid, economic, and efficient 
development of a major, environmentally acceptable source of energy to its · 
full potential . 

• 
The Subpanel recommends that a medium-level, long-term research pro-

. gram be initiated immediately to start to determine many of the unknowns in 
geothermal-resource exploration and production. Although this program 
should draw on diverse research talents, it should operate as an integrated 
unit by central coordination. The program should include concurrent efforts 
in the are as o{ si te characterization and identification, recharge · charac
terization, fracture propagation and orientation, compaction and thermal 
mechanics, fluid flow in fractured media, and subsidence and seismic hazards 
evaluation. Development of down-hole equipment and techniques capable of 
wi thstanding the· harsh geothermal environment should al so be encouraged. 

In summary, geothermal ~nergy. forms a potentially massive resource for 
this nation, but the nature and mechanics of· the reservoirs are poorly · 
understood. 'lt is imperative that this imperfect understanding be subjected 
to a large, well-coo.rdinated research program now, if this resource is to 
reach its full potential in the future. 
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PART 1: SUGGESTED METHODS FOR OETERMINING 
WATER CONTENT. POROSITY, DENSITY. ABSORPTION 

ANO RELATED PROPERTIES 

NOTES 

til Mt•dwnka/ siyllljicam·t• of puro.'iity and df!nsity daca 

The prescnce of pares in the fabric of a rack material 
dtcreases its strength. and increases its deformability . 

. A small volumc fr~tction of pares ca·n produce an appn:
ciab\c mcchanical effect. 

lnformation on thc porous nature of rock materia1s 
is frequently omitted from petrologicaldescriptions. but 
is required if these descriptions are to be used as a 
guide to mechanical performance. Sandstones and car
bonate rocks in particular occu.r wilh a wide range of 
porosilies and hence of mechanical character: igneous 
rocks that ha ve becn weakencd by weathering' processes 
;liso have typically high porosities. 

Most rocks have similar grain densities and therefor.e 
have porosity and dry density values that are highly 
correlated (see note (v) equation 4). A low density rock 
is usually highly porous. lt is often sufficient. therefore. 
to· quote values ror porosity. alone. but a complete 
dc•cription requires values ror both porosity and 
density. 

Microscopic techniques u sed to determine volumetric 
content of mineral grains. do not provide a sufficiently 
ólccurate estimate of volumetric pare content. and ex· 
pcrimental techniques are required. However. micro
scopy and also tcchniques such as mercury injection 
and permeability testing. can provide useful supplemen
tary information on the shape and sizc of pares. 

(ii) N mure of the rock sample 

A representative sample for testing should generally 
comprise severa! rack lumps. cach a·n arder of magni
tude larger than the largest grain or pare size. Micro
fissures of similar size to that of a rack will cayse 
erratic results: their presence should be noted and if 
possible the lump size increased or reduced to specifi
cally include or exclude the influence of such fissures. 
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The sample should if possible be large. to minimise 
thé inHuence of experimental error. Alternative test 
methods are available calling for samples in differcnt 
form; selection from among these should be bascd on 
the nature of rock lO be tested. 

(iii) Rock constituents 

The following terms and symbols will be uscd to 
denot.e the masses and volumes of rack constituents 
when calculating physical properties such as porosity 
or density. 
Grains (the sol id component of the samplel. ,;,ass M,. 
volume V, 
Pare water. mass M ... and volume V •. 
Por e a ir. zero mass and volume V • 
Pores (voids), with volume V,.=· V.+ V, 
Bulk sample mass M = M, + M •. 
Bulk sample volume V= V,+ V, 
Density of water p.,.. = mass of water per unit volume 

(ir) Dt:/itlitions. u:rminolog.r uncl prejerre1l S./. uniu 

Those physical properties pertinent to the mcthods 
of test about to be described may be defined in terms 
or the rock sample constituents listed above. 

Water content "' 
M •. 

100 {u ol =-x M. 
• 

Deg.rce ofsaturation S, 
v •. 

100 (' ,) =->< Y, 

Porosity n 
V,. 

100 ('~) =·-x 
V 

Void ratio e 
V,. 

( -1 =-
V, 

Density = bulk density 1' 
M M,+ MI. (kgl 

=-= 
(m') (mass density) V V 

¡. 
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Relalive densily d 
{specific gravily) 

Dry densily p, 

Dry relalive densily (dry)•d, 
{specific gravily) 

Saturated dcnsity Pu 1 

Sal urated relative density d ,. 1 

(saturated specific gravity) 

Grain density p, 
(densily of solids) 

Grain relative density d, 
(grain specific gr.-ily) 

Unil weighl 'l 

(L') /nrerdependence equations 

p 

P. 

=M• 
V 

= p, 
P. 

M,+VvPw 
= 

V 

p, 
p. 

=M, 
V, 

p, 
p, 

= pg. 

(-) 

(kg) 

(m') 

(-) 

(kg) 

(m') 

(-) 

(kg) 

(m'l 

(-) 

(N) 

(m') 

The physical properlies di:fined above are inlerre· 
laled, so lhal any one propelly may be calculaled if 
others are known. 

For simplicily only lhree properlics will be referred 
to in the text, namely, water content, porosity and dry 
densily of rock. The equalions lisled below may be u'sed 
lo calculale any of lhe remaining propenies from lhese 
lhree. 

Whereas water content, degree of saturation and po
rosity are usually expressed as percentages, the void 
ratio is usually expressed as a dimensionless ratio. The 
following interdependence equations hav·e been given 
to conform to the above. 

S = IOOwp, 
' {~~.) 

np. 

n 
e=---

_100- n 
(-) 

p=(l+l~)p, (kg) 

(m') 

lOOp, (kg) 
p, = 100- n (m') 

(d) Determination of the grain mass M, 

The grain mass M, of lhe sample is defined as lhe 
equilibrium mass of the sample after oven drying at 
a lemperalure of 105'C. 

A thermostatically controlled, ventilated drying oven 
capable of maintaining a temperature of 105'-C accurate 
lo J'C for a period of al leas! 24 h is required. 

The sample is regarded as 'oven dry' when successive 
mass determinations al intervals of 4 hr yield values 
differing by less !han 0.1% of lhe sample mass. 

• 

The sample should nol lake up water in !he inlerval 
between drying and mass determination. Where necess· 
ary lhe sample container should be covered wilh an 
ainighl lid and slored in a desiccalor during cooling. 

(di) Derermination of rhe bu/k colume V 

Caliper merlwd. The bulk volume of specimens in !he 
form of regularly shaped prisms or cylinders may be 
calculated from verniei' or micrometer caliper measurc
ments. An average of severa! readings for each dimen· 
sion, each accurale lo 0.1 mm, should be used in lhe 
calculation of bulk volume. 

Buoyuncy method. The bulk volume of regular or ir· 
regular specimens may be calculated using Archimedes 
principie, from lhe difference belween saluraled-surface· 
dry and salurated-submérged sample weighls. The 
melhod is nol suiled to friable, swelling cir slaking 
rocks. 

The sample is saluraled by water immersion in a 
vacuum of less !han 800 Pa (6 lorr) for a period of al 
least one hour. ~ith periodic agitation to remove 
lrapped air. 

The sample is then transferred underwater to a 
basket in an immersion bath. Its saturated-submerged 
mass M,., is delermined lo an accuracy of 0.1 g from 
lhe difference belween lhe saluraled-submerged mass 
of lhe baskel plus sample and lhal of !he basket alone. 

The sample is then removed from the immersion 
balh and surface dried wilh. a moisl clolh, care being 
taken to remove only surface water and to ensure that 
no rock fragmenls are losl. hs saluraled-surface-dry 
mass M,.11 is determined 19 an accuracy of 0.1 g. 

The sample bulk volume is calculaled as 

V 
M~ ... - M~uh 

= . 
p. 

Merc:ury displucement method. High surface tension 
prevents mercury penetrating all bul lhc largest pares 
in rack. The specimen is forced under mercury and 
its volume delermined from the displaced fluid volume. 
A calibraled lube may be incorporafed in lhe apparatus 
for lhis purpose, or !he displacemenl may be measured 
by a micrometer screw gauge-eleclric conlact tcch· 
nique. Allernalively a lechnique may be employed 
where lhe displaced mercury volume is oblained by 
mass determina! ion. The apparalus should give resulls 
accurale lo 0.5% of lhe specimen bulk volume, and 
should be periodically calibraled using a standard 
sphere or cylinder. 

Water displacemenr merhoJ. The bulk volume of a 
saluraled-surface-dry sample may be delermined by 
water displacement using a technique similar to thal 
for mercury displacemenl. Allernalively !he dry or par· 
lially dry sample may be coaled in wax or plaslic and 
its bulk volume determined from the water volume dis· 
placed by lhe coaled sample, correcled for lhe voluíne 
of coaling material. The melhod requires accurale 
delerminalion of coaling volume and is best applied 
lo large bulk samples where other lechniques are im· 
practica!. 
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(riii} Dt'terminatio11 of port! rolume (1.:ofume of roids) J.-: 

Sulurution method. The pore volume of a rock 
samplc may be determined from the dilfcrence between 
saiUrated-surface-dry and oven-dry masses. The sample 
js, saturatcd by water im':flersion in a vacuum and its 
saiUratcd-surface-dry mass Mu. is determined. 1t is then 
0 \·en dried to determine the grain mass M,. 

The ·por e vol u me V" is calculated as 

V~.= M.~.- M, 
p. 

Tllt! W".\l1burn-Buming method ( Wushburn & Bunriny, 
JtJ:~). A rack specimen is oven-dried and immersed 
in mercury. The pressure on the mercury is reduced so 
that the pore air expands. lea ves the rock and is trapped 
above the mercury colurnn. The volume of pare air 
V~ is meas u red directly in a .calibrated tu be. after press· 
ure has bcen equalised with that of the atmosphere. 
The method is rapid but is best suited to rocks with 
high porosity. 

li:t) Determinar ion of ymin rohime' ~ 

Boyle's /aw method. The pressure-volume relationship 
for a container filled with gas only is obtained, then 
for the same container filled with specimen plus gas. 
The difference in compressibility is due to the volume 
VI or incompressible grains, and this volume may be 
calculated from the results. One type of Boyle's law 
single-cell porosimeter employs a graduated mercury 
pump to measure volume dispJacement, together with 
J Bourdon gauge to measure pressure change. Boyle's 
law double cell techniques employ pressure equaliza
tion between two containers at.different initial pressures. 

Pulrerization method. After determination of bulk 
\·olume and grain mass, the oven-dry sample is pulver
ized and its grain volume G~. determined by displace
ment of an equivalen! volume of liquid (e.g. toluene) 
in a volumetric flask. 

Porosity calculated from bulk volume and giain 
\·qlume using the pulverization meth\od is termed total 
porosity, since the pare volume obtained includes that 
of ·closed' pores. Other techniques give effeclire po
rosily values since they measure the volume of inter
connected pares only. 

l. SUGGESTED METHOD FOR 
DETERMINATION OF THE 

WATER CONTENT OF A ROCK 
SAMPLE 

l. SCOPE 

This test is intended to measure the mass of water 
contained in a rock sample as a percentage of the avena 
dry sample mass. 

2. APPARATUS 

(a) An oven capable or maintaining a temperature 
of 105oC to within 3oC for a period of at least 24 hr. 

(b) A sample container of non-corrodible material, 
including an airtight lid. 

(e) A desiccator to hold sample containers during 
cooling. 

(d) A balance of adequate capacity, c>pable of weigh
ing to an accuracy of 0.01% of the sample weight. 

3. PROCEDURE 

(a) .The container with its lid is cleaned and dried, 
and its mass A dctermined. 

(b) A representativo sample comprised at least 10 
·lumps each having either a mass of at least 50 g or 
a minimum dimension of ten times thc maximum grain 
size, whichever is the greater, is se1ected. For in situ 
water content determination sampling, storage and, . 
handling precautions should be such that water content ._ 
remains within 1% ofthe in situ value. 

(e) The sample is placed in the container, the lid re
placed and the mass B of sample plus container deter
mined. 

(d) The lid is removed and the sample dried to·con
stant mass at a tempeiature of 105'C. 

(e) The lid is replaced and the sample allowed to 
cool in the desiccator ror 30 mio. The mass e or sample 
plus container is determined. 

4. CALCULATION 

pore water mass M 
Water content w = . M l' x l<Xf,·~ gram mass , 

B-C 
=--X 100~~. 

C-A 

5. REPORTING OF RESULTS 

The water content should be reported to the nearest 
0.1~¿ stating whether tbis cOrresponds to in situ water 

. content, in which case precautions taken to retain water 
during sampling and storage should be specified. 

2. SUGGESTED METHOD FOR 
POROSITY/DENSITY 

DETERMINATION USING 
SATURATION ANO CALIPER 

TECHNIQUES 

l. SCOPE 

(a) This test is intended to measure the porosity, the 
dry densily and related properties of a rock sample 
in tHe forro of specimens of regular geome'try. 

(b) The method should only be used for non-friable, 
coherent rocks that can be machined and do not appre
ciably swell or disintegrate when oven dried or im- · 
mersed in water. The method is recommended when 
regularly shaped specimens are required for other test 
purposes. 
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2. API'ARATUS 

(a) An oven' capable of maintaining a temperature 
of J05'C lo within 3'C for a period of at lcast 24 hr. 

(b) A desiccator to hold specimens during cooling. 
(e) A measuring instrument such as vernier or mi· 

crometer caliper, capable of reading specimen dimen
sions to an accuracy of 0.1 mm. 

(d) Vacuum saturation equipment such lhat thc 
specimens can be immersed in water under a vacuum 
of less than 800 Pa (6 torr) for a period of al least one 
hour. 

(e) A balance of adequate capacity, capable of deter
mining the mass of a specimcn toan accuracy of 0.01%. 

J. PROCEDURE 

(a) At Jeast three specimens from a representative 
sample of a material are machined \O conform closely 
to the geometry of a right cylinder or prism. The mini
mum size of each specimen should either be such that 
its mass is at least 50 g (for an average density rack 
a cube with sides of 27 mm will havc sufficient mass) 
or such that its mínimum dimension is at least ten 
times lhc maximum grain size, whichever is thc greater . 
. (b) The specimen bulk volume V is calculatcd from 

an a\'erage of severa) caliper readings for each dimen
,¡on. Each caliper reading should be accurale lo 
0.1 mm. 

(e) The specimen is saturated by water immersion 
.n a 'ocuum of less than 800 Pa (6 torr) for a period 
of al least 1 hr, with periodic agitation la remove 
trapped air. 

(d) The specimen is removed and surface dried using 
a moist cloth, care being taken to remove only surface 
water and to ensufe that no fragments are lost. lts 
saturated-surface-dry mass M_.,, is determined. 

(e) Thc specimen is dried lO constant mass at a tem
peralure of 105'C, allowed to cool forJO minina desic
cator, and its mass is dctermincd to give grain mass 
M,. Specimens in this test are generally or sufficient 
coherence nol lo require containers. but these should 
be used if the rock is al all friable or fissile. 

4. CALCULATIONS 

Pare volume 

Porosity 

Ory density of rock 

V 
_M_ .. ,- M, . -

P. 

IOOVIIO 
11 =---y% 

M, 
p, =-;¡· 

S. REPORTING OF RESULTS 

(a) Individual results for at least three specimens per 
rack sample should be reporled, togelher with average 
results for thc sample. 

(b) Oensity values should be given to the nearest 
10 kg/m' and porosity values to the nearesl 0.1%. 

(e) The reporl should specify that bulk volume was 
· obtained by caliper measuremenr and that pore volume 

was obtained by water saturation. 

3. SUGGESTED METHOD FOR 
POROSITY jDENSITY 

DETERMINATION USING 
SATURATION AND BUOYANCY 

TECHNIQUES 

J. SCOPE 

(a) The test is intended to measure the porosity, the 
dry density and related properties of a rack sample 
in the form oflumps or aggregale of irregular geometry. 
lt may also be applied lo a sample in the form of 
specimens of regular geometry. 

(b) The method should only be used for rocks that 
do nol appreciably swell or disintegrate when oven
dried and immersed in water. 

2. APPARATUS 

(a) An oven capable of maintaining a temperature 
of 105'C to within 3'C for a period of at leasi 24hr. 

(b) A sample container of non-corrodible material, in
cluding an air-tight lid. 

(e) A desiccator lo hold sample containers during 
cooling. 

(d) Vacuum saturation equipment such that the 
sample can be immersed in water under a vacuum of 
less than 800 Pa (6torr) for a period of al leasl 1 hr. 

(e) A balance of adequate capacity, capablc of deter
mining the mass of a specimen toan accuracy of 0.01~~. 

(1) An immersion bath and a wire basket or perfor
ated container, such that the sample immersed in water · 
can be freely suspended from the stirrup·or the balance 
lo determine the saturaled-submerged mass. The basket 
should be suspended from the balance by a fine wire 
so that only lhe wire intersecls lhe water surface in 
the i01mersion bath. 

J. PROCEDURE 

(a) A representative sample comprising al least 10 
lumps of regular or irregular geometry, each having 
either i mass of at least 50g or a minimum dimension 
of al least 10 times lhe maximum grain size, whichever 
is ttíe greater, is selected. The sample is washed in water 
to remove dust. 

(b) The sample is saturated by water immersion in' 
a vacuum of less than 800 Pa (6torr) for a period of 
at least one hour, with periodic agitation to removc 
trapped air. 

(e) The sample is then transferred under water to 
the basket in the immersion bath. lts saturated-sub
merged mass M,., is determined toan accuracy of 0.1 g 
from the difference between the saturated-submerged 
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mass of !he basket plus sample and thal of !he basket 
alone. ' 

(d) The sample container with its lid is cleaned and 
dried. and its mass A is determined. · 

(el The sample is removed from lhe immersion bath 
and surrace~dried with a moisl cloth, carc bcing takcn 
to rcmove only surrace water and to cnsurc that no 
rocJ..: fragments are lost. The samplc is transrcrred to 
the sample container, the lid replaced, and lhe mass 
B of saturated-surface-dry sample plus container is 
determined. 
10 The lid is removed and the sample dried lo constan! 

mass al a tempcralure of IOS'C. lhe lid replaced and 
the samplc allowcd to cool ror 30m in in a dessicator. 
Th~ mass C or oven-dry samplc plus container is 
n·,.,:;,¡sured. 

4. ,CALCULATIONS 

~. Saturat~d.surrace-dry mass 

Grain weighl 

Bulk volume 

Pare volume 

Porosity 

Dry densily of rock 

M.,,= 8- A 

M,= C-A 

V= M.,,- M.,,· 
Pw 

Vr =M.,.- M, 
Pw 

IOOV,., 
n=--·• 

V 

M, 
p, = -v· 

S. REPORTING OF RESULTS 

tal The reporl should include porosily and dry den· 
sily values for the sample. and should specify lhal bulk 
\olume was obrained by a buoyancy lechnique and lhal 
pare vol u me was obtained by water ·saturation. 

ibl Densi1y values should be given lo lhe nearesl 
IOkg;m' and porosily values lo the nearesl 0.1~~-

4. SUGGESTED METHOD FOR 
POROSITY /DENSITY 

DETERMINATION USING 
1\lERCURY DISPLACEMENT ANO 

GRAIN SPECIFIC GRAVITY 
TECHNIQUES 

J. SCOPE 

la) The test is inlended lo measure lhe porosily, lhe 
dry density and related properties of a rock sample 
'" !he form of lumps or aggregale of irregular geomelry. 
1t is particularly suitable if lhe rock malerial is liable 
to swell or disintegrate if immcrscd in water. The test 
may also be applied to regularly shaped rock spccimens 
or to coheren_l rack materials, bul other techniqucs are 
usually found more convenient in thesc cases. 

2. APPARATUS 

(a) An oven capable of mainlaining a lemperalure 
of 105'C lo wi1hin J'C for a period of al leasl 24 hr. 
11 should have forced venlilalion exhausling lo oulside 
almosphere. 

(b) Specimen conlainers of non-corrodible malerial, 
including airlighl lids. 

(e) A dessicalor lo hold' specimen conlainers during · 
cooling. 

(d) A balance of adequale capacily,- capable of mass 
delermination lo 0.001 g. 

(e) A mercury-displacemenl volume measuring 
apparalus capable of measuring specimen volume lo 
o.s~; .. 

(O Grinding equipmenl lo reduce lhe sample lo a 
pulverized powder Jess lhan ISO 11m in grain size. . 

(g) A calibralcd volumeuic flask and slopper (con· 
veniently SO cm3). 

(h) A conslanl lemperalure waler balh. 
(i) A vacuum apparalus capable of mainlaining a 

vacuum wilh a pressure of less lhan 800 Pa (61orr). 
Ü) A sofl brush of carne! hair or of a similar softness. 

3. PROCEDURE 

(a) A represenlalive sample is selecled comprising al 
leasl len rock lumps, lhe shapc and size of lumps suil· 
ing lhe capabililies of lhe volume measuring apparalus. 
T~e minimum size of each lump should preferably be 
eilher such lhal ils mass exceeds 50 g or such 1ha1 its 
minimum dimension is at least ten times lhc maximum 
grain size, whichever is lhe grealer. Specimens of swelling 
or fissile rock should be sampled and slored l_o retain 
water content to within 1% oC its in situ value prior 
lo 1es1ing. 

(b) Each specimen is brushcd lo remove loose maler· 
ial and ils volume V is m~asured by mercitry displace· 
menl. Mercury adhering lo lhe spccimen is carefully 
removed, ensuring lhal no rock Cragmenls are losl. 

(e) The specimen conlainer wilh iiS lid is cleaned, 
dried and i1s mass A is delermincd. 

(d) The specimen is placcd in lhe container, lhe lid 
replaced and mass B oC conlainer plus specimen. al 
initial water content is detcrmincd. 

(e) The lid is removed and lhe specimen oven dried 
lo conslanl mass al a lemperalure of IOS'C and · 
allowed lo cool for 30 min in a desiccalor. The mass 
C oC conlainer plus oven-dry spccimen is delermined. 

(f) Sleps (bHel are repealed for each specimen ·in 
lhe sample. 

(g) Toge1her lhe spccimens are crushed and ground 
lo a grain size nol exceeding 150 l'ffi. A number of repre· : 
senlalive sub samples of aboul ISg oC lhi: pulverized 
material are selected and oven-dried. 

(h) The mass D of a clean. dry volumelric flask plus 
slopper is delermined lo 0.001 g. 

(i) The flask is filled wilh a fluid such as loluene lhal 
is non-reactive wilh lhe rock, is broughl to equilibrium . 
lempcralure in lhe conslanl lempcralure balh, and lhe 
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liquid le~el is adjusted accurately to the 50 cm' gradu
al ion. The ftask is removed, stoppered and its mass 
E determined lo 0.001 g. 

Ü) The ftask is emptied and dried, and the 15 g sub
samplc ol dry, pulverized rock added with the aid ol 
a lunnel. The mass f ol ftask, sample and stoppcr is 
'measured lo 0.001 g. , 

(k) The ftask and subsample are evacuated lor aboul 
20 min and sufficient fluid added lo thoroughly wet the 
sample. funher fluid is lhen added and the ftask care· 
lully evacuated lo remove air: The ftask is replaced in 
the constan! temperature water bath and the liquid 
leve! adjusted accurately lo the 50 cm' gradual ion. 

(!) The stoppered ftask with its contents is allowed 
lo cool and its mass G is determined to 0.001 g. 

(m) Stcps 0)-(1) are rcpeated lor each subsample ol 
pulverized material. 

4. CALCULA TIONS 

(a) Water content 

(b) Grain density 

B-C 
w= -- x !()()% 

C-A· 

f-D 

p, = ( G f) v, 1--
E- D 

where V1 = calibrated volume of ftask, usually 
50cm1 

(e) Grain mass 

(d) Dry density ol rock 

(e) Porosity 

M, =.C-A 

M, 
p, =v 

n = IOO(p, - p,) %
p, 

S. REPORTING OF RESULTS· 

(a) Individual dry density values lor each spccimen 
in the sample should be reponed, together with average 
values lor the sample. Porosity values for each sub
sampleshould also be reponed together with the average 
value. 

(b) The report should specily that the bulk volume 
was obtained using a mercury displacement technique, 
and that the porosity was calculated lrom grain volume 
measurements using a pulverization tcchniquc. 

(e) The grain density or grain specific gravity lor the 
sample should be reponed. The water content al which 
bulk · volume measurement too k place should be speci· 
fied, stating whether this corresponds lo in situ water 
content. 

(d) Density values should be given to the nearest 
10 kgjm 1 and porosity values to the nearest 0.1 pcrccnt. 

• 

5. SUGGESTED METHOD FOR 
POROSITY /DENSITY 

DETERMINATION USING 
MERCURY DISPLACEMENT 

AND BOYLE'S LA W TECHNIQUES 

.. ' 
l. SCOPE 

(a) This test is intended to measure the porosity, the 
dry density ·and related properties ol a rock sample. 
A sample in the lorm ol specimens ol a specific ·size 
and shapc to suit the apparatus is usually required to 
ensure 3ccuratc results. 

(b) The method should only be used lor rocks .thai 
do not shrink appreciably during oven-drying. 

l. APPARATUS 

l"he procedure given below relates to a test us.ing 
the. Kobe type ol single cell Boyle's Law porosimeter 
(fig. 1). Any similar- apparatus ol equivalen! accuracy 
may how.ever be used. The apparatus c01isists cssen
tially of the lollowing: 

Oven drying equipment: 
(a) An oven capable ol maintaining a tempcraturc 

ol IOS'C to within 3'C for a pcriod ol at least 24 hr. 
(b) A specimen container of non-corrodible material 

including an airtight lid. · 
(e) A desiccator to hold spccimen containers during 

cooling. · . 
(d) A balance ol adequate capacity, capable of deter· 

mining the mass of a specimen toan accuracy ol 0.01%. 
A Boyle's law porosimeter such as a Kobe porosimeter 
having the lcillowing leatures: · · 

(e) A !lleicury screw-piston pump with micrometer 
graduated to me asure the vol u me of displaced mercury 
lo an accuracy. of 0.01 cm1. Conveniently one Íurn of 
the screw pump changos the volume of the spccimen 
eh a m bcr by 1 cm'. 

(O A specimen chamber with removable cap lo allow 
inserlion or thc specimcn. 

(g) A sight glass. inscribed with a relerencc lino, an 
c1ectric indicator-contact or other means of registering 
a mercury datum leve! in the cap. 

(h) A gas inlet and outlet, each with a shut.olf valve, 
also a sourcc of inert gas such as helium. A ir may be 
used with sorne loss of accuracy, but mus.t be ade· 
quately dried. · 

(i) A precision pressure gauge or pressure transduccr 
with a rango lrom 100 kPa to about 400 kPa, connected 
to measure the gas pressure in the spccimen chamber. 

3. PROCEDURE 

. ,:• 

(a) At least three specimens are selected lrom a repre
sentativo sample of material and each specimen is 
tested separately to obtain an average result for the ·. 
sample. The size and shape of a spccimen should al!ow 
only a small clearancc with the specimen chamber to 
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Fig. l. Schematic diagram ora Kobc Boyle's law porosimelcr. 

ensure accurate results. The chamber is usually cylin
drical and accepts a standard size of rock core. The 
size of each specimen should preferably be either such 
that its mass is a minimum of 50 g or that its mínimum 
dimensions are al Jeas! ten times the maximum grain 
size, whichever is the greater. 

(b} The specimen container with its lid is cleaned, 
dried and its mass A is determined. · 

(e} The specimen is placed in the container, dried 
to constant mass at a temperaturc of l05°C and the 
lid is replaced. lt is allowed to cool for 30m in in a 
desiccator, and the mass B. of oven-dry specimen plus 
container is determined. 

(d} Use of !he porosimeter: the mercury pump read
ing at the start of each co~pression or displacement 
cycle is termed the 'start point'. lnlet and outlet valves 
are closed al the start of a compression cycle so that 
the initial pressure P 1 is atmospheric. The start point 
and also the pressure P2 al the end of a compréssion 
cycle are usually selected as standard for the apparatus, 
to ensure that the specimen still floats on mercury at 
the end of the cycle, hence avoiding imbibition that 
mighi occur if specimens became deeply immersed. 

(e} To ftush the specimen chamber with gas; inlet 
valve is closed, the oullet opened and the pump 
advanced until mercury reached the datum. The outlet 
is then half shut, the .inlet ope_ned and the pump 

retracted lo beyond the start point. The inlet, then the 
outlet valve is closed. . 

(f) To determine the comprcssion factor C, for the 
cell: the specimen chamber ii first ftushed with gas, 
the outlet valve opened and the pump advanced lo the 
start point. The outlet valve ii shut with 'the specimen 
chamber at atmospheric preuure. ·p,, The pump is 
advanced and a micrometer reading C0 taken when 
the pressure reaches P2 • The chamber is again ftushed 
with gas, and witfi the outlcl valvc open thc pump is 
advanced to a new starl point 10cm3 beyond lhe ori
ginal one. The outlet is cloaed with the chamber al 
atmospheric pressurc P 1 and thc pump advanced, a 
micrometer reading e 1 bcins takcn when the pressure 
again reaches P1• 

The comprcssion factor ii computed from the for
mula: 

e 10 
¡= 10-(C0 -C1l 

This factor is dependen! on ambient pressure and 
should be periodically checked. 

(gi Each test comprises a displacement stroke rol- · 
Jowed by a compression stroke with the specimen 
chamber emptyr (a blank run), then a displacement . 
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stroke followrd by a comprcs~ion srroke with the spcci· 
men in the chambc:r. The proccdure is as follows: 

lh) Wilh the inlet valve shut and the oullet open, 
the pump is advanced until thc mercury reachcs the 
datum. The micrometer reading R1 is record~d. 

(i) The chamber is Hushed with gas, the pump 
ad\'anced to the starl point and the valves closed with 
the chamber al almospheric pressure P 1• The pump 
is advanced and a micrometer reading R2 recorded 
when the pressure reaches P2• 

(j) The specimen is removed from the desiccator and 
inserted in the chamber. The chamber is Hushed with 
gas and step (h) repeated, recording the displacement 
strokc micromelcr rcading R3 at which mcrcury 
reaches the datum. 

(k) Slcp (i) is repeated, recording lhe compression 
strokc micrometcr reading R4 when thc prcssurc again 
reaches P,. 

4. CALCULA TIONS 

Bulk volume 

Grain volume 

Grain weight 

Porosity 

Dry density of rock 

B; = R3 - R, 

G, = C1(R4 _: R1) 

Gw = B- A 

5. REPORTING OF RESULTS 

(a) lndi,·idual dry density and porosity values for 
each specimen in lhe sample should be recorded, 
together with average values for the sample. 

(b) The report should specify that the bulk volume 
was obtained using a mercury displacement technique, 
and that the porosiiY was calculated from grain volume 
measurcmcnts using a Boyle"s law tcchnique. 

(e) Density values should be given to the nearest 
kgjm 3 and porosity values to the nearest 0.1 porosily 
perccnt. 

6. SUGGESTED METHOD FOR VOID 
INDEX DETERMINA TI ON USJNG 

THE QUICK ABSORPTION 
TECHNJQUE 

l. SCOPE 

(a) This test is intended to measure lhe void index, 
defincd aS thc mass of water contained in a rack sample 
after a one hour period of immersion, as a percentage 
o( its initial desiccator.dry-mass. 

(b) The index is correlated wilh porosity, hence also 
··h such properties as degree of weathering or alter· 
'.on. The test is designed lo cal! for a mínimum of 

equipment. Whcre suitable equipmenl is available, 

howcvcr, lhc porosily and density of the rock material 
should be dctermined directly using lechniques such 
as lhose proposed earlier (methods 2-5). 

(e) The test ~hould only be used for rocks lhat do 
not appreciably disintcgralc whcn im!11erscd in water. 

2. APPARATUS . 

(a) A sample container of nori-corrodible material, 
water tighl and of sufficienl capacity to contain the 
sample packed in dehydrated silica gel. 

(b) A quantity of dehydraled silica gel. 
(e) A balance of adequate capacity, accurate lo 0.5 g. 

3. PROCEDURE 

(a) A representativo sample is selected comprising al 
leasl ten rock lumps. The size of each lump should 
be such lhat its mass exceeds 50 g or such that its mini· 
mum dimcnsion is at lcast ten times the maximum 
grain size, whichever is the greater. 

(b) The sample in an air·dry condition is packed inlo 
the container, each lump separated from thc next and 
surrounded by crystals of dehydrated silica gel. The , 
container is lefl to stand for a period of 24 hr. 

(e) The container is emptied, the sample removed, 
brushed clean of loose rock and silica gel crystals and 
its mass A determined to 0.5 g. 

(d) The sample is replaéed in ihe container and water 
is added until the sample is fully immersed. The con· 
tainer is agitated to'remove bubbles of air and is left 
to stand for a period of one hour. 

(e) The sample · is removed and surface·dried using a 
moist cloth, care being taken to remove only surface 
water and to ensurt-<~hat no fragments are lost. The 
mass B of the surface·dried sample is determined to 
0.5 g. 

Void index 

4. CALCULATION 

8-A 
1,. = -A- x 100':;,. 

5. REPORTING OF RESULTS 

(a) The void index for the sample should be reported 
to the nearest ~~~. 

(b) The report should specify that the void index is 
defined as the water content after desiccator drying 
followed by a one·hour period of immersion. 
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PART 2: SUGGESTED METHODS FOR DETERMINING 
SWELLING ANO SLAKE-DURABILITY 

INDEX PROPERTIES 

NOTES 

fi) Met:hcmiccd .. 'iignifice~m·e of swelling and slake·dura· 
bilil)' dala 

An abundan! class o! rock materials, no~ably !hose 
with high clay content, are prone to swelling. weaken
ing or disintegration when exposed to short term 
\\'Cathering processes or a ,wetling. and drying nature. 
Special lests are necessary to predict this aspect or 

. inechanical perrormance. These tests are index tests: 
they are bes! used in classi!ying and comparing one 
rock with another. The swelling strain index should 
not, [or example. be takeri as the actual swelling strain 
that would develop in siru, even under similar condi
tions o[ loading and o[ .water content. 

These tests simulate natural wening and drying pro
cesses. Other types o[ test are bener suited lo estimat
ing resistancc to su eh weat hering agencies as rrost. salt 
crystallization or anrition (De Puy .. 1965). 

(ii) N"'ure of th1.• rod.: ~·ample 

Wherc possible undisturbed rock specimens should 
be tested, since rock !abric has an importan! elfect on 
the othcr properlies lo be measured. Where the sample 
is too weak or too broken to allow preparation or un
disturbed specimens, as is usually !he case with joint
filling materials [or example. the swelling tests m ay. be 
carried out on remoulded specimens. Remoulding. 
should be according lo standard procedures [or soil 
compaction, and the procedure [ollowed should be de
scribed when reporting the test results. 

(iii) Applit·ulion e~{ tht> lf!l'U' to h"rd w1tl sofl racks 

These tests are commonly required ror classification 
or characterization or the softer rock materials. They 
may also be used, however. ror characterization or 
harder rocks where the rock condition. its advanced 
state or wealhering rar ex.ample. indicates that they are 
appropriate. 

Rocks lhat disintegrate during !he tests should be 
further characterized using soil classification tests such 

as determination o[ the liquid and plastic limits, the 
grain size distribution, or the content and type o[ clay 
m inerals prese11t. 

l. SUGGESTED METHOD FOR 
DETERMINA TI ON OF THE 

. SWELLING PRESSURE INDEX 
UNDER CONDITIONS OF 
ZERO VOLUME CHANGE 

l. SCOPE 

This test is intended to measure the pressure necess· 
ary to constrain an undisturbed rock specimen at con
stanl volume when lt is immcrsed in water. 

2. APPARATUS 

The apparatus may be adapted [rom that used !or 
soil consolida! ion testing. and consists essentially o[ !he 
[ollowing: 

(a) A metal ring for rigid radial restraint of the speci
men. polished and lubdcated to reduce side friction 
and o[ depth at least sufficient lo accommodate the 
specimen. 

(b) Porous plates to allow water access al top and 
botlom o! the specimen, the top plate o! such a dia
meter lo slide freely in the rins. Filler papers may be 
inserted bet ween specimen and plates. 

(e) A cellto contain the specimen assembly, capable 
o[ being filled with water lo a leve! above the top 
porous plate. The principal [eatures o[ !he cell ·and 
specimen assembly are illustrated in Fig. 2. 

(d) A micrometer dial gauge or ot her device reading 
lo 0.0025 mm. mountcd' lo measure the swelling dis
placement al the central axis o[ !he specimen. 

(e)' A load measuring device capable o! measuring 
to lan accuracy or ·~ n• the force required to resist 
swelling. 
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ABSTRACT 

In 1856 llt•nry Darcy dc:.\·cribed in an appct~dix to his 
book, Les Fontaine.r Publiques tle la Vi/le de Dijon, 
a series oj experitw·na on '"e tlowuward {low of water 
tl~rough filter l'Cl!lds, wlu~rrby it was estahlished that 
tlrt rateo/ flow is gi\•en by the equarion: 

q = -K (h,- h,)/1, 

in whic/1 q is tite volume of water cross~nc unit area in 
unit time, 1 is tlle thickness of the sand. h, and h: 
the heights abo ve a rc•jerence le\.·el · oj the water in 
manomcters térmit~Oied abnve and below the sand, re· 
spectivcly, and K a factor oj proportionality. 

This relationship, appropriately, soon became known 
tu Darcy's /mo,.•. Subsequently many separa/e altempt.J 
lrave been made to give Darcy's empirical expr~ssion 
a more g~:neral physical formulation, wilh the result 
tlwr l'O many muwally inconsistelll rxprtssions of wlrat 
is purporrecl lo be Darcy's law have appc:ared r'n pub
li.rht'd literatun• that :,-igllt has oftetJ bun /ost of 
Darc)''s own work and of itJ significtmce. 

In rhc prescnt paper, tl!erejore, it shal/ be our pur
pose 10 rein/orm ourselres upon whar Darcy hinue/f 
tlid, antl tiren ·to determine rile meatzing oj his results 
when expressed rxplicitly in rernu of tire pcrtinenr 
pllysica/ l'ariab/es inl'oh·ed. Thi.• wi/1 be done first by 
rhe empirical merlrocl used hy Darc·y lrimself, and tiren 

Manuseripl. n:<"civcd 1n Pdroll·um Brand~ otlice on Sepl.. 12, 196&. 
'aper pRparf.'d for J'lres~:nU\tion l•l'fOrll Darey Centt"nninl Jl)'dro\Oit)' 
)'1'1\pollum o[ lbe lnternationl'll Asllne\i1tlon o/ Jh'droloKy held ¡n 

llljon, Frnnl"c, SeP'-· 20·26. t!':.G, nnd fnr dun\ puÍ1Iirntion M part 
nf the Dijon S>·mpc,,.ium nmJ in thc Darty · C.•nto•nnilll h~<lll.' of 
Jounw~l oJ l'l'lrf>ltl4no 1'echnulaf11/, 

D_iJeus.sion of this PI\JlC:r h• in\'ltcd. Diseunion in writlnsr: (3 
ropadl) ma)' be a.;nt to thl:' nfliee ot tb~ J~>llni<:Jl o/ Pctrole'1Un 
Tcehn.oktQil· An)' Ust>ellMinn ofTcrtd aftt-r Jlee, 31. I!'~Mi. t~hould be 
In th\" fnrm of o. new papt'r. . . 

by difect derivation from tlae Naviu·Stc)k~s equaliorr 
of morion oj ,.,·scous fluids. We find in this mam1er. 
that: 

. q = (Na") (p/l')(g - 0/p) grad p] = a E, 

is a physical expre.rsioll jor Darcy's law, 'lflzich is va/id. 
jor liquids general/y, und for ga.us al pr~nures higller 
rizan about 20 annospl1eres. Here ·N is a shape factor 
and d a characteristic lcngth of rile pare structure of 
the salid, p and J.L are tl1e dttisity and viscosity of tht 
fluid, a = (Na") (p/p.) is the •·olume COIII/uctivity of 
the sysum, and E= [g- ( 1/p) grad p) i.1 the impel/
ing /orce per unit mass acting upon tl1e fluid. /t i.t 
founq also tira/ ·Darcy's /aw. is valid· only jor floM• 
\'tlocities such that tht inertial /orces ar~ negligib/e as 
comparecl h'ith tllose arislng from viscosity. 

In general, three-dr'mensional space thtre ezist two 
superposed physlcal fie/ds: a fie/d oj force oj character- · 
istic vector E, and a (reld of flow of vector q. The force 
{ield is mor< general tharr the flow fie/d since it has 
values in n/1 spact capable oj being occupitd by tht 
fluid. 

So long as tite fluid den.rity i.f con.ttant nr is a funr
tion of tht pre.uur~ only, 

cur/ E .= O, E = ..:. grad <1> 

4• = gz + J d:. 
Tlle fitld oj flow, inclepcndently of tire force fie/d, 

must satisjy the cot~scn·aUmr nf ma.r.t, /eadi11g tn the 
equation of continuity 

di•• pq = - f ~p/01 • 
wlrt•rt: 1 i.\· tl1e porOJit)', and t ,\· thr tr'me. For .tttatl~· 
motion ~p/Ct = O, and 

divpq=O. 

., 
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1/thc- fluitl iJ ul.Ju u/ c.·cmj·fwll Jr:nsity, 

div q =O. 
Tht tuoo fielth,· are linked to¡:ethcr by Darcy's law, 

q =a E, 

which i.r physical/y analogous lo Ohm's /aw in e/ec· 
·tricity. 

Then, when E = - grad 4•, 

q =- ugrad<I•. 

By mt•an.r oj thc foregoing equations the flow of both 
lromogt"neous and hctcrogL·neous fluids through porou.r: 
.wlids bccomcs amcnable to tht :;ame kind of analyticc:! 
trt-almcnt as iJ.· alrt-ady jmniliar in elcctrica/ and ther
mal concluction. 

Tire relation uf Darcy's wvrk to the development oj 
11 •·alid thcory of the flow of fluids through porous 
solids is somewhat annloguus lo that of Faraday to the 
,\ICLnt.·el/iun equmions of e/ectromagneti.sm. lt forms a 
:rolld expcrime11tal joundation for ·suc/¡ a fic/d thcory, 
nnd the errors attributcd by 1•arious recen/ authors to 
Darcy apptar upon closer inspection to have been thou 
cnmmitt~tl by tht authors themselve.r. 

INTRODUCTION 

In Paris in thc ycar 1856 thcrc was published by 
Victor D;1lmont as a part of thc Libraire des Corps 
lmpériau:c des Ponts et Clwussh:s ct des Mines a mon~ 
¡¡rapb by thc French engincer Hcnry Darcy.' Inspector 
General of Bridgcs and Roads, bcaring the tille: 

"LES 
FONTAINES PUBLIQUES 
DE LA VILLE DE DIJON 

Exposition et Application 
DES PRlNCIPES A SUJVRE ET DES 

FORMULES A EMPLOYER 
Dans les Questions 

de · 
DISTRIBUTICÍN D'EAU 

Ouvrage Terminé 
Par un Apeendice Rclatif aux Fournitures 

d·Eau de Plusicurs Villes 
AU FILTR.AGE DES EAUX 

el 
A la Fabrication des Tupux de Fontc. 

de l'lomh, de Tole ct de Ditume." 

For ~evcral ycurs prcviously ~ .. f. Hcnry Darcy had 
hcen engaged in modernizing and cnlarging lhe pub. 
lic water works of thc town of Dijon, and this treatise, 
comprising a 647·page volume of text and an accom
panying Alias of illustrations, constitutes an engineer
ing report on that enterprise. 

Thc ilem of present interest represents only a detaiJ 
of the general work and appears in an appendix on 
pages 590 to 594 under the heading "Determination of 
the Lnw of Flow of Water Through Sand," and per
tains to a problem encountered by Darcy in designing 
a suitab!e filler for the system. Darcy needed to know 
how large a filter would be required for a given quan-· 
tity of water per day nnd, unnblc to find the desired 
infonnalion in the published litcrnture, he procccded 
to obt.::~in it cxpcrimcntally. 

A Urawing of thc apparatus uscd is givcn ¡¡s Fig. 3 
in the Atla.r ;-¡nd is hcrc reproduced in facsimile as Fig. 

1Jtt.feuntM Klv~n at end of paper, 
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FtG. 1-FAcstMtLE OF DARcv·s !LLUSTRATtON OP Hts 
EXPERIMENTAL APPARATUS. (FROM Les Fontaint< Pub· 

/iqun de la Vil/e de Dijon, Atlas, FJG. 3). 

1. Tbis consisted of a vertical iroo pipe, 0.35 m in 
diameter and 3.50 m in length (the figure shows 3.50 m. 
but the text says 2.50), ftanged at both ends. Al a 
height of 0.20 m above the base of the co!umn, there 
was p!aced a horizontal screen supported by an iron 
grillwork upon which rested a column, a meter or so 
in Jength, of !oose sand. Water could be admitted into 
the system by means of a pipe, tapped into the column 
near its top, from the building water supply, and could 
be discharged through a faucet from thc open cham· 
ber near its bottom. Thc faucet dischargcd into a meas• 
uring tank 1 m square and 0.50 m deep, and the ftow 
rate could be control!ed by means of adjustable va1ves 
in both the inlet pipe and the outlet faucet. 

Fo'r measuring the pressures mercury manometers 
were used, one tapped into each of the open chambers 
above and below the sand co!umn. The unit of ,pres
sure employed was the meter oj water and al! man
ometer readings were reported in meiers of water meas
u red above the bottom of the sand which was taken as 
an elevation datum. The observations of the mercury 
manometers were accordingly expressc:d directly in temlS 
of the heighls of the water columns of equivalen! water 
manometers above a standard datum. 

The experiments comprised several series of .obser .. 
vations made between Oct. 29 and Nov. 2, 1855, and 
some additional experiments made during Feb.· 17 to 
18, 1856. For each series the system was charged with. 
a different sand and completely filled with water. 



By ;.¡dju!ootmcnt of thc inlct and outlct v;dvcs thc W<.~tcr 
wa"" madc ,lo now downw.ard through thc :-;and at il 

series of ~ucccssivcly incrcasing r<~h!s. For c:tch ratc '' 
rcading of thc manomctcrs. was takcn and rccordcd as a 
orcssurc diffcrcncc in mctcrs of water abovc thc holtom 
~( the sand. Thc rcsUlb of two of thcsc series, using 
ditTercnt sands, are shown graphically in .Fig. 2. In 
cach in!l.tancc it will be sccn that thc total ratc of dis· 
charge incrca~cs lincarly with the drop in hcad across 
thc sand of lhe two equivalcnt water manomctcrs. 

Darcy's own summary of the results of his experi· 
menls is given in the following passage (p. 594): 

"Ainsi, en appclant e J'épaisscur de la couche 
de sable, s sa superficie, P la prcssion atmosphér· 
iquc, J¡ Ja hautcur de J'eau sur cctte couche, on 
OIUra p + /¡ pour )a prcssion il JaqucJle sCra soumise 
la hase supérieurc; soicnt, de plus, P :!:: h .. la prcs
sion supportéc par la surfacc inféricurc, k un coef
ficient dépcndant de la pcrmbhilité de la couche, q 
le volume déhité, on a 

q -- '· -·' fl 1 1 • 1 + r ce 1 •. 
r 

ttUi se réduit ft 

·' q ~ k -(h + <") ,. 
'JUand !t .. = O, ou lorsquc la prcssion s."~us le filtre cst 
L·galc it )a prcssion atmosphériquc. 

''11 est f&~cilc de détcrminer In loi de décroissancc 
de la hauteur d'e<n..~ 11 sur le filtre: Cn effct, soit 
dll la quantité dont celle hnutcur s'abaisse pcn
d .nt un tcmps t/1, sa vitcssc d'01haisscmcnt sera 

tlh . ¡·· . . d ¡· - ; maas cquauon ca- cssus <. onnc encare pour 
di 

cene vitcssc l'cxpression 

!!. = v = .!:.. (Ir + e) . 
s e · 

··on aur:a done 

••r-------------------~-----r·•--------~ 
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FaG. 2-GRAPHS CoMPILEO FROM DARcv's TAUULAK 

DATA oN Hrs ExrF.RtMENTS oF OcT. 29 TO Nov. 2. 
1855, ANO OF FEu. 17-18, 1856, Suowtr<G LrNEAR RE· 
LATION BETWEEN FLOW RATE AND DIFFERENCES IN 

HEIGHTS OF EQUIV ... LENT \\'ATER MANOMETERS. 

tlll k • tlh 
= ·- (lt ~ d' tl'ou ---- = 

tll r ' ( ¡, + r) 
k 

tlt. 
r 

<l 
k 

1 (11 + rl ~ e -- 1. ,. 
f/ is the Jogarithm lo the base <.J 

"Si la valcur Ir .. corrcspond a u tcmps t .. et h i1 un 
temps quclconque t, il viendra 

k 
1 (ir + <) = 1 (h. + e) - - [1 - 1.) • ( 1) 

< 
''Si on, remplace maintenant Jr + e et h .. + e par 

''' q .. e "1 . d . . \·k et sk , 1 vaen ra 
k 

/q = lq .. - - ( r - t .. ) 
< 

(2) 

elles deux équalions (1) et (2) donnent, soitla loi 
d"abaissement de la hauteur sur le filtre, soit la Joi 

-de variation des volume~ déhités ;\ partir du .. 
tcmps r •. 

"Si k ct e étaicnt inconnus, on voit qu'il raudrail 
dcux cxpéricnces préliminaires pour faire disparailre 

. k " de la seconde le rapport mconnu -. 
. ' 

Translating Darcy's st~tements into the notation 
which will subsequently be used in the prescnt paper,. 
what Da rey found and stated was that, when, water 
flows vertically downward through a sand, the volumc 
o! water Q passing through the system in unit time is 
given by · 

Q K 
h, - Ir, h KA h, - h, = A or y - ---- · 1 ' ' 

(J) 

í\nd the volume crossing unit are'\ in unit time! hy 

Q/A K 
h, - Ir, h K Ir, - h, = q = --

1
- , or )' - -

1
- , 

(2) 
whcre K is a !actor of proportionality, A the area of 
eros. scction and /the thickness of the sand, and h, and 
Ir, the hcights above a standard reference clevation of 
water in cquivalent water manometers tcrmin~ted ahove 
and helow the sand, respectively. ' 

\Vriting Eq. 2 in differential form gives 
q = -K Cdh/d/) • (3) 

Soon after the publication of Darcy's account of these 
cxpcriments, the rclationship expressed by Eqs. 1 to 3 
hecame known, appropriately, as Darcy's Jaw. 

It h3s subsequcntly come to he universa11y acknowl
cdged that Darcy's law plays the same role in the theory 
o! the conduction of 1\uids through porous solids as . 
Ohm's law in the conduction of electricity, or of Four
ier's law in the conduction.of heat. On the other hand, 
Darcy•s own statement of the law was in an empirical 
fonn which conveys no insight into the physics of the 
phenomenon. Consequently, during the succeeding een· 
tury many separate attempts were made to give the . 
statement of the Jaw a more general and physically sal· 
isfactory form, with the result that there appeared in 
the technical literature a great variety of expressions, .· 
many mutuaiJy contradictory. hut aiJ credited directly 
or indirectly to Henry Darcy . 

1t has accordingly become recently the•fashion, when 
some of these expressions have been found lo be 
physically untenable, lo attribute the error to Darey 
himself. In fact orie recent author, in discussing a sup· 
poscd statement of Darcy's law which is valitl for hori· 
zontal Oow only, · has gone so far as to cxplain .that 

Pt-:TUUI.t-:t·~ TJI,\'\"!'0,\t:Tifi:'\S •. -,l,lt-: 
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fiG. 3-APPARATUS FOR YERIFYING DARCY's LAW FOR 

FLOW IN VARIOUS DtRECTIONS. 

Darcy was led to the commission of this error by re
stricting his cxperimcnts to flow in a horizontal direc
tioo. 

On this centennial occasion of Darcy's original pub
Jicalion, il would appear lo be fitting, lherefore, in
sloaci of mercly paying our rcspccls lo Darcy in lhe 
form of an emply homage, that we lirst establish un
equivocally what Darcy himsclf did and said with respect 
to tbe relationship which bcars his name; second, try 
to a.."iCCrta.in tbe generality and physical content of the 
relationship and to give it a propcr physical e:xpresSion; 
and third, attcmpt to see how this fits into a general 
lield theory of the flow of fluids through porous solids 
in three-dimensional spacc. 

The lirst of thcse objcctives has alr~ady been ac
complished; ttie sccond and third will now be given 
our aHcntion. 

-. 
THE PHYSICAL CONTENT OF DARCY'S LAW 

As we have seen heretofore, what Darcy determined. 
was that, whcn water flows vertically downwa.rd through 
:~ sand, the relation of the volume of wa.ter crossing unit 
arca normal to the ftow directíon in unit time, to the · 
lhickness of the sand, and lo thc diflerence in heights 
o( equivalent water manomcters tcrminated abovc and 
helow the sand, is givcn by thc following equation: 

h, - h, K h, - h, ( 2) 
q = K--

1
- orq = ~ --

1
-

wbere K is "a coefficient depending upon the per
meability of the sand." 

Questions immediately arisc regarding · the generality 
of this result. Would it still be true if the water flowed 
upward through the sand? or horizontally? What changes 
would be efTected in the relationship if sorne different 
1iquid charactcrized by a diffcrcnt dcnsity and viscosity 
were used? In what manncr docs K c.Jcpcnd upon thc 
permeability of the snnd, or upon its measurable sta· 
tistical paramcters such as coarscncss and shape? Ami 
finally, what physical exprcssion can be found which 
propcrly cmbodics all of thcsc variahles? 

The nnswcr to most of thcsc questions can be dc
termincd cmpirically by an cxtcnsion of Darcy's original 
cxpcriment. H~ for cxó!.mplc, wc construct an apparatus 
such as that shown in Fig. 3, consisting of a movable 
cylinder with a rigid sand pack into which two man-
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omcters, at an axial distomce 1 apart, are c:onnccted by 
· ncxihlc ruhber tubing, wc can dctcnninc thc validily 
o( n .. rcy's law wi¡~ rcspcct to lhe direction of ftow . 
With thc apparatus vcnical· and thc flow downward at 
a total rate Q, thc maoometer diflerence h, - h, will 
have sorne fixed value D.h .. Now, keeping Q constan! 
and invcrting thc cohimn so thrt the fiow will be ver· 
tically upward, it will be found that D.h also remains 
constan!. Ncxt, setting the column horizontal, D.h still 
remains constant. In this manner we easily cstahlish 
that Darcy's law is invllriant with respect to thc direc
tion of the flow in lhc carth's gravily field, and that for 
a given D.h lhc flow rate Q rcmains cooslaol whether 
the flow be in the direclion of gravity or opposed to it, 
or in any othe~ direction in three-dimensional space.. · 

This leads immediately lo a generalization for ftow 
in .tlucc-dimensional spacc. At ea eh point in such space · 
thcre must exist a particular value of a scaJar quailtity 
h, dcfined as the height above a standard elev~tion 
datum of the water column in a manometer tcrminated 
at the given poinl. The ensemble of suéh values then 
givcs ~ise to a sca)ar field in the quantity h with its al
lcndant family of surfaces, 11 ;::; constant. Jn such a 
scalar lield water will flow in the direction perpen· · 
dicular to the surfaces, Ir = constant, and . at a raie 
given by · 

q = - K grad h . (4) 

Continuing our empirical experimentatioo, we fiad 
that when we chango either of lhe fluid properties, deo
sity or viscosity, or the geometrical properties oí the 
sand, Eq. 4 slill remains valid but the value of K 
changes. In particular, by varying one factor al a linio, . 
we find 

Kocp •} · 
. K oc 1/¡< , •. (S¡ 

where p is the density and p. is the viscosity of the fiuid. 
Likewise, if we use a number of gcometrically similar 
sands which difler only in grain size, we find thal 

Kocd', (6) 

whdre d is a lenglh such as the mean grain diameter, 
which characterizes the size sca1e of the pare structure 
of the sand. 

lntroducing the rcsults of ·Eqs. S and 6 into Eq. 4 
then givcs 

q = K' d' (p/p.) ( - grad Ir),. (7) 

in which K' is a new factor of proportionality contain
ing all other variables not hitheno explicitly evaluated. 
This remains, however, an empírica) equation devoid of 
dynamical significance since there is no obvious reason 
why ·the flow of a viscous fluid through a porous salid 
should be proportional lo a dimensionless quantity, · 
- grad Ir. 

This deficicncy can be eliminated when wc= introduce 
lhe equation relating the manometer heighl h to lhe 
dynamical quantities, gravity and prcssure. Al any point 
P within the .fl~w system, ch:Jractcrized by eJevation z 
and manometer height h, lb e pressure is given ·by the 
hydrostatic cquation 

P = pg (Ir - %), 

from which 

Ir = (p/pg) +% • 
and 

(8) 

- grad Ir = .:_ 0/pg) grad p - grad %. (9) 
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Mulliplying hoth >ido> ul Eq. 9 by ;¡ thcri givcs 
- 11 gwd Ir= - ( 1/p) grad p -::· g grad·z. .. (10) 

Wilh the :-axis ·vertical and positivo upward, then 
r·1d z is a unit vector directed upward, so lhat - e gra<l z 
is a vector of magnitude ~ dircctcd downward. Designat
ing this by g, Eq. 1 O bc<:<Ímes 

·- g grad h "'- g- ( 1/p) grad p, . (11) 

in which cnch of thc tcrms to thc right rcprcscnts, both 
in dircction und m~gnitudc, thc force cxcrtcd opon 
unit mass of thc fluid by gravity and by the gradicnt of 
thc fluid prcssurc rcspcctivcly; thc fluid Oqws in the 
direction of, :md at a ratc proporlional to, thcir re· 

·., sullaot, - g grad Ir. Hcnce the dynamical factor e has 
· cvidently bccn conccalcd in the original factor K and 
must still be prcsent in the residual factor K'. intro
ducing this explicitly, we may now write 

q = (Ncf)(pjp.)(- g grad h), (12) 

in which N is a final factor of proportionality. Dimen
¡ional iospection shows that N is dimensionless, a"nd a 
physical review· indicates that no dynamical variables 
havc been omittcd, so that N must be rclatcd to the 
only rcmaining variable, namely the shape of the 
passages through which the ftow occurs. Since shape 
is expresscd bY angular measurement and angles are 
dimensionless, (L/L], thcn N must be a dimensionless 
~hapc (actor whosc valuc is constant for systcms which 
are eitbcr idcntically, or statistically, similar geo
mctrically. By idcnticótl similarity is meant similarity. 
in the strict Euclidcan scnse:: all corrcspondins angles 
cqual. :md all corrcsponding Jengths proportional. By 
\tatistic.o.l ~imilarity is meant that two comple:t gco
mctrical systems which may not be idcntically simi
lar on a microscopi6 sc:1lc are still indistinguishable as 
to shape on a macroscopic sCaJe-for example, two 
scts of randomly packed uniform sphcres. 

The lerm (- g grad h) can al so be written in !he 
form 

- g grad 11 = - grad (gh),. (13) 

wberc gla rcprescnts thc omount of work required to 
lift a unit mass of water from the standard datum of · 
elevation outside tbe systcm lo the bcight h of the water 
in thc manomctcr. ThCn, síncc the additionaÍ work re
quircd to transport thc water down the water-filled. 
tube of thc manomcter to its terminus is zero, it fol
Jows that 

gh = 4• 

' 

• •• 
~ '< 

' ' 
E 

. , , , , , , 
' , , 

' , 

(14) 

fiG. 4-RELATION OF FORCE PER UNJT MASS, E, TO 

TitE PRIMAR Y FORCES g ANO - (1/p) GRAO p; ANO OF 
THE FLOW VECTOR q TO E. 

is. a mcasure of thc cncrgy pcr unil muss, or thc poten· 
tinl, of thc water in thc sysJem.~t the point at which. 
the 111anometer js terminatcd. A manomct~r is thus sccn . 
to be a fluid potentiomeler, the potcntial at evcry point 
bciog lioearly relate<l to tj¡e manomcter heighl h by 
¡:lq. 14. Thcn, if we Jet ¡;: pe the force por unit mass, 
or the intensity of the force field acting upon thc fluid, 
we have 

E= - grad <!> = -e grad la= g- (1/p) grad p, (15) 

and, by substitution into Eq. ·12, Darcy's Jow may be 
c~presscd in nny of the following equivalen! forms 
(Fig. 4): . 

q = - (Nd') (p/p.) grad 4> = uE, '} 
q =- (Ncf)(p/p.) ggradla = u[g- (1/p) gradp], 
q = - (Ncf) (p/p.) g grad la = (u/p) [pg- grad p], 

(16) 
where 

u = [(Ncf) (p/p.)] 

is the volume conductivity of the system. In !he las! 
of Eqs. 16, lhe bracketed term 

[pg- gradp] =pE= H. (17) .· 

represents the force H per unit volume. 
\Vhe_o we. compare Darcy's law in the fonn: 

q = uE ·= - u. grad <1>, 

with Ohm's Jaw: 

1 = a. E. = - a. grad V, 

where i is the current dcnsity, u. the clcctrical con
ductivity, E, the electrical forcc-field intcnsity, and V 
the elcctrical potentinl, the physical ·as wcll as thc 
malbematical analogy between Darcy's Jaw end Ohm's 
Jaw bccomes immediately apparent. 

THE PROBLEM OF PI!RMEABILITY 

Now that \ye ha ve achieved a· complete physical state· 
ment of Darcy's Jaw, it remains for us to define what 
sholl be mean! by the permcabilily of the system. 

Jt will be recalled that Darcy stated that the factor 
K is "a cocfficient de¡Íending upon . the pérmeability· 
of the sand." Following this it has often been the cus
tom: especially among ground-water .hydrologists; to 
define the permeahility of a system.to be synonymous 
with K. But, as we have seen, the factor K is the 
lumped parameter, 

K= (Ncf) (p/p.) g, 

comprising the gcometrical properties of the sand, the 
dynamical properties of the fluid. and cven the accelera
tion of gravity. ConsequentJy, if K is taken as a meas
ure of the pcrmeability, it will be seen that tbe same 
sand will have ditferent permeabilities to different 
ftuids. 

During recen! years there has been a. convergence 
o/ opinion toward the conclusion tbat permeability 
should be a constan! of the solid independently of the 
tluids involved. Jf we accept this view, then it is seco 
that the only property of the salid atfecting the ratc of 
ftow is the geometrical factor, 

k""Nd', 
which we may accordingly define lo he its permeability. 
Then since N is dimensionless and d is • Jengtb, it fol, 
lows that the dimcnsions of permeability are [L ']; and 
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in any consistcnt systcm of units, thc unit of pcr""!ea· 
hility is the squ:1rc ~f 1h~.: u~it of lcngth. · 

In practicc thc magnitudc of this qu;-.ntity, for a 
givcn porous solid, is dctcnnincd hydrodynamically by 
flowing a Jiquid through thc solid, ~nd measuring a1l 
\'ariablcs cxccpt k, ami thcn solving D<1rcy's Jaw for k: 

k = Nd' ,~ __ qi' __ 
,,g - gr~d p ' 

\vhich, whcn th..-: vector quantitics are resolved into thcir 
componcnts in thc flow dircction s, bccomes 

k =--q_,, __ 
pg, -- íJpjíJs. 

(18) 

It is found in this manncr that for randomly packed, 
unifonn sphcrcs of diameter d, thc v<llue of thc shapc· 
factor N is approximately 6 X JO·'. Thcn, for a pack 
of uniform sphcrcs of any size, the pcrmcability will 
be approxirnatcly . 

k = (6 x 1o·•¡ tf. 

lf d, for different packs, is allowed lo vary from about 
10·• to 10·• cm, corresponding to the approximate range 
of grain sizes Crom fine silts to coarse sands, the per· 
meability will vary from ~hout 10·1= to 10·• cm=, wbich 
is also approximatcly thc range of the permeabilities-of 
the corresponding clastic sediments. 

In view of the fact that magnitudes of pcrmcabilities 
of rocks are remole from that of the square of any 
unit of lcngth in common use, thcre is sorne adv::mtagc 
in having a practic;1l unit such that most mc:asured 
valucs fall within the rangc 1 - 10,000 practica! units. 
lf such a practica! unit is to fit into a consistent sys
tem of mcasuren1cnt w¡thout awkward convcrsion fac
tors, thcn it must also be a submultiple of the funda-

- mental unit of thc forrn: · 

J practica! unit = JO"" fundamental units. 

In the cgs systcm with the fundamental unit the 
(centimcter)\ the optimum value of thc cxponent n 
would be about 12, or 

1 practical unit = to·ll cm:. 

Regrettably the unit of permcability used almost 
universally in the petrolcum industry, for which the 
name "darcy" has becn prc·cmpted, was dcfined origin· 
atly in terms both of an incomplete statement of Darcy's 
law: 2

·' 

k- ql' 
- - cp/cs' (19) 

and an inconsistcnt system o( mca~uremcnt. The per
meability k is dcfincd to be 1 darcy when q = 1 (cm'/ 
cm=) /sec, J1. = 1 cp, rind apj?s = 1 atmospherejcm. 

In the complete Darcy's law of Eq. 18, the factor 
pg •• except when the motion is horizontal, is of com· 
parablc magnitude to apjcs, and so cannot be ignored. 
Consequcntly, sin ce it ís not practica) to rncasure pe. 
in atmosphercsjcm, it follows that pcrmcabilitics, cx
pressed in darcys, cannot be used in a proper statcment 
of Darcy's Jaw without thc insertion of a numerical fac
tor to convert pg. from cgs units into atmospheres/cm. 

The only alternali\'e is to convert permeabilities ex· 
pressed in darcys into thc cgs tmit, the cm2

• For this 
conversion 

1 darcy = 0.987 :-: ¡o·• cm', 

which is within 1.3 pcr ccnt of thc s,uhmulliplc, 10·• 
cm:. 

T 
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Fto. 5-METilOD OP DEFINING POtNT V ALU eS OP MACIID
SCOPJC QUAXTITIES fLLUS'ntATED WITH THE POROSITY /. 

FeW permeability rnettsuremcnts are accurate to witb
in 1.3 pcr cent and, when several specimeos from thc 
same formation ~re rneasurcd, tbe scatter is n:iuch 
greater than this. Conscquently, for all ordinary com
putations, the approximate conversions: 

1 darcy ::::: 10·• cm', 

1 md:::: to·u cm1
, 

are more accurate than the pcrmcability data available; 
. though if the data warrant it, thc more precise conver- . 
sien c:an of course be used: · 

DERIVATION OF DARCY'S LAW FROM 
NAYIER-STOKES EQUATION 

Having thus achievcd thc dcsired generalization and 
a proper physical stntcmcnt of Darcy's law by an ex
tcnsion of the cmpirical method which Darcy hirnself 
employed, lct us now sce if thc same result can be de
rived directly from thc fundamental cquation of Navier 
and Stokes for the motion of a viscous fluid.· 

MACROSCOPIC AND MICROSCOPIC SCALES 

In, arder to do this we · must first distinguish betwecn 
the two size scales, the macroscopic and the micro
scopic, on which the phenomena considered are to be 
viewed. 

The macroscopic scale, which is the one we have 
been using thus far, is a scale that is large as compared 
with the grain or pore size of the porous solid. On this 
scale the flow of a fluid through a porous solid is seen 
as a continuous phenomenon in space. However, when 

· we are dea1ing with macroscopic quantities which have 
particular values at each point in space, but which 
m ay vary with position, it is necessary for us to define 
more clearly what is meant by the value of a macro
scopic quantity at a given point. 

This can be illustrated with thc concept of porosity. 
Suppose that we are intercsted in the porosity at a 
panicular point. About this point we uike a tinite 
volume element 6 V, which is largo as compared ·with 
thc grain or porc size of the rock. \Vithin this volume 
element thc average porosity is dcfined to be 

- 6V, 
!=t;V' (20) 

where ó,V, is thc pare volumc within .ó.V. We then 
allow 6 V to contrae! ahout thc point P and no\C the 

valuc of 7 as 6 V diminishes. If we plot 7 as a function. 
of 6V (Fig. 5), it will appronch smoothly a limiting 
value as t. V diminishcs until 61' approaches thc grain 
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or pure sizc of thc salid. Al this stagc Í will hegin to 
vary erratically and wil1 ultim:ltcly attain thc valuc of 
cithcr 1 or O, dcpcnding upon whcthcr 1' f:dls within 
lile void or lhc sol id spacc. 

'Howcvcr, if wc cxtrapolatc thc smooth part of thc 
curve of 7 vs 6 V to its Jimit as 6 V tcnds to zcro, wc 
shall oblain an unambiguous valuc of f al lhc poinl 
P. \\'e 1hus define lhe· valuc of lhe porosily, f al lhe 
point P lo be 

_ ~xtrap lim 6 V, 
/(P)- c,v .... o t.V' .. . (21) 

wbcre "cxtrap lim" significs thc extrapolatcd limitas ob
taincd iñ thc m:1nncr just Ucscribcd. 

By an analogous opcralion thc point value of any 
other macroscopic quantity may be obtained, so that 
hcrcaftcr, \vhcn such quantities are heing considered, 
thcir values will he undcrstood ta· be dcfincd in the 
·roregoing manner, and we may st:ttc more simply: 

or 

or 

lim -
Q(I'J; c.v .... oQ<c.VJ. 

Q (P) ; lim Q (c,S), 
c,s .... o 

lim - J Q (P) = ...,---,.. Q (t>r),' 
6,s 4. 9 

... (22) 

wherc the quantity of intcrcst is a function of a volume, 
an arca, ora Jcnsth, rcsPcctivcly. 

Thc microscopic s·calc, on thc contrary, is a scale 
:omm~nsuratc with the grain or pare size of the salid, 
tu1t still large as comp:ucd with mol~cular dimensions 
cr of H.c motional irregularitics due to Brownian or 
molecular movcmcnts. 

MtCROSCOPIC EQUATIONS Of MOTIO" 

Let us next considcr thc steady, mncroscopically re_cti· 
linear fiow of an incomprcssiblc fluid through a porous 
salid which is macroscopically homogcneous and iso
tropic wilh respect to porosity and permeabilily, We 
shall tbcn have the fluid flowing with a constant macro
scopic ftow rate q under a con;tant impelling force per 
unit of mass E, and in virtue of the isotropy of the 
systcm, we shall ha ve 

q = erE, . (23) 

where o is an unknown scal.ir whose vnlue we shalt seek 
to determine. 

Thcn, choosing x-, y-, and z-axes, 

and 

q = i qE. + J.q' +"-kkqE,' } . 
E = 1 ·• + 1 E, . '• , 

q, = a E., ¡ 
q,. : uE,, . 
qK- uE., 

(24) 

(25) 

whcre i, j; and k <.~re unit vcctors parallcl to the x-, y-, 
and z-axes, respcctively, and thc subscripts signify the 
corrcsponding sc;tlar componcnts of the vcctors. 

Further, thcre will be no loss of gcnerality, and our 
dnalysis will be somewhat simplificd, if we choose the 
x-axis in thc m<1croscopic dircction of flow. Then 

and 
q =-= i q._ ; E = i E, , l 
q, = q, = O ; E, ; E, ; O. 1 . (26) 

Ncxt, consider the microscopic f\ow through a macro
scopic volume clcmcnt 6 V of ~ides 6.t, 6Y. and 6z. 
Thc void space in such an clcmcnt wi11 he sccn to be an 
intricatcly br<Jnching, thrce-dimensional nctwork of ftow 
channc1s, each of continuously varying cross section. A 
fluid particle passing lhrough such a syslcm will follow . 
a continuously curving tortuous path. Morcover, the 
speed of lhe particle will ahernalely increase and de
crease as lhc cross scclion of lhc channellhrough which 
il flows liccomes Jarger or smaller. Such a particle will 
accordinsly be sccn to be in a continuous state of accel· 
cration with thc acccleration vector free to assume any 
possible direction in .space. 

Consider now the !orces which act upon a !.maH vol
ume clement c/V of lhis fluid. By Newlon's second law 

,of motion 

c/m a = '!dF, , (27) 

where dm is the mass of the Huid, a thc acceleration, and 
:i.dF is the sum of all lhe forces acling upon lhe fluid 
containcd within dV. There are many ways in which tbese 
forces may be resolved, but for present purposes it will 
be convcnicnl lo rcsolve them into a driving or impelling 
force dF. and a resistive force arising from the viscous · 
resislance of lhe fluid elemenllo defonnalion, dF,. Eq. 27 
thcn become~ 

dm a = dF, + ciF·. (28) 

By lhe principie of D'Alembert we m ay also introduce 
a force·dF. = - clm a, which is tbe inertiaJ rcaction of 
the mass dm to the acceleration a, and with this substitu
lion Eq. 28 becomes 

dF, + dF, + dF, = O, . (29) 

Of lhcse forces, dF,, which is imposed from wilboul 
and does not dcpend primarily upon the motion of lhe 
fluid, may be regarded as lhe indepcndent variable. The 
forces dF, and dF, bolh owe lheir existences lo lhe fluid 
motion, and their etrect is to impede that motion. 

The relalion of lhe separale lerms of Eq. 29 to lhe 
externally applied forces and lhe fluid mo1ion are given 
by lhe cqualion of Navier and Slokes, which in v~clor 
fonn may be written as follows: 

p[g- (1/p) gradp]dV =p (Dv/Dt) ciV 
- 1' [17' v + (1/3) 1717·v] dV, , (30) 

in which vis the microscopic velocity, and 
¡o; - ( 1/3) (a.+ a,+ a,) is the microscopic pressure 
ata point. The u's are nonnal components of microscop!c 

·stress. 

The expression Dv/Dl is the total derivative with re
specl 10 time of lhe velocily v, and is equal 10 lhe accel
cration a. This can be expanded into 

ih• 
Dv/Dt = -+ v·l7v, ar 

FICi. ó-M ICROSCOPIC VtEWS OF Two DYNAMICALLY 

St:-.ULAR FLow SvsTEMs. 
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in which thc tcrm f.:v¡at signifying the r<1tc o{ change of 
thc vclocity :..tl 01 particu!Jr point is zcro for stc<.~dy motion. 
Thc c:~prcssion \7·v, in the b!'lt tcrrh of Eq. 30, is the 
divcrgcncc of the vclocity: and for an incompressible fluid 
this aho is zero. 

Since thc flow bcing considcrcd is thc stcndy m·otion of 
an incomprcssible fluid, Eq. 30 simplifies to 

p [g - ( 1/p) grad p] dV = p (v·'Vv) dV 
-p.('V'v)ciV. (31) 

TRASSFORMATION FROM MtcROSCOI'IC TO 

~fAcnoscot•tc EQUATIONs OF l\fonoN 

Eq. 3 J cxprc!'I~Cs thc rclation of thc fluid vclocity ami 
its dcrivatives in a small rnicro~copic volumc clcment to 
thc applicd force dFot acting upon that clcment. lf wc 
coulc.l intcgr:Jtc thc thrcc tcrms of this· cquation with re· 
spccl to the volume, ovcr thc macroscopic volume !:::. V, 
anU thcn convcrt the results into equivalcnt macroscopic 
variables, our prohlem would be solved. In fact the intc· 
gration of thc first two tcrms prcscnls no difficulty. The 
totnl driving force on tflc fluid contcnl oí the vplume .ó. V. 
;1s oht:1incd by intcgr<:~ting thc nlicroscopic forces dF.t, is: 

F., = J dF,, = J (p~ - grad p) dV 
. lt>,V 

(p~ grad p) lt>,V, . (32) 

wherc grad pis lhc volllmetric average of lhe microscopic . 
g.rad pO\'Cr thc fluid volumcjt::.V. 

From thc macroscopic cqu;.\tions, the driving force J .... 
i's given by: • 

F., = t• 1 ¡;.,V E = p /g - ( 1/ p) grad p] 1 ¡;.,V. ( 33) 

Thon by comhining Eqs. 32 and 33, 

.1· (pg- grad ¡>)di/= (pg- grad p) lt>,V 
16.1' . 

= plt-,V[g- (1/p) gradp]. (34) 

from which il is scen that the macroscopic grad pis equal 
to the voJumctric averi.lge, grad p, of ·ahe microscopic 
grad p. 

Jntcgrating the incrtial tcrm: 

F, = J dF, = p J v·?v dV 
lt-,V 

= i r .f' (u 2u¡ax + ,. C!u/Oy . 
16 V + "'?.11i;l•) d.T dy dz 

+ j p J (IIOI'jcx + vov/oy 
1 ¡;.,V + ... i••·!cz) dx el y dz 

.,. k p J ( 11 owfcx + v ow/oy 
Jt::.V + wCw/C.t) dxdydz .j 

(35) 

Since there is no net gain in velocity with macroscopic 
distancc, each separate integral of the cxpanded forro of 
Eq. 35 is cqual to zero, and wc obtain for the volume elr.
mcnt b. V, 

F. = y dF. = O 

Thcn, in virtuc of Eq. 36, 

J tiF, = 1" J 'V'v dV = - F, . 
lt-,V 

Ordinarily the evaluation of . 

J 'V'•· c/V 
ft-,V 

(36) 

(37) 

would requirc a Uctailcd con.,;it.lcratiun of the gcometry 
of thc void space through which thc flow occurs <.~nd of 
the flow field within that spacc. This difficuhy can be 
circumvented, howcvcr, t~nd thc integral evalua~cd exccpr 

for a. dimensionlcss factor of proponionality, provlded 
1he flow fie/d is kinc-mntical/y similar Jor JiOcrent rates 
of {low. 

CRITERIA OP StMILARITY 

Consider two, flow systems consisting of two geometri· 
cally similar porous solids through which two ditferent 
tluids are ftowing. The criterion-of gcomcti"ica1 similarity 
is that if /, and /, are any corrcsponding lcngths o( lhe 
two systcms, rhen for evciy pairo( such lengths 

/,//, = /, = const . (38) 

Thc critcrion of kincmatic similarity is tllat if v, and V: 

ure the velocities at corrcsponding points in the two sys· 
tcms, thc two vclocitics must have the same dircction and 
thcir magnitudes the r<~tio 

''~/v, = v. = const . 

Then, since the forccs ciF, and dF, acting upon a Huid 
clement are each dctcrmined by the vclo~itics arict the 
fluid density, or viscosity, and dF4 is detcrmined by dF, 
and c/F,, if the fluid motions of !he two systems are kine
matically similar, al! corresponding (orces wi!l have the 
same directions and thcir magnitudes the same ratio .. 
(Fig. 6~ . 

Thus 

(dF,), (dF.), (dF,), 
(dF,), = (ciF,), = (dF,), 

(39) 

Sincc only two of the three forces are indcpendent, we 
nced to consider the ratios of only the first two, and, by 
reciprocation, · 

(
ciF,) (dF.) 
dF, , = dF, , ' (40) 

ir~dicating that for each system thc r<.~tio of the inertial to 
the viscous force must be the same. · 

From Eq. 31 

(dF,), 
(c/F,), 

(dF,), 
(dF,), 

= 

= 

p, (v·'Vv), dV, 
P, (v·';;>v), dV,; 

~"' ('V'v), dV, 
}.', ('V'v), dV, 

(42) 

In Eq. 41 v·'Vv expands inlo the sum <>f a series of · 
tcrms, each of the form u aujox, which is a velocity 
squared divided by a length. In Eq. 42 'V'v expands inlo a 
series of terms, each of the (orm o'u/ox', which is a veloc
ity dividcd by the square of a length. Then, since the 
ratios of al! corresponding velocities and of all corre· 
sponding lengths ofthe two systcms are constant, we m ay" 
choose any suitable velocity and any convenient ·length. 
We accordir.gly choose for the velocity lhe macro
scopic floW rate q whose dimensions are [V L.: l']. or 
[LT''], For the characteristic lcrigrh we choose d, which 
must be sorne convcnicnt statistical length parameter of 
the microscopic geomctry of the systcm. With these sub· 
stitutions the first two terms of Eq. 39 become · 

p, qi di - {'• q, d, 
f>• q,; di: - /ll q, d, • . (43) 

and, by reciprocation. Eq. 40 bccomes 

p, q,' d,' p,q,'d,' 
= 

1'·: Q: d; ·''• q, d •• 

or 

q, el, q, el, 
= 

jt~/ /1: p./ fl• • 
(44) 

-· -----·. 
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Thc uimcnsionlc" quuntity (qd)/(¡</p) is thc Rcyn
olds numbcr R of thc sy~tcm, which, ns sccn from ils dcri
vation, is a mca~urc of thc ratio of thc incrtial to thc vis
cous force!!. of the systcm. Our critcrion for kincmatic 
s;.uiJarity hctwcc~ thc two systcms thus reduce~ to thc 
rcquircmcnt lhat 

R,= R,. (45) 

Now Jet us 5opecialize the two systcms by making 

c/1 = d" P: = r~o P.::::::: P•, 

which is cquivo.~lcnt to rcquiring the s;tmc fluid to flow 
throush thc .samc porous solid at vclocities, ql and q,. 
Howcver, whcn thcsc valucs are substituted into Eq. 44, 
we obtaio 

ql = q,, 

indicating that, in general, whcn thc samc fluid flows 
lhrough a givcn porous solid at two difTcrcnt ratcs, the 
resuhing flow ficlds cannot be kincmatically similar. 

Howcvcr, sincc dF. is proportional to q: and dF .. to q, 
1hen as q is decrcascd dF. diminishcs much more rapidly 
than llF ... Conscqu\!mly thcrc must be somc limiting vatue 
of q = q•, oro( R = R •, 3t and bclow which thc incrtial 
force t/F, is so much lcss than thc viscous force tiF. that 
thc efTect Of thc formcr is ncgligible as comparcd with the 
lattcr. For flow in this doma in wc muy thcn write 

tiF. = -·r!F,; 

:md the force ratios bccome 

(dF.), _ (ciF,), 
(ti F.), - (dF,), ' 

(46) 

Nhcrcby kincmatical similarity is m;,.inta.incd for aH ratcs 
of ftow q < q•. 

INTEGRATION OF VISCOUS FoRCES 

\Vith this result establh.hcd Jet us now· rcturn to thc 
integration of dF. over thc volume clcmcnt /6 V. 

.f dF, = 1' [i f V'' u e/ V + j J V''v dV 
/61' /6V /6V 

+ k J V''w dV] . (47) 
/6.V 

In virtue of thc fact that. by our choice C"f axes, q, and 
q. are both zero and thcrc is no nct ftow in the y- or ·.t· 
direction, the Iast two integrals to the right are Poth zero, 
and Eq. 47 simplifics to 

f tiF. = i p. f V''u dV. (48) 
/6V /61' 

From our earlier discussion, so long as thc now remains 
kinematically similar for diffcrcnt rates, the quantity 'V:u, 

, which is a velocity diviucd by tbe squorc of a length, is 
relatcd to thc macroscopic parameters by 

V''u = -a (q/d') ·, . · (49) 

wherc o: is a dimcnsionlcss constant of proporlionality for 
the elemcnt dV but has a diffcrcnt \'illuc ror cach difTcrcnt 
elemcnt of vo1umc. 

Substituting Eq. 49 into Eq._48 thcn gives 

d/F• =- i 1' (q/tl'~!.~~dV =- ,~:~, /6V, 

(50) 

wh~re 1/N is th~ avcmg.c valuc of (\' Ovcr f6,V. 
Substituting 1his rcsull into Eq. 37, we obtain 

' 
,.[g- (1/p) gradpl/61' =.- f dF, = ~~/6V, 

or 
q =N ti' (p/p.)[g- (1/p) grad p]. (51) 

which is thc dcrivcd Darcy's law in tbe same form as 
Eq. 16 dcduccd carlicr from cmpirical data. 

DISCUSStON OP DARCY's LAW 

Thc direct dcrivatioo of Darcy's law from fundamen· 
tal mcchanics affords a further insight into the physics of 
thc phcnomcna involvcd over what was obtainable from 
the earlier mcthod of empírica! expcrimentation. lt has 
long hcen known cmpirically, for cxample, tbat Darcy's 
law fails at sufficicntly high rates of flow, or at a Reyn
olds numbcr, bascd on thc mean grain diameter as the 
choractcristic lcngth, of the ordcr of R = 1.' 

At thc same time one of the most common' statements · 
madc r:~bout Darcy's law has becn that it is a !ipecial case 
of Poiseuille's law; and most efforts al its derivation 
havc been based upon various modcls of c"pillary tu bes 
or o( pipes. lt also has becn known since thc classical 
studics of Osborne Rcynolus' in 1883 that Poiseuille's 
law fails \\-'hcn the now makcs the transition from laminar 

.lo turbulent motion, so thc conclusion móst oftcn re3;ched 
asto thc cause of the failurc of Darcy's law has bcen that 
tbe motion has become turbulcnt. 

From what \\'C ha ve sceri. this represcnts a serious mis .. 
interprctation and lack of understanding of Darcy's Jaw. 
In thc Darcy flow cach particle moves along a continu
ously curvilinear path at a continuously varying speed, 
and hcnce wi~h a continuously valj'ing acceJeratioo; in 
the Poiscuillc now cach particle movcs along a rectilinear 
path at constant velocity and zero acccleration. Therc .. 
fore, instead of Darcy's Jaw being :i special case of Poi· 
scuille's law, the converse is lrue; Poiscuille's Jaw is in 
fact ;:t very spcci.al case of Darcy's law. Another special 
case of Darcy's law is the rectilinear flow between paral· 
!el platcs. 

Conscqucntly deductions conccrning the Darcy·type 
fiow made from thc simpler Poiscuille ftow are likely to 
be scriously mislcauing. Thc deuuction that the Reynolds 
numbcr at which Darcy's Juw fails is also thc one at which 
turb.ulcncc begins is a case in point. \Ve ha ve seen tbat tbe 
cause of the failure of Darcy's law is the distortion tbat 
rcsults in thc flowlines when the velocity is great enough 
that the inertial force becomes significan!. This occurs at 
a very slow crecping rate of fiow which. for water, has 
the approximate value of · 

q•::::: ~::::: (1 X JO·' cm' sec"') (ljd) , 

corresponding to n• :::: 1, when d is the mean grain 
diamctcr. 

Thus when d = 1 o·' cm Darcy's law fails at a flow rate 
q::::: 1 cmjsec. 

Sincc this represcnts the thrcshold at which the effects 
of incrtial forces first becomc perceptible, and since tur· 
bulcnce is thc rcsult of incrtial torces becoming predom· 
inant with respect to resistive !orces, it would be inferred 
that thc incidcnce of turbulcnce in thc Darcy fiow woulu 
occur at very much highcr velocities or at very much 
highcr Reynolds·numbcrs than those for which linearity 
bctwccn the flow rate and thc driViog force ceases. Tbat 
this is in fact the cilse has bcen verilied by visual obser· 
vn.tions of thc Jlow or water containing a 'dilute suspcnsion 
of coHoiual bcntonite throu!h a transparcnt cell contain
ing cylindrical ohstacles. This system, when observed in 

:.· .. 

.. 
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polarizcd Jighr, c·.xhibits flow bircfringcncc which is sta· 
tionary for !ilc<1dy Jamin<tr t1ow but highly oscillatory 
when thc motion is turbuknt. Ob!!ervations of only mod· 
erate precision indicate that the ·incidence of turbulcnce 
occurs ata Rcynolds numbcr of the ordcr of 600 or 700, 
or :tt a !low vclocity o( thc ordcr of !!cvcral hundred times 
1hat at which Darcr's law fails. 

' EXA~JINATION oF nm SuAI'E·FACTmi N 

Jn both procedures u~ctl thus fnr, thc factor N has 
cn1crgcd simply as a dimL'Il~ionlcss factor of proportional. 
ily whosc m;¡gnitudc io; a function of thc statistical gco· 
mctric:l] shapc of thc void ~pace through which thc flow 
occurs. For sy!!tcms which ;¡re. cithcr idcntic<~lly or sta· 
ti::.ticaiJy similar gcomctrically, N has the samc value. 
llcvond this wc have little idea of thc manner in which 
N is rclatcd to the shapl.! or of whnt its numerical magni· 
tudc should be, cxcept as m<ty be dctcrmined ·by experi· 
ment. Lct us now sec if thc v:.tluc of N~ at Jcast to within 
an on1cr of magnitude, can be determincd theorctically. 

Sincc we ha\'c alrcady secn in Eq. 50 thnt 1/N = ;: 
whcrc a is thc factor of proportionality bctween the 
macroscopic quantity q/tf and thc microscopic quantity 
'V~u. it follaws that in arder to determine thc magnitude 
of N we must first determine that of the average value of 
"Q:u. For this purposc, with the fluid incomprcssible, thc 
m:1croscopic flow parallcl to thc x·axis, and the inertial 
forces ncgligihlc. only the x·component of the Navier· 
Stokes Eq. 31, 

' (O! u <fu O' u) 
rll· - iip/cx = - l' O" + '>"" + O" , (52) ux- ~y- t .. .z-

nccds to be considercd. \\'hcn this is ·intcgratcd with re· 
spcct to thc volumc ovcr lhc Ouid spacc ji). V, it becomes 

(rg cpfox) ¡c, v = -- "[· f <'•~ dV 
• · f.t;,Vox· 

. J 2lu f dltt l 
7 f ¡:,V o y' dV + f ¿V ?:' dV . (53) 

Of the three integrals to tile right, the. first, which rep
re.!.cnts the cxpansion o! thc fluid in the x-directioi1, is 
zcro; and from symmetry, the last two, both being the 
integrals of dcrivatives with rcspcct to axes·at right angles, 
to thc flow; are cquai to cach othcr. In conscquencc, Eq. 
53 is n.:duced to the simplcr form: 

(pg. cp/cx) ¡c,v = - 21' J (c'u/oy') dV 
= - 2," (?·ujcy') ¡c,v, 

in which O'u/2y' is the nvcr~gc val u e of?~tt/?l throughout 

thc rpacroscopic volumc elcmcnt. Solving thi-; for a;u/Cy~ 
then gives 

(c·u;cy') ·z - (1/21•.1 (f'.l'· opjo.r). (54) 

Our pioblcm now rcduc~:s to one o! attempting to 
determine thc average v:iluc of 'i/u/Cy: for the system in 
tcrms of thc kincmmics ol thc llow ibcM. lf we cxtcnd any 
linc thr~1ugh the systcm p<~r:.tllclto thc )'·<nis, this line will 
pass allcrnatcly through solid ;1nd fluid spaccs. At each 
point on thc linc in thc fluiU spacc, therc will be a particu· 
lar \'JIU!! of 1hc _,·.compon~.:nt u of thc veloci1y, which will 
he zcro at each !luid-solid conlact, hut elscwhere wiii ha\'e 
finitc, ami uo;uJ.l!y positivc. \'alucs giving sorne kind of a 
vclocily prefiJe o1cross each fluid gap. 1f this prefiJe for 
cach gap could he determincd, thcn wc could also com
pute c'ujcy' at eoch point on the line and thcreby deter· 

mine i:··,¡ay: for thc Jine, which, in a homogeneous and 

,. 111,. :: ()-:-. 1 ..... ,, 

isotropic systcm, would al so be the average value :Cor a 
vol u me. 

To attempt to do this in detail would be a statistical 
undertaking beyond the scope of the present paper. As a 
first approximation, howcver, we may.simplify the prob. 
lcm by assuming:: 

l. That all the gaps are equal aod of width 2X; 
where ',\ is the average half-width of the actual 
gaps. 

2. That through each gap the velocity profile sat
isfics the differcntial cquation 

a'II/Oy' = a'ujay' = - e . (55) 

3. That the total discharge tbrougb the averaged 
gaps is the same as that through the actual 
gaps. 

The vclocity profile for the averaged gaps can ·tben be 
obtained by integrating Eq. 55 with respect to y. Toking 
a local origin of coordinates at the middle of the gap, 
and integrating Eq. 55 twice with respect to y, we obtain 

u = - ey'/2 + Ay + B , . (56) .. 

in which A and B are constants of integralion. Tben, 
supplying the boundary conditions, u = O when y = 
± :\, gives 

o = - cA '/2 =·AA + B 
from which 

A = O; B = eX: '/2. 
Substituting thcse into Eq. 56, we obtain 

11 = (e/2) (:\'-.y') (57) 

as the equation of the parabolic profile of the aver
aged velocity across the averaged gap. 

The mean value, ;;, of u· across this gap is given by 
1 

',\ X' . 
'( = (1/\) r 11 dy = C:.fc>:· - y') dy = c:\•;J. 

J 2.\ o o . 
(58) 

Then, replacing e by ( 1/2!') (pg. - opjOx) from 
Eqs. 55 and 54, we obtain 

- X'' p ;-=--...,-;,..,-.,...,;::-;= 
11 =-¡¡¡:;le. (1/pl op¡axl (59) 

This can be convertcd into terms of the macroscopic 
velocity, qu by noting that for a macroscopic. Iengtb 
of line 1 normal to the flow direction 

q .. 1 = 27t' !,\, 

q. = ú; (!.Af/) = ¡; 1 
where f is the porosity. 

With this substitution Eq. 59 bccomes 

(60) 

- f,\ . /' . -q. - -
6 

. - .. re. ( 1/r) cpfoxJ (61) 
1' . 

or, more g"enerally, 

'1 = 1~' . ~ . [~ - ( 1/¡o) grad p] (62) 

which is a statement of Darcy's law that is valid to 
the extent of the validity of the averaging approxima
tion uscd in its derivation. 
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In this, it will be notcd that thc gcomctricnl fnctor 

(//6) ').'• repre•enls !he pcrmcabilily, so !ha! 

k~ (//6) A' = N; A' 
or 

N;;=::. f/6 (63) 
' -whcre N; is rhe shapc fnctor corrcsponding ro ..\ as the 

ch:uacteristic Jcngth of thc systcm. 

Dl!TERMINATtoN op r 
Thc mean half gap-v.·idth X along :J linear travcrse 

can be dctcrmincd in cithcr of two ,.,.·ays. Thc most ob· 
vious way is by dircct obscrvation hy mcans of ~icrome· 
ter mcasurcrncnts .along rcctilinear traverses across a 
plane seclion of !he porous salid. 

Of grc:llcr thcorctical intcrcst, howcver, is an indircct 
method duc to Corrsin." lnstead of a line, Jet a rec
tangular prism of cross-~cctional arca B\ where S can 
be made arhitrarily small, be passed lhrough a porous 
solid which is macroscopically homogcncous ilnd iso. 
tropic. This prism will pass altc:rnatcly through salid 
!r.cgmcnts amJ void scgmcnts. Lct n be thc numbcr of 
cach which is traverscd pcr· unit lcngth. Thcn the num. 
he.r of intersections with the salid surface per unit 
lcngth wiU be 2u, and if Ü is thc average area .of the 
salid surface cut out by the prism at each intersection. 
lhe lolal :trea pcr unil lcnglh, Jf3, will he 

df3 = 2na. (64) 

1f a parallel family of such prisms is made lo fill all 
spacc. the numbcr pcr unit arc-a perpendicular to the 
axis nf rhc prisms will he 1 /8\ and thc solid surface in
tcrscctcd pcr unit volumc will be 

f3 = 2, (li'¡S') . (65) 

In addilion, !he lolal Jenglh of thc void spaces per 
unil lcnglh of line will be 

2nA=/, 
or 

n = //(2A) (66) 

Subsliluling !he value of n from· Eq. 66 inlo 65 and 
sotving ror X then gives ... 

- f a 
A= fj. S' (67) 

Since f and f1 can be mcasured, the value of A could 

he dctermined if 0¡8: wcre known. 
The kttter can he dctcrmined in the following: man

oer: ·A homogeneous and isotropic distribution of the 
interna! surface S, inside a macroscopic space, implies 
that if all cqual clements dS o( the surface were placed 
without rotatioñ at the ccnter of a reference sphere, 
their normals \\-'Ould intcrscct the sphere with a uni
form surface density. Thcn, with the normals fixed 
in direction, if the surface elcmc.:nts were a!l moved 
equaJ radial distances outward, at sorne fixed radius 
thcy would conlcsce to form thc surface of a sphere. If 
thc prisms of cross.sectional arca 8:, parallcl to a given 
line, wcrc thcn pas!r.ed through this sphcr..!, the avcr
•tge value of a! S' would be 

,. 
/ S' ~ -" . 

a ~¿¡·' . (68) 

~nd, when thc summ~uion includcs onc whole hem· 
isphere, 

a/8 ~ = ;¡s: = arca of hcmisphcre 
· area o( diametral plane 

= hr' = 2. 
r.r' 

lntroducing Ibis resull inlo Eq. 67 lhen gives 

r. = 2//{3 . 

(69) 

(70) 

A melhod for measuring {3 has been described by 
Brooks and Purcell,' but for present purposes the data 
on randomly packed uniform spheres, for which fJ can 
be computcd, wiiJ sufficc. For such a system, with n 
sphercs per unit voJume, 

arca o( sphcres 
{3= = 

total volume 

n . 4;:-r' 

n 4;rr1 

,;, 3(1 - fJ 
r 

¡:::-¡· -3-

6( l - j) 
= -'--;-'-'-

d 
. (71) 

whcre d is the sphere diameter. 
Then, introducing this rcsult into Eq. 70, we obtain 

for packs of uniform spheres 

and 

.tf 

).' ' = """.:....f --,/,.;) ' . tf . 9(1 

(72) 

(73) 

CoMPARtsoN WITH ExPERIMENTAL DATA 

In arder lo compare !he value of N;:, corrcspond· 
ing lo the characlerislic lenglh X', wilh N., correspond• 
ing lo !he sphere diameler d, we mus! firsl eslablish 
!he relation be!ween N;: and N,. This ·can be done by 
noting that, by defioition, 

N;: Á'= N, d' =k,· 

where k is !he penneabilily of lbe system. ConsequenUy 

N;:= N, (d'/A') (74) 

Then, inlroducing !he. valÜe of d'/A' from Eq. 73 
iolo Eq. 74, gives for a paclc of uniform spbercs 

N;.= 90 ; /)'.N, . (7S)· 

The value of N, for well-rounded quarlz sands, 
screeried to nearly uniform sízes, has been determined 
by the author's former research assistant, Jerry Con· 
ner. Using packs of ditferent unifonn sands with mean 
grain diamcters ranging from J.37 X 10-~ ·to 7.15 X 
1 o-, cm,· Conner made seven independent determina
tions of Nd. The average value obtained was 

1 
N,= 6.0 X IQ·• , . (76) 

with individual values falling within the range between 
5.3 ·X 10·• and 6.7 X ¡o-•. 

Conner did not determine !he porosi!y, bu! !he aver· 
age value of !he porosily of randomly packed, .uniform 
spherical glass beads found by Brooks and Purcell' was 

0.37, lnsening lhis value of f, and Conner's value of 
N,, inlo Eq. 75 lhen gives for !he equivalen! experi· 
mental valuc of Nr: 

N;:= 26.2 N, = 1.57 X IO·' (77) 

Comparing this experimental result with the approxi· . 
mate lheore!ical resul! of Eq. 63, il will be seen !ha! 

N;: ( lhe,orelical) f /6 = 4. 
N;- (observed) - 1.57 X lO"' (78) 
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Sincc our objt:cl ;.~t thc ouhct wns mcrcly lo gain 
~omc insight into thc naturc of the sh<Jpc·f<lctor N 
occurring in Darcy's law, no particular conccrn is to 
be (eh ovcr the discrcp<~ncy in Eq. 78 bctwccn the oh· 
scrvcd and lhe thcorclical values. All lhal lhis rcally 
indicatcs is that the systcm of avcraging rcquircd should 
be bettcr than thc qvcrsimplified onc actu~lly used. For 
a more complete analysis, account nccds to. be taken of 
lhe frcqucncy dislribution of !he half gap-widlh >., and 
also of thc functional rc1ation bctwecn ii and A. Thc 
fact that our approximatc an5.1ysis yiclds a rcsult in er. 
ror by only a factor of 4 makcs it appear promising 
thal if accounl is lakcn of lhe variabilily of >. and of 
Ü as a funcdon of .\, much hcttcr approximations may 
be obtainable. 

DAIKY's LAW FoR CoMJ'Rr:.SsJUJ.E F!.UIDS 

Our anulysis thus f;¡,r has bccn rcstricted to thc llow 
of incomprcssihlc fluids for which thc divcrgcnce tcrm, 
- ( 1/3) p. V V· v, could he climinatcd from thc Navicr· 
Stokes cquation. For the Jlow of a comprcssiblc fluid, 
this tcml must be retained, ·;.md with the flow parallel 
to thc x.axis, 

F, = _ ·J[~ a'u +a'" .,. a' u+ _1_( o'v + ·o'w )Jdv · 1 3 Ox: Oy: · Cz: 3 Oxay axCw ' 

jt;.V (79) 

of which thc l:tsl rwo tcrms are cqual to zcro, lcaving 

F, = '- t" f( 4 ~':: + ;~.~ + ~~:) dV , 

or ft;.V 
J 

F.,= - 21, f(2/3)(2'u/cx') + (il'II/2/)J/t;.V. 
(80¡ 

Hcrc,.a'u/Ox~ rcprescnts the gradicnt of the divergence 
of thc vclocity in thc x-direction, or the rale of the fluid 
cxpansion. Should this tcr_m he of the same arder of 

magnitude as o'ujoy", and if lhe flow of u gas through 
the porous system· is otherwise similar to thnt of a Jiquid, 
then the viscous resistancc to a gas should be greater 
than that for a Ji quid of the same viscosity. 

To compare thc two terms o·,¡cx: and c~u¡ay~. ir will 
be noled lhal each is of lhe form: velocity/(lenglh)'. 
\Ve have already seen that . 

c'u(cy' ==. - 3 ¡;¡>.' ==. - qfA'. 

inJic<.~ting that the magnitude of this term is determined 
by the fact th<1t large variations of u in the y-direction 
take place within the width of a single pore. Compar
<.~ble variations of u in the x·direction, however, due to 
the expansion of the fluid, occur only in fairly Jargc 
macr_oscopic distances. Consequently, we may \\Tite 

í!'ufcx' == o'qjox' == qj[', 

·whcre 1 is a macroscopic distJnce. The ratio of the two 
. tenns is accordingly 

i!'u!cx' _ ,\' 
iht/C)'; ..._ T ( 81) 

Then, since 1' > > Á', il follows lhat lhe addilional 
frictiomll drag causcd by the divergence term is negli· 
giblc, and rhis ter m may be dcletcd from thc cquation. 

\Ve conclude, thcrcforc, from this approximutc nnal\·· 
sis, that Darcy's law in its UifTcrcntial form is thl.! 
s~me ror a gas as for a liquid. provid('{/ rilar the f/011" 

\'01 .. :!Oí, JI.I~C. 

behavior of a J:tl.f i11 .mwll porc .\pact-.r,. otltr.r than f.f. 

pwuion, is similar to thar of a Jiquid. 

lt has bcen conclu5ivcly shown, however, by L. J. 
KliOkenberg' that the two tlows are not similar, and 
lhal, in general, k,, thc pcrmcability lo gas based on 
lhe assumcd validily of Darcy's law for gases, is no! 
equal lo k,, lhe pcrmcability lo liquids; and, in facl, 
is note ven a constant. 

In !he case of lhe flow of a liquid lhrough small 
pares, the microscopic velocity v bccomes zero at the 
fluid·solid boundary~ for gas Jlow, on the contrary, 
thcre cxists along the boundary a zone of slippage 
of thickness S, which is proportional lo lhc lenglh of 
lhc mean-free palh of !he molecules. Consequenlly the 
gas velocity docs not become zero al the boundaries, 
and thc friction~ll resistance to thc flow of gas is le~· 
than that for a liquid of the samc vi~cosity and macro
scopic vclocity. 

Since 8 is proportional to the mean-free path, it is 
' also approximatcly proportional lo 1/p. CAnseque~tly 

when 'the gas permeabiHty, k,, of a givcn porous salid 
is detennined \'w"ith the same gas at a numhcr of differ-.. 
ent mean pressures, the resuJting values of k,, when 
plotted as a function of l/p. givc a curve wn1ch is aj)
proximatcly linear with 1/p. Moreover, diffcrent gases, 
having diJTerent mean-free paths, give curves of difTer
cnl slopes. Thc limiting value of k, ns 1/p-> O, or as 
p becomcs very Jarge, is al so equal to k" the pcrmea
bility obtaincd by means of a liquid (Fig. 7). 

In view of this fact it is clear that, in· general, the 
How of gases through porous solids is not in accord
ance with Darcy's law: Howcvcr. from Klinkenberg's 
data, at pressures greater than about 20 atmospheres 
(~ X 10' dynes/cm', or 300 psi), the .value of k, differs 
Crom k, by lcss than 1 pcr cent. Therefore, !>Ínce most 
oil and gí\s rcscrvoir pressures <lfe much higher ·than 
this, it can be assumcd that gases do ohey Darcy's law 
under most rcscrvoir conditions. · 

FIELD EQUATIONS OF THE FLOW OF FLUJOS 
' THROUGH POROUS SOLIOS 

The establishment of Darcy's law pro~ides a basis 
upon which we may now consider 1he field equations 
lhal mus! be satisfied by !he flow of fluids lhrough 
porous solids in general. thrce-dimensio"nal space. This 
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or 2.55 MD OnTAll<ED Us"a ,, LtQUlD (AFTER L. J. 
Ku:o-:KE:-:BF.RG, API Dril/. mul Prod. Prac., 1941). 
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problcm is complicatcJ, lwwcvcr, by thc fact that thc 
nuids cnn~idcrcd muy hl! cithcr of constant or of var
iable dcnsity~ tholt onc or scvcr¡¡J tliiTcrcnt fluids, cithcr 
intermi>..t:ti or scgrcgatcd into !<~Cp<lr;¡tc mrtcroscopic 
!<>paces, may be prcscnt simult;:mcously; and thnt all Ue
grccs of saturation o! thc spacc considcrcd are possiblc. 

Thc problcm o! dcaling wirh such cases bccomes 
tract:..tblc whcn wc rccognizc that the bchavior of cach 
diJTcrcnt fluid can be trcated scparatcly. Thus. for a 
spccificd fluid, thcrc will cxist al cach point in space 
capablc of bcing occupicd by that fluid a :nacroscopic 
force intcnsity vector E, dcfincd as the force per unit 
muss th:1t would nct Hpon a macroscopic clcmcnt of 
rhc fluid if placcd at that point. In addition, if the 
nuid doc~ occupy thc ~pace, it·s m~tcroscopic fiow rate 
:.~t thc ,;;ivcn point \\'ill h~.: indicatcd by thc velocity vec
tor q, thc volumc of thc fluid crossing unit arca nor
mal to thc flow dircction in unit time. 

\\'e shall thus ht~\'C fof · cach fluid two superposcd 
ficlds, a field of force and a ficJd o( flow, cach inde
pcndcntly dctcrmin::~ble. The cquations· dcscribing the 
propcrtics of cach of thesl: ficlds, nnd thcir mutual in
lt~rrcl;ttions, comprisc the fil!ld cquations of the system; 
thcsc in ·IUrn, in conjunction with the boundary condi
tions, determine thc n:Jture of thc flow. 

TitE fiELll OF FORCE 

\\'e h<tVC seco alrcady that thc force per unit mass 
jo; given by 

E=g-(1/p) gradp, 

;tnd thc force pcr unit volumc by 

JI = 11E = pg - grad p . 

( 1 5) 

(17) 

Eithcr of these force vcctors could be used, and cither 
is dctcrminahlc from the othcr, but befare choosing 
onc ,in prcfl.!rcnce to the other, Jet ~s first consider the 
propcnics of thcir respective ficlds, of which thc most 
importan! for pr~scnt purposc$ is whcther or not the 
ficld has a potcntial. To simplify our analysis we \vill 
makc thc approximations that 

g = const , (82) 

<1nd for chemicaJiy homogencous liquids under thc 
r:•ngc of tcmperatuics and pressurcs normallv encoun.:. 
tered in thc carth to drillable depths, 

p = const. (83) 

For gases, on thc othcr hand, wc shall ha\'C an equa
tion of state 

,. = j(p, T) . (84) 

whcrc T is the absolute tcmpcr<Jture. 
Thc vector E has a pnrticulnr 

1
V<tlue at each point in 

~pace otnd the cnscmhlc 0f such values comprises its 
vector tlcld. The critcrion of whcthcr this field has a 
pCltcntial, that is to ~a)·, of \\'hcthcr . 

E = - grad (1• , 

wherc ti) is a scalar ficld, is whcJhcr the field E is irro· 
tational, which can he detcrmincd from its curl. From 
Eq. 15. 

curl E~ curl [~- (lfr•) grad rl 
= '? ~< ~-- '\' '- [(1/r•l 'Vp). 

As is wcll known, thc gra\'ity ficld is irrotational 
C\'Cn without the nssumption that g: = const, so that 

\-> X ~ = O. Also 
- '7 X [(1/p) 'Vp) = - '7(1/p) X 'lp 
- (ljp) '7 X 'Vp 
= - '7(1/p) X 'Vp. 

Consequcntly 
curl E=- '7(1/p) X 'lp = 'Vp X <;7(1/p), 

. (SS) 
so that 

curl E =O wheo 'Vp X 17(1/p) =O (86) 

Therefore, in order for the field to be irrotational, aod 
. hence <Jerivable from a scaJar potential, it is nccessary 
cither that 'i7 p = O, corresponding to constant pres
sure, or <;7(1/p) =O, corresponding to constant den
sity, or el se that the vectors 'i7 p and 'i7 ( 11 p) he collincar, 
corrcsponding to a coincidente of the surfaces of equal 
density and equal pressure. 

The second of these three cases is satisfied by a 
Jiquid of constant dcnsity, and the third by a gas whosc 
dcnsity is a function of the pressure only, such as oc;:.: 
curs under either isothermal' or OJdiabatic conditions. 
For the general case, howevcr, of a gas for which p = 
j(p, T), and thc surfaces of equal remperature do not 
coincide with thosc of equal pressure, then the sur
faces p = const will also not coincide wiih the surfaces 
p = const and we shaJI have two intersecting families 
of surfaces, ( 1/p) "' const, and p = const, for which 
Eq. 85 applies. 

This is the condition corrcsponding to thermaJ con
vection, arid the fluid will have a convective circula
tion in the direction that wilJ tend to bring the surfaces 
of equal dcnsity into coincidence with those of equal 
pressure, with the Jess dense fluid uppermost. 

Hence, subject to the condition that either p = const, 
or p = j(p), 

curl E =O and E= - grad •1• . (87) 
The value of 4• at aoy arbitral")• point P in space 

( Fig. 8) is then obtained by 
p 

•J•(P) = ~·(P,) - J E, ds 

= ·~(P.) 

= 4•(P.) + 

P. ¡¡ g. - (ljp) ~] ds 

z p dp 
f gdz + f
o p •. p 

p dp = 1o(P.) + gz + f - . 
p!J fJ 

(88) 

where the integral from P, to P is taken along aoy path 
s. Then by setting <f•(P.) = O when z = O and p.= 1 
atmosphere, we obtain 

•l•(P) = !IZ + ~· dp (89) 
~} p. 

where p is now the gauge pressure, or the absolutc pres
sure Icss 1 atmosphere. 

lf the fluid is incompressible and chcmically homoge-n
cous, this reduces to the simpler forin 

•!o(P) = gz + p/p . (90) 

For this cusc, if a manomctcr is li..ippcd into the sys
rcm ot thc point /', the height h abovc !he Jevel z = O, 
lo which the liquid will riso, 1\·ill be 

h = z + p/pg (91) 
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FIG. 8-THE POTENTIAJ. •JI AS A LINE INTEGRAL OF TlfE 

FJr:Lu or PaRee E. 

from which it follows that 

eh = gz. + p¡,J = tJI (92) 
in "grccmcnt with our eariicr dcfinition of cJ1 in Eq. 14. 

1f thc fluid is incomprcssiblc ond chcmically inbO· 
mogcneous, as in the case 'of water of variable salinity, 
tbe density p will not be a function of pressure only, 
and, in general, surfaces of constant density will not be 
parnllcl to surfaccs of constant prcssure. For such a 
system curl E* O, cmd no potcntial cxists. 

\Ve thus see that, with thc cxccption of cases of thcr~ 
mal convcction, and of inhomogcncous Jiquids of var
iable dcnsity, the ficld; E lor both liquids ond gase< 
are irrotational and are derivable from a potcntial ct'. 
Since E is a force pcr unH of mass, then cJ, is an energy 
per unit of mnss, ::~nd reprcscnts the work requircd to 
transport the given nuid by a frictionless proccss along 
a prcscribed (p, T) -pnth lrom a standar¡J po,ition and 
statc to that of thc point considcred. Surfaccs Y.) = const 
are accordingly cquipotentbl surfaces, or surfaces of 
constant cncrgy of position, and thc fluid will tend to 
now from higbcr to Jowcr potcntials or energy Jevels. 

Tbe field of force pcr unil volume, H, can he dis
poscd of summarily. Since 

H = pg - grad p , 

then 
curl H = 'V X (pg) -'V X 'Vp 

= 'Vp X g + pv >~ g- 'V X 'Vp . 

U lll, sin ce 'V >: 'V p and 'V X g nre cae~ zero, then 

curl H = 'V p X g : (93) 

This is zero only when p is constant or when the sur
faces of constant density are horizontal. The Jast con· 
dition ncver occurs except whcn thc fluid is at rest or 
when thc motion is verticaL Hcncc, for motion in any · 
dircction othcr than vertical, thc field of the vector H 
docs not havc a potential cxccpt whcn the dcnsity of the 
fluid is constan t. For thc specinl case of constant density, 

H = - grad IT , (94) 
whcre 

rr = p<l> = pgz + 1' . (95) 

is the cnergy pcr unit volumc of thc fluid at any given 
point. 

In vicw of the lact that thc ficld E has a potcntial lor 
both liquids and gases ·undcr thc conditions specified 
abo\'e, where~s. in gencrnJ, the ficld H has a. potential 

\'01 •• !!:07. Jfi."\f, 

only íor thc spccial case o( liquids uf constant dcnsity, 
· thcn thcre is no advantage in using thc ·lntlcr io pref· 
crcnce lo thc former, and henceforth it shall be dropped 
from furlhcr considcnllion. 

Tbe gcncrolity of the field of force, as herein de
fincd, mcrits nttcntion. The force vector E for any given 
fluid not only has valucs in spoce o<eupied by that fluid, 
but also in any space copable o( being oceupied by tbe 
fluid. At a point in oir, lor cxumple, the (orce E. for 
water would be 

L 

E. = g - (1/p.) grad p, 

and since, in air, grad pis p.1r g. thcn 

E. = p. - p,., g:::: g. (96) 
('· 

The field E lor a given fluid thus cxtcnds throughout . 
all space of continuous pcrmeability. \Vhcn sevcral 
fluids are to be considcrcd, thcn at cach point in space 
thcr.c wjll be a diiTcrcnt value of E, for each scpa.~ate 
fluid, given by: · 

E,= g - (1/p,) grad p , ] 

E,= g- (1/p,) gradp, 1· (9?) 

E. = g- (1/p.) grad p . J 
The vectors E for the separa te fluids ol difTcrent d.en

sities will differ among themsclves, both in magnit_ude 
and direction, but will all (all in the sorne vcnical plane, 
that dcfined by g and - grad p ( Fig. 9). 

Similarly thc potentials of ditfcrent fluids at the same 
point will be: 

•1•, = gz + f (dp/p,) • ] 

:1•, ~e~+. f~dP:f·~ ·. f· (98) 

•1• .. = gz ,+ J (dp/p.) , J 
· whcre p., p:, ... p .. are thc variable densities of the sep· 
arate ftuids. 

Since the equipotential surlaccs for the separate fluids 
must be normal lo tbc respective vcctors E, thcn it lol
lows that the equipotcntial surlaces of diiTcrent fluids 
passing through a given point will not be parallel to 
one another, although they will all intersect along a line 
normal lo the (g.- grad p)·p.lane. 

THE FtELD OP FLOW 

Wc bave alrcady defined the flow vector q for a 
<pace which is cntirely filled with a single fluid. For 
a space which is incomplctely Jilled with a single fluid, 
or is occupied by two or more inlermixed ftuids, then 
there will be two or more superposed flow "fields, not 
in general in the same dire.ction, nnd a separate value of 
q for each separatc fluid. 

Tbe ·principal condition which must be satisfied by 
the field of ftow indepcndcntly of thc field of force is 
that it must be in- "ccord "·itb thc principie of the con
servation of) mass. Thus, if a closed surface, S,· fixed 
with respcct to the .porous salid, is inscribed witbin the 
field of flow, then the total net outward mass flux of 
any given fluid in uoit time will be equal to the diminu
tion of the mass of thot fluid enclosed by S. osswning 
that processes which crcate or consume thc given fluid 
ore lorbidden. 

This condition is I!Xprcssed by 

f f pq .. dS = - omfn¡ . 
S 

(99) 
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whcn.: q,. is thc outw~rd-dircctcd normal componcnt of 
q, and 1111hc ma" cnclo>cd (fig. 10). 

In the cn~c of a Spacc complctcly !'aturatcd with the 
· givcn !luid, by dividing thc integral (Eq. 99) by thc 

volumc V 01nd thcn Jctting J' tcnd to zcro, wc obtain 
- lim 1 ff 1 om 

Jiv pq = V -7 o V s pq. dS = - V al • 
(lOO) 

which is the ratc of Joss of mass per unit macroscopic 
vo)umc ata givcn point. Thcn, sincc. 

i!mfot = ¡v (op/ot) , 

Eq. 100 bccomcs 

div pq = - /(cp/ot) , (101) 

which is thc so-called "cquation Of continuity"' of the 
ftow. lf thc motion is stcady, thcn op/"i!t is zcro, and 
the equation simplifics to 

div pq = O . (102) 

Whcn this is cxpanded it bccomes 

divpq ='V .pq = 'Vp.q + p'V .. q =O, 

&c~nd whcn p is constant over spacc, corrcsponding to 
thc now of a homogcneous liquid, 'V p = O, and 

div q = O (103) 
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FJG. 9-FoRCE YEcTons E AT THE SAME PotNT CoRRE· 

SPO~ot:-.:G TO Ftu10s or DtFFERENT DENSITIEs. 

::.1<> 

RELATION BETW13EN FJELU OF FORCE 

AND FIELD OF FLoW 

In a spacc complctely saturated by a ~ingle fluid, 
thc ficld of llow and the ficld of force are linked to
gcther by Darcy's Jaw 

q = uE , (104) 

which, in those ca5es for wñich curl E = O, becomes 

q = - u grad ~·. (lOS) 
lf thc salid is isolropic with respcct lo permeability, 

thc conductivity a is a scalar and the ftowlines and the 
Jin~s of force wiJl coincide; if the solid is aniscitropic, u 
will be a tensor and E and q will then difTer somewhal 
in direction cxccpt w~en parallel to the principal axes 
of the tensor. · 

Limiting -our 'discussion to isotropic systcms, by tak .. 
ing the curl of Eq. lOS, wc obtain 

curl q = - "V X u'V~• = - "V u X 'V<fo - u'V X 'V<fo 

Then, since the last term to the right is zcro, this be· 
comes 

curl q = - 'Vu X 'V<l• , ( !06) 

which is zero only wben u is constan! throughout the 
field of ftow. Therefore, in general. 

curl q =F O, (107) 

and this circumstaoce precludes the derivation of the 
ftow ficld from an assumed velocily polcntial, for, with 
thc cxception of the ftow of ·a nuid of .constan! density 
and viscosity in a space of constant perl'fleability, no 
such function exists. · 

The flow of a given fluid through a porous salid 
incompleuily saturated wilh that o"uid is equivalen! to 
now through a salid of reduccd permeability, because 
1he space availablc to the ftow diminishes as !he sat
uration decreases. ,For saturations greater than sorne 
critica! minimum value, the flow obeys Darcy's Jaw 
subjecl to the permcability having this reduccd, or so· 
callcd, "relativc·pCrmeability" value .. Thus, with ¡wo 
intcrspersed but immiscible ftuids. in the same macro· 
scopi~ space, 

q, = u., E, = u., [g - Ü/p,) gradpj , } .• (lOS) 
q, = ""E,= "" [g- ( lfp,) grad p] , 

'"'he re arJ and an are the relative. conductivitieS of the 
two fiuids. 

h will be noted that, except for vertical motion. 
E, and E, are not parallel. Consequently the two force 

. fields and flow fields will be. in general. transverSe to 
onc anothcr. 

Pioneer work on relative permeability as a function 
of saturatíon was done ·on the single fluid, water, by 
L. A. Richards' in 1931. Subscquently studies of the 
simultaneous fiow of two or more fluids were initiated 
by Wyckoff and Botset,'' and by Hassler, Rice; and 
Leeman 11 in 1936. Since that time many other such stud. 
ies for thc systems watcr·Oil·gas have been published. 

Onc ftaw which has bcen common to most of these 
multifiuid experimenls has been lhat the c.,perimental 
arrangemenls and their intcrpretation were usually based 
u~on thc · premise that the llowlines of the various · 
componenls are al! ·parallcl and in thc direction 
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TEST REPORT 

PRESSURE TEST 

Description of Apparatus Tested ______ U_N_I_V_E_R_S_A_L_P_O __ R_O_M_E_T_E_R ________ _ 

Model l 053-801 Serial Number f.7b6r Mfr. _____ R_U_S_KA ________ _ 

FOR 

INSTITUTO DE INVESTIGACIONES ELECTRICAS 
o 

MEXICO 

Customcr's Order No. 0736 _ __;'-'--'-'-----------·- -- Job No. l'l\Q b'B~ o 
E-00048 

PRESSURE TESi SPECJFlCATION NO. ER-171 

Working Pressure 
Test Pressure 
Working Temperature 
Duration of Test 
Number of Cyc1es 
Test Fluid 
Test Gage 
Accuracy of Gage 
NBS Traceability Test No. 

SPECIFJED. 
'\ 

1 ;ooo psi 
2,000psi 
Ambient 
10 minutes 

One 
Nitrogen 
Bourdon Tube 

2% 

TESTED 

2, 000 psi 
Ambien:.::t ____ _ 
10 rriin. 

1 
GN2 
PG-137 

2% 
]94533 

Description of Test Befare the gag e was attacheci, the unit was 
proof-pressure tested in the Ruska blockhouse. 

Test Completed, Date 

Q-1275-4 

10 -J.,._,y -'~0 Observer.>dé)· ~aM4 
Responsible Officer ez9t,,~-

Ti tle V. P. Technica! Services 

r 
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RUS KA reservoir engineering instrumentation 

UNIVERSAL POROMETER 

UNIVERSAL POROMETER 

The RUSKA Universal Porometer is a 
versatile, accurate apparatus for determining 
porosity of consolidated porous bodies such 
as cores from subsurface geologic strata. The 
porometer lends itself to use by two methods: 
the Kobe, or Boyle's Law, method arid the 
mercury injection method, each having its 
particular advantages. The ease of operation 
makes this instrument especially suitable for 
use in core analysis laboratories which process 
large number of cores. Rugged construction 
makes it equally suitable 'for use in the field. 

The poro meter consists of a 100 ce 
volumetric mercury pump, to which a pycno
meter is attached. The pump has:a precision 
ground and honed, hard-chrome plated plung
er and a precision measuring screw. The 
chamber of the pycnometer admits cores to 
1'1." long 'and 1%" in diameter. The poro
meter is furnished with one or two test
quality pressure gages, with ranges dependent 
on the method of operation. 

A rapid acting breech-lock closure with 
0-ring sea! is provided for the pycnometer. A 

needle valve in the pycnometer lid opens the 
chamber to atmosphere. Displacement of the" 
pump metering plunger is indicated on scales 
and a micrometer dial. The easily read gradua
tions of · the sea les and dial provide direct 
readings of volumes to 0.01 ce. The base, 

. which is functionally designed, has mounting 
hales at the corners and an elevated rim to· 
trap spilled mercury. 

For porosity measurements where accu
racy is the prime factor, the Boyle's Law 
method is commonly used. In this method, a 
fixed volume of air at atmospheric pressure is 
compressed to an indicated volume at a 
reference pressure, usually 30 psi or 2 
kg/c~2 • This ·procedure is then repeated with 
the core specimen in the pycnometer, provid
ing data from which the core grain volume is 
readily calculated. The bulk volume of the 
core is measured by mercury displacement in 
the pycnometer and read directly on the 
volume scale. From the grain and bulk volume 
measurements, the porosity is calculated. 
Since the sample has been penetrated only by 

BOX 36010 • HOUSTON, TEXAS 77036 



RUS KA rt'ser•~uir enginecring instrumentatiun 

. a ir, it can be used for additional core.analysis 
tests. 

In those situations where accuracy must 
be sacrificed for speed; and it is immaterial 
that the specimen cannot be tested further, 
the mercury injection method can be used. 
The bulk volume similarly is obtained by 
mercury displacement; the pare volume is 
obtained by measuring the vol u me of mercury 
torced i nto the por e spaces at h igh pressure, 
usually 750 psi. or 50 kg/cm2 . The ratio of 
these volumes gives the fractional porosity of 
the sample. Although this is undoubtedly the 
faster of the two methods, it may be subject 
to considerable error due to capillary effects. 
Additionally, a correction must be applied to 

the volume of mercury injected to compen
sate for a ir entrapped in the pore spaces at the 
reference pressure. T~erefore, in view of the 
considerable shortcomings of the mercury 
injection method, caution should be exercised 
during its application. 

The instrument can also be furnished 
equipped with two gages, thus becoming a 
universal porometer which can be operated as 
a Boyle's Law porometer and as a mercury 
injection porometer. A cut-off valve is then 
provided for the low range pressUre gage so 
this this gage will not be damaged when the 
higher pressures necessary for mercury injec
tion are applied. 

ORDERING INFORMATION 
. 

PROOUCT NO. DESCAIPTION 

1051-801-00 BOYLE'S LAW POROMETER, with 60 psi gage, complete with tools, 5 
spare pycnometer gaskets, and operating instructions, evacuated and filled 
with mercury. 
DIMENSIONS: 10" x 8" x 29" WEIGHT: 50 pounds 

1 051·805·00 BOYLE'S LAW POROMETER, with 4 kg/cm2 gage, complete with tools, 5 
spare pycnometer gaskets, and operating instructions, evacuated and filled 
with mercury. 
DIMENSIONS: 10" x 8" x 29" WEIGHT: 50 pounds 

165·2-:ao1-00 MERCURY INJECTION POROMETER, with 1000 psi gage, complete with 
tools, 5 spare pycnometer gaskets, and operating instructions, evacuated ·and 
filled witti mercury. 
DIMENSIONS: 10" x 8" x 29" WEIGHT: 50 pounds 

1052-805-00 MERCURY INJECTION POROMETER, with 60 kg/cm2 gage, complete 
· with tools, 5 spare pycnometer gaskets, and operating instructioris, evacu-
ated and filled with mercury. 
DIMENSIONS: 10" x 8" x 29" WEIGHT: 50 pounds 

1 053-801-00 UNIVERSAL POROMETER, with one each 60 psi and 1000 psi gage and 
with cut-off valve for the 60 psi gage, complete with tools, 5 spare 
pycnometer gaskets, and operating instructions, evacuated and filled with 
mercury. 
DIMENSIONS: 10" x 10" x 29" WEIGHT: 54 pounds 

1 053-805·00 UNIVERSAL POROMETER, with one each 4 kg/cm2 and 60 kg/cm2 gage 
and with cut-off valve for the 4 kg/cm2 gage, complete with tools, 5 spare 
pycnometer gaskets, and operating instructions, evacuated and filled with 
mercury. 

' DIMENSIONS: 1 O" X 1 O" X 29" WEIGHT: 54 pounds 

1 ORDER BY PRODUCT NUMBER 

All illustratiom. and specificetions in this literatura are ba~ en the latest product lnformation available at the time of 
publication approval. The right is reservad to meke changes at any time without notice In prices, speclfications and models, end 
e\¡o to discontinue models. · 
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OPERATING INSTRUCTIONS 

RUSKA UNIVERSAL POROMETER 

1. DESCRIPTION OF THE INSTRUMENT 

The Rus ka Un i versa 1 Porometer i s a versat i 1 e_, accurate apparatus tor 

determining porosity ot consol idated porous bodies such as cores trom 

subsurtace geologic strata. The porometer lends itself to use by two 

methods: the Kobe or Boyle's Law method and the mercury injection method,: 

each having its particular advantages. The ease of operation makes this 

instrument especial ly suitable tor use in core analysis laboratories which 

process large number ot cores. Rugged construction make~ it equally suita~ 

ble tor use in the field. 

The porometer consists ot a 100 ce volumetric_mercury pump, to which 

a pycnometer is attached. The pump has a precision ground and honed, hard

chrome plated, stainless steel plunger andan al loy' steel measuring screw. 

The chamber ot the stainless steel pycnometer has a volume ot approximately 

50 ce and adm i ts cores up to 1!" 1 ong anq 1 ~" in di ame ter. The porometer 

is turnished with one or two test quality pressure gages, with.ranges de

pendent on the method ot operation. 

The pycnometer 1 id has a rapid acting breach-lock closure with an "0". 

ring seal. A needle val ve in 'the 1 id opens the chamber to atmosphere. The 

movement· ot the pump metering plunger is indicated on two sea les. The 

rigl1t and lett hand scales provide, respectively, decreasing and_ increasing 

readings' with the torwa(d stroke of the plunger. 8oth sea les are graduated 

toread the plunger displacement in cubic centimeters. The handwheel dial 

is graduated in·O.OI ce subdivisions and permits estimation of plunger dis

placement to 0.001· ce. The right hand sea le, which has decreasing gradu-

at i ons, i s u sed tor a 1 1 vo 1 ume measurements dur i ng determ i nat ion of poros i ty 

by tl1e Kobe method. Additional ly, the right hand sea le is used to provide 
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bulk volume readings when the mercury 

injection method ot porosity measurement is 

used. The sole tunction ot tl1e lett hand 

sea le, which has i ncreasi ng graduations, is 

to indicate the pore space volume when the 

mercury injection method is u~ed. The right 

hand and lett hand scales are respectively 

reterred to as the VOLUME SCALE ANO PORE 

SPACE SCALE. The numbers on the volume scale 

slant right and those on the pore space scale 

slant lett, taci 1 itating selection ot the 

corresponding numbers on the handwheel dial: 

those slanting right supplement volume scale 

readin$5 and those slanting lett supplement 

pore space scale readings .. 

To avoid reading errors dueto backlash between measuring screw and 

nut, a 1 1 read i ngs must be taken on the i n-stroke. 1 t a vo lume measurement 

has been overshot, the operator should back off at least one.handwheel turn 

and take a new reading. 

2. PREPARATION OF THE INSTRUMENT FOR SERVICE 

The pycnometer is readied ter service by thorough evacuation and 

suusequent ti 11 ing with 'mersury, using the arrangement shown on Page 3. 

Ap~roximately tour pounds ot mercury constitute a proper charge. 

The pycnometer 1 id is locked in position and its val ve closed. The 

pump plunger is ~ithdrawn.so asto create a void. space in the pump cyl in

der of 45-50 ce. Alter opening the pinch clamp on the vacuum tubing and 

the ti 1 1 va 1 ve .in the e y 1 i nder ,end, the porometer system and mercury-f i lled 

tlask are evacuated for ene to two hours. The manometer is used for leak 

detection and measurem~nt of vacuum etficiency. 

2 
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Mercury Flask 

F i 1 1 Va 1 ve 

Pinch Clamp 

~-
0 __ _ 

·---

FIGURE 2 

o When a sat i sfactory vacuum ( i . e. no manometer--detectab 1 e pressure 

exists in system) has been maintained for the prescribed period 1 the pinch 

clamp is closed. The mercury flask is then inverted and raised above the 

porometer. 1 f evacuat i en has be en comp 1 e te 1 mercury w i 1 1 grav i tate i nto 

and fi 11 the void space in the·entire porometer system. The fi 1'1 valve is 

closed and the pycnometer valve opened 1 thereby rel ieving the system vacuum 

without allowing air te enter the pump cyl inder. 

The p 1 unger i s wi thdrawn a short di stance and: the pycnomet'er 1 id re

moved. Foreign matter which may have col lected en the mercury surface in 

the pycnometer should be removed. The pycnometer is now ready for the 

uperation discussed in Sections 3 1 41 and 5. 

1 t in the course of operations 1 air is inadvertently admitted into the -

pump cyl inder 1 the system must be evacuated essential ly as described. How

ever1 at the outset 1 the pycnometer valve is left.open with the vacuum pump 

operat i ng. A ir w i 1 1 then d.i sp 1 ace mercury f rom the. system unt i 1 the 

mercury level d~ops below the ti 11 valve. Subsequently 1 when the ·pycnome~ 

ter va 1 ve i s e 1 osed 1 mercury b 1 ocks in the por.ometer or connect i ng tub i ng 

wi 11 have been precluded 1 and. total vacuum wi 11 be attained in the entire 

system o· 

3 
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Only in the event a vacuum source is not avai lable should the porometer 

be charg~d other than in the previously descr.ibed manner. Whan such i·s the 

case, it is tilled with.approximately tour pounds ot mercury through'the pyc

n()meter. The mercury 1 s drawn i nto the pump .cy 1 i nder by wi thdrawa 1 ot the 

plunger with mercury present in the pycnometer. After charging the requisite 

arnount ot mercur·y, the pycnorneter 1 id is locked in position, mercury brought 

up to "the pycnometer valve seat, and the valve closed. To remove the trapped 

air, the porometer is ti lted backwards unti 1 the tace of the pressure·gage is 

horizontal. By alternately moving the p.lunger in and out of the cylinder; 

first pressure and then suction is appl ied in the gage and system. Air trapp~d 

in t he gag e, as we 1 1 as other parts ot the system, i s di sp 1 aced by mercury 

and collects in a recess behind the packing gland. By bringing the instru,

ment i nto i ts correct pos i ti on, th i s a ir can be ex pe 1 1 ed i nto the. pycnometer 

and subsequent ly released. lt wi 11 be .necessary to repeat this procedure 

several times to reduce the volume of trapped air toan ·acceptable level. 

At the first opportunity, the porometer should be ·vacuum charged in 

the prescribed manner so that maximum accuracy in expJrimental results wi 11 

be obtained. 

3, DETERMINATION OF BULK VOLUME 

The volume scale and handwheel dial provide direct readings in cubic. 

centirneters ot the bulk volume ot a sol id body, porous object, or coreen

closed in the pycnometer.. The bulk volume can be measured rapidly and 

accurately because of the design. features and factory adjustments of the 

poromeier. In particular, the presetting of the travel ing yoke stop fa-

ci 1 itates measurements. lf the volume scale is engaged with the stop when 

the pycnometer is empty and the handwheel dial is correctly set, a volume 

sea le reading of zero wi 11 be obtained when the pycnometer is tul 1 of mer-. 

cury. That is, the scale reading wi 11 be zero when the forward movement of 

the pump plunger has displaced mercury into the empty pycnometer up to. the 

seat of the pycnometer valve. The pycnometer is considerad te be empty when 

4 
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mercury is just visible in the bottom and .±.!DJ.. when the tir,st droplet ot 

mercury appears in the valve seat. 

The void volume ot· a closed, empty pycnometer is approximately 50 ce. 

The exact volume is determined by tactory cal ibration, and the yoke stop is 

set accordingly. For example, it the cal ibrated volume is 49.15 ce, the 

yoke stop is preset with the pycnometer empty so that a volume scale read

ing si ightly more than 49 ce is obtained when the sea le is engaged with the 

.s1·op. The instrument is fhen readied tor operation by simply adjust.ir1g the 

handwheel dial toread 15, using the dial, numbers slanting to the right. 

The determination ot bulk volume, using a pycnometer with a volume af 

49.15 ce, c0nsists al the tal lawing pracedural sequence: 

a. With the pycnometer apen ta permit visual observation, mercury is 

wi thdrawn unti 1 the pycnameter i s empty. 

b. The valume sea le is engaged with, the yake stop and the handwheel dial 

set ta read graduation 15, slanted right. 

c. The care or bady is placed in the pycnameter and the pycnometer lid is 

lacked in pasition, leaving the valve apen. 

· d. Mercury i s i njected i nto the pycnameter unt i 1 a bead ot mercury appears 

in the pycnometer valve seat. (The appearance at the bead indicates 

the pycnameter i s .tu 1 1, the va id space be i ng comp 1 ete 1 y accup i ed by 

mercury and bady.) 

e. The volume al the bady is read directly an the valume scale and hand

wheel dial numbers slanting right. For example, it the valume scale 

reading is somewhat greater. than 12 ce and the dial indicates 32L the 

bulk valume ot the bady .is exactly 12.325 ce. 

4. OETERMINATION OF POROSITY BY MERCURY INJECTION 

Fol lawing the determination ot bulk volume, the pare space, and canse

quent ly the porosity ot a care, can be evaluated by' mercury· injection with-
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out remov i ng the cor·e trom the pycnometer. In essence, the method consists 

of a measured, high pressure injection of mercury into the pore spa~es of 

the core, uti 1 izing i"he left hand or ~ore space sea le and handwheel dial 

tor exact meteri11g of the volume of mercury thus injected_.· The volume 
o 

injected is considerad to be equivalent to the pore volume, subject to cor-

r·ecilon tor the air· trapped and compressed in the co.re. Since the .recom

mended injection or reference pressure is 750 psig, or approximately 
1 

50 atmospheres, an additive two per cent correction of the pore space 

reading is necessary. 

When the pororneter is employed for pore space rneasurements, compensa

tion must be made- for the volumetric expansion ot the porometer system 

between atmospheric and reference pressures. This magnitude ot this 

compensat ion i s ca 1 1 ed the "correct ion factor "j .i t i s e qua 1 to the vo 1 ume of 

of mercury displaced by the plunger when the pressure in the mercury-fi 1 led 

instrument is raised ~rom zero to ~eterence pressure. The factor wi 11 re

main constant as long as air is not permitted to enter the pump cyl inder or 

att ached gag es. Care 1 ess operat ion of the porometer can re su 1 t. in a ir be i ng 

drawn through the pycnometer into the pump cyl inder. 

The travel ing yoke_ stop for the pore space scale al so has been preset 

ai the tactory. lf the handwheel dial is properly adjusted, the correction 

factor automatically wi 11 be compensated for during pore volume measure

ments, and direct readings of pore volume wi 11 be provided. 

The correction factor is determinad in the tollowing manner: 

a. The. 1 id is locked in position on the empty pycnometer with the valve 

open, and the mercury leve! i·s brought up to the valve seat. 

b. The pycnomeier valve is closed, the pare space scale is engaged with 

the "travel ing yoke stop, and the handwheel dial is zeroed. 

c. The system pressure is increased to the 750 psig reference pressure. 

The dial reading ot the figures slanting lett wi 11 be a direct measure 

ó 
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of the correction factor, which is noted. The córr'ection factor shou·id 

noi exceed 0.50 ce; if it is larger, air is trapped in the system and 

must be ramoved in accordance ~ith :the 'servicin~· instructions. 

d. With the sysiem at 750 psig, the yoke· stbp:is readjusted, if necessary, 

to provide a pore space scale reading of zero. 

lf, for example, the correction factor was measured as 0.27 ce, the. 

accuracy of the correction factor is checked as fol lows: 

e. Pr·essure is reduced in the system to atmospheric or less, and the pyc

nometer valve opened. 

f. The mercury level is brought up to the valve seat. The pore scale is 

engaged with the travel ing yoke stop, and using the figures slanting 

r i ght, the handwhee 1 di a 1 i S set at 27, fo'r the .correct ion factor. 

g. The v~lve is closed and pressure increased to reference pressure. lf 

the indicated pore space is 0.00, the accuracy of correction factor 

and the index mark setting are verified. 

Assuming a pycnometer volume of 49.15 ce, a correction factor of 

0.27 ce, anda measured core bulk volume of 12.325 ce (see Section 3, pro

cedure for bulk volume measurements), the porosity of the core is determinad 

by mercury injection as fol lows: 

a. lrnmediately following 
• 1 • • • ,' '-:: >. ·:. . ... . . . . 

bulk volume measurement, the pycnometer val ve 
•' 

is closed en the bead·ot mercury visible in the valve seat. 

b. The pore space scale is engaged with the traveling yoke stop, and 

using the figures slanting right, the handwheel dial is set at 27 ter 

the correciion factor. 

c. The system pressure is raised to ,750 psig. 

d. The pore volume of the core is read direct_ly_on .the pore space -sea le 

and the handwheel dial numbers slanting left. f'or exarriple, if the 

pore space scale reading is somewhat greater than 3 ce and the dial 

indicates 21~, the pore volume of the core is exactly 3.215 ce. 

:--.- ·t .r · 
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e. The tractional porosity ot the:core can. be calculated trom the 

formula, 

Porosity Pare· V o 1 u me = Bu 1 k Volume 

and, tor.the above example, 

Porosity 
3.215 ce 0.261 = 12.325 = ce 

5. DETERMINATION OF POROSITY BY THE KOBE METHOD 

The Kobe, or Boyle's Law, method is used tor porosity measu~emen+s 

where accuracy rather than speed is the prime consideration. In contrast 

to the mercury injection m~thod of direct.measurement of pare space, the 

Kobe method determines the gra in or so 1 i ds vo 1 ume of a porous mass. 1 t the 

bulk volume is known, the porosity is readi ly calculated from the grain 

volume measurement, since the difterence between bulk and·grain volumes is 

equal to the pore space. 

The Kobe method is based on Boyle's Law, which· states that in a gase

ous system the product ot absolute pr'essure and volume is a constant ata 

given temperature. Through the application ot Boyle's Law to porometer 

dat~, equations tor the calculation ot gra~n volume are derived. Whi le an 

understanding ot the derivation is ~6t necessa~y.tor routine porometer 

operation, it is essenti.al it, tor exampl•, ~oditications are to be made 

in standard procedures. For this reason, ·the derivation is descrioed in 

the attached appendix. 

CALIBRATION OF POROMETER FOR GRAl N VOLUME MEASUREMENTS 

Where rapidity ot operation is desired anda slight reduction in accu

racy is acceptable, the response ot the porometer to various grain volumes 

is determined initial ly. That is, by means ot a preli~inary cal ibration, a 

graphical relationship is obtained which tacilitates tuturegrain volume 

b 



measurements. Derivation of the relat!onship is effected in the foi lowing 

manner: 

a. The purometer volume scale and dial are set in accordance with the 

insiructions in Section 3, so that readings obtained equal the pyc

nometer volume less the volume of mercúry in the pycnometer. 

b. A 40.00 ce reference volume (VRJ of air at atmospheric press~re is 

ene 1 osed in the pycnometer and. compres sed to the 30 psi g. reference 
. .. . . . . 1 • 

pressure. The fina 1 vol ume sea 1 e aiid di a 1 read i ng (V F) i s rioted. 
1 

c. Step (b) is repeated unti 1 VF stabi-lizes, which indicates op~rating 

thermal equi librium has been established. This stabi !izad VF value 

is recordad. 

d. Assuming operating thermal equi librium exists, a 38.00 ce reference 

volume of air at atmospheric pressure is enclosed in the pycnometer 

and compressed to the 30 psig reference pressure. The final volume 
1 . l. 

scale and dial reading (VFJ is. recordad. 

e. Step (d) is repeated using a referen¿e volume of 36.00 ce. With re

spect to Step (b), Steps. (d) and (e) simulate the presence ot grain 

volumes of 2,00 and 4.00 ce in the pycnometer prior to compression. 

_Step (b) simulates zero grain volume. 

t. The operations of Step {d) are repeated using successive 2.00 ce 

reference volume decrements unti 1 sufficient data are avai labia to 

define the relationship between simulated grain ~olumes and the cor-
1 

responding values of VF ovar the fui 1 ranga ot the porometer. Al 1 

data must be obtained under constant atmospheric pressure. 

The experimental. data a~e·accumul~ted as sho~n in the tabl~· below, in; 

Columns 1 and 3. The data show that when 40.00 ce of air are compressed.to 
1 .· 

the reference pressure, a VF of 13.04 ce is obtained. The data also show 
1. 

that when 38.00 ce of airare compressed, a VF of 12.38 ce wi 11 result. 
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However, i t the volume sea le and dial initial ly indicat~d 40.00 ce (reter

ence pycnometer volume) anda core with 2.00 ce grain volume was enclosed 
. . . 1 

in the.pycnometer together with 3B;qo ce of.air, a VF _ot 14.38:cc wciuld. ,. 
have been obtained (sum o.f Columns,.) ·a·nd_3)1;-_ In a like manne.r, the 'true·vf 

values can be calculated trom data cibtained with simulated grain. volumes. 

Ret. Press: 

(V ) . 
R 

Reterence 
Air Volume 

40.00 ce 
38.00 
36.00 
34.00 
32.00 
30.00 
28.00 
26.00 
24.00 
22.00 
20.00 
18.00 
16.00 

IDEALIZED DATA FOR THE 
DEVIATION OF THE GRAPHICAL RELATIONSHIP 

BETWEEN GRA 1 N VOLUME (·V G) ANO COMPRES S 1 ON VOLUME 

30 psig Atm. Press: · 750 mm Hg Ref. Pycn. 
/ 

(VG) VF 
Simulated Fina 1 

Grai n Volume V o 1 ume Read i ng 

0.00 ce 13:04 ce 
2.00 12.38 
4.00 11.73 
6.00 11.08 
8.00 10.43 

10.00 9.76 
12.00 9. 13 
14.00 8.4 7 
16.00 7.82 
16.00 7. 17 
20.00 6.52 
22.00 5.87 
24.00 5.21 

Vol: 40.00 ce 

Tr~e 

VF 
Col. 2 + Co'l . 3 

.13.04 ce 
14.38 
15.73 
17.08 
16.43 
19.78 
21.13 
22.47 
23.82 
25. 17 
26.52 
27.87 
29.21 

The data in Co 1 umns 2 and 4 are then graph i ca 1 1 y re 1 ated, as i 11 us

trated in Figure 3. Therefore, ita core ot unknown grain volume provides 
1 

a VF of 17.20 ce, the grain volume is indieated by the graph to be 6.20 ce. 

Although the data in the tableare idealized, data obtained in actual 

practice wi 11 be similar. Each instrument, however, should be individually 

cal ibrated to avoid errors dueto the entrapment of very smal 1 volumes of 

air orto the volunoetric expansion of the porometer systems between atmos

pheric and reference pressure. 
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·RELATIONSHI: BETWEEN GRAIN VOL~ME (VG¡ 

, . AND COMPRES S 1 ON VOLUME (V F) 
·. ; 

Ret. Press: ·30·psig A.tm. Press: 750 mm:Hg Ret. Pycn. Vol:. 40.00 ce;· 
! 

u 
u "' "' e Q) 

L. 
(L 

lJ_ • > ~ 

Q) - oc 
01 
e 01 

"O u; 

"' o. 
Q) 

oc o 
n 

"' o 
.¡-

o 
e 

"O. o 
e 
"' '" '" Q) Q) 

L. 

"' o. 
u E 

V1 o 
u 

Q) 

E '-
" Q) .¡-
o ~ 

>·-< 

30 .. 00 

28.00 

26.00 

24.00 

22.00 

20.00 

1e:oo 

16.00 

14.00 

12.00 
- o.·. 5:.0 .· 10:0 .. 15 .. 0 

Grain Volúme, VG' in CC 

FIGURE 3 
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;: . 

A~ mentioned abov~. al 1 cal ibration work must be performed under con-
1 

stant atmospheric pressure .. A correction factor is applied to grain volume 

data obtai ned un de~>. di ,ffere~t atmosph~r i e pressures. Fi gu~.e 4, prov i.des a . · 

simple method for 'deterrTiining.the applicable correction factors. 

' •.: .... 
·. ·. :···" 
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770 

760 

750 
1.000 

·.' • .... · 
· ... :. ·' 

. . : 
.,· . 

. ··. .. 

CORRECTION FACTORS FOR VARIOUS ATMOSPHERIC PRESSURES 
BASED ON 750 mm Hg CALI BRAT 1 ON PRESSURE 

1.005 1.0.10 1.015 1.020 

Correct ion· Factor .. · 

:·.·. 
FIGURE 4 .·.'· 

'· · .. · 

1 .025 

1 t, however, the porometer was ca 1 i br~ted. élt 757mm Hg 3tmospher i e 

pressure, the correction tactors in Figure 4 are not applicable. The cor

rect curve is obtained by divid.ing the abscissa values shown in Figure 4 by 

1.0063 (value given tor 757 mm Hg pressurel whi le retaining the same ordi

nate values. This correction factor curve wi 11 properly supplement the 

75.7 mm cal ibr.ation-curve. · The example bel 0w. i llustnites the procédure ot 

fhe.·.use 9( Figures '3 ·a·nd 4 ... 
", ·:::.,. 

' .. 
·,·. :. ' 

. ;: ' . ' 

... qAMF'LE OF POROS 1 TY DETERMI NAT 1 ON. , · 

Assuming tt1e porometer scale· arid dial are setas prescribed in Sec

·-'' 3, the porosity ot a core can be determinad by the.above moditication 

ot the Kobe method as tol lows: 

. .12 .. · 



.. ·· ...... . 
, ... 

. . ·:·· .. . · ... , .... 
RU S:K A .1'1-1 S.TR U M E H.T C O R PO R A T 1 O N + · · H 0 U STO N, TE X A S 

a. Using a reference pycnometer volume of 40.00 ce, a core is enclosed in 

the pycnometer, the reference volume being indicated by the volume ' 

sea 1 e and di a 1 . 

b. Assuming op~rating·thermal equi·l ibrium e~ists, the:sYstem pressure is 
. . : ., : . ~ . . . ' 1 

.··," iqcre(ls~dt~ '3P pslg and the VF valúe .is obtain~d. trom the volume . :··. . . 
' ... sea le¡ a~d ~ra.I;Ja~~i)lg.: .•. ':, ·· · .... 

1. t '~tm~!;.p'her ic pre~s~rce di·Úe·r~ J¡om 75,0 mm Hg ( pressure at wh i eh 

cal ibriorti;n ~urv.i ~as derived), a correction in the indicated V~ 
va 1 ue shou 1 d be m a de. 1 f atmospher i e pressur¡¡ i s 770 mm Hg and th¡¡ 

indicated VF was 26.52 ce, then by use of Figure 4, 

.... ·.·-

True V 
.F 

: .. : 

o 

. lndicated VF 
= 

Corre~tion Fact?r 
... ' .··~ '. . . 

= 26.52 = 26;06 
1: 01.78· 

ci> .Úsing. t~e'gcaphicai r~latTOh~hip.;n'Figüre 3; 'the grai.n volume corre-
.. ' ... ' .. ' .'. . . . ': • ' ·.' .',. . • ,' ', ' ' . ' .·. ' : . : ' : . . . 1: . • . . ..: . ' .• ' . ' ' :· .' ~ . . ...... ' . .. .~ . . . . ' ' . ' . ·, ' ' ' " . 1 

.·sp6ndi:ng to the trua vF· vaiUe·obtained is. determinad~ .A·trua VF ot 

·_'26.06 ·ce·· corresponds tci 19.10 ce grai n volume< . . . . . 

e,· The fractional porosity can be calcul~ted, as~uming the bulk volume, 

V8 , has baen determinad as out! ined in Section 3· 

Poros i ty .= 

:·.: .. . ..... .; ; ~·· . 

'•. '' .... . ·': ., . 
·,. ·.· ·' . ~ .. 

.. i : .. · 
·. ,," 

....... 
' ...... 

.•· .··•· .. . .. <;_ ;·.-. 
.• ·.' 

..... 

. . . ' . .. . ,. :· . .. ,. .. ·;· .. , . . . 
. . :.:' 

',.,. 
'"• 

.. : .:·. 
., .. 

·.',t ..• 

.... ::' .. · 
··:·.,,<·. 

:.:.:·. 
. : . ·. ',.: .... 

".'· ,' 
- • • ~- • :·' 1 ' .,·. •, :: 
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A P P E N O 1 X 

1. DERIVATION OF EQUATIONS FOR CALCULATION OF GRAl N VOLUMES 
USING THE KOBE METHOD 

Assume a reterence· volume ot air at. atmospheric pressure is enclosed 

in the pycnometer· and su:6se¡güent ly co!ripr'essed. +o; ~pillE) i:eterence. pre.ssure. 
. _.. . .. ·: . " ·:·· . / ... :: ::._ .'.: .. : ;:':-;.-_. .· ,' ,' .:'·:). :::, < .. : ~---.'. ,' ';:,.: :·.;. :~"·::-. :. ; , ... · .... ·. '. · .. : ··. ·--.;-;··.: :_.. ' :::_ ;· . .- ·.: :;·, . _-· ''7. - .. ··. · . .- .. 

1 t' tl1e re:f";r~ence:~9'.1ti~e:?t;.~!F·was e.g~P,..!''i:;tCI'r.:~.x~mpl<f•· t9:.4():oo·ccand.the .. 

\10 1 u~e s~a·le. ari.d ·ha"~ci~n~é:l~ di~~. ~é,~e"~~t. ~céord i. ~~ 1 ~ ·pr i ~; to coriipress ion;. 
'• . ._ ... 

then in accordance w i th. Bo.y 1 e' 5 Law: 

where 

( 1 ) 

PA = Atmospheric pressure 

VR Reterence.air .volume; equ;:ll. to .init.ial. ~eading on 

.. '<:· \.: vo 1 ume ··s~'ale .Zirid· d lal .. (4o.oo ~(; r . ·: .... : •... ·. 
: .·· . ·, ... 

PR ';,. · Reteréiice pressure ;·: abs~Jute; equa 1· te test gage 

= 

reading plus atmospheric pressure 

Volume of VR ater compression ,to PR; equal to final 

reading on volume sea le and dial. 

Assume the pressure in the system .i s re leased and the pump .p lunger 

withdrawn unti 1 the volume·~ is indicated. en the volume sea le .and dial as 

befare. if.·a cpre·of grain ·volume V :is .. ther\ enclosed .i)Í.the.pycnometer . 
. :.· •. ·. · .. · :··: ·,·. • .'· · ... • ... -:g ,.: ······:·· .. · .... ··:· ·. ··.···.;.' ... ·· .. 

along wi+h:·lllr:at'atrryOsp~ericpres5urii;·t~e.+ó+a·l··.,.olurne'oT'air í.n the pyc-
,'. . . '.. . .. ' .... , . ' 

neme ter i s :g i ~en by: . :• 
··,·. 

Volume Atmospheric ·A ir = (2) 

When ·the system is compressed te the reference pressure, PR' the final 

reading on the volume sea le and dial wí 11 equal the volume of compressed air 
' 

in the pycnometer, plus the gr.ain volume ot the core. 

That i-s, 
l.; ... 

. . ·.· .. · ..• ~,plu¡ne, of Compres?éd.·A}r: • - VF· ~. yG . . 
::·-•• ,· . ..•. ·.·.: .._:· •. i.-.. i .. ·. ::.:"_.·• .. ·-;· .. :. ;,-,: .. ;,' ;.;.· · ... :·,.· 

' ,, .' ,. _-:· -~ :: 
_:. '· .. -- ·.· ·_, _,: :: 'i .· ... 

14 
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whete ,. 
. V = 

F Compressed volume ot CVR - VG) p'lus grai n volumé ot 

core; equal to final reading on volume scale and dial. 

Theretore, using (2) and (3) above, the ~pplication ot Boyle's law provides 

.the. to 1 .. low i.,ng r:ill at.ionshi.p b,etwe.Ein, the . in i t i'al and. f i na.l pycnometer cond i-
1: ' .. ' ': ''' . ·,,, ' 

t. i ons: · 

:·, 

'i : , .. , .. 
~ . ' •' 

. p : cv· -
• ·A R 

V ) .· 
G 

:;; 

(4) 

where a 1 1 terms· .have been det i ned pr't¡!v 1 ous 1 y. C 1 ear i ng parentheses, 

Substitution ot (1) in (5) gives, 

.. ' ' 

wh i eh, y¡hen s(). lvé?. tor' V~, •y i.t; 1 'ds: . , 
. /, :' ~ . .. 

p ' 
R 

( 5) 

.., PRVG (6) 

. V¡:) (7) 

Equation (7) is the basic equation of the Kobe method ot porosity 

de'termination. Although it can be used in such torm, calculations would 

be comparatively tedious. Additionally, the accuracy ot ~esults would be 

qependent on the accuracy ot gage and barometric pressure measurements. 

These object i ons can be.~ i rcumv¡¡nte~ bx: ev.alu~~ i ng the ra:t i o p~P~ .. P,.. 

so le/y by Ji·unip máriipú,latio'), ~nd ~·~ihg.t'ht¡!,.'v~l~e.so.o~tained tor a. series ot 

gra in' vo i uin~· ,;,easurt;ments. ··: 1 .. , 

The ratio 

is derivad by 

.Pg also cal·led the pressure factor, Fp 
PR - PA 

the application ot Boyle's Law to porometer data. 

, 1 i kewi se 

·Reterr i ng 

to the method of Equation C 1 ), it two successive compression runs are made 

using reference volumes (VR) ot 40.00 and 30.00 ce, the fol lowing relation

ships are obtained. 

':,. 
.: .·· ,., ... · .. ; ..... : . 

' . •'' . ;"· 
',• ' 
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> .. ':. ,' 

.< ~ : . 
··.': 

'.·· '·. •. 

;,, 

...... . . _, .. -: . . ·· .. :, : .·;,·_, .' . 
, .. 

4o.oa P'·: -. ·v · P · ., .. A· .F. R 

= 

where 

= Volume of 30.00 ce air alter compression to PR. 

Subtra¡:ting (B>.tr~<9>,.. ' ..... , ... , ·.···: .. 

· '. .... <> >>~o F>A:.}·.'.PR··.\v~·!;:: .:.~F > . 

1 

1 - PA = 1 + 
VF VF 

--¡;;- 10 
1 

,pR .p 
A 10 + VF VF 

. .. .·; .PR ' 
.. .10 ,._ . 

.... . 
-'·; .. 

'· 
01' PR 

··,, ;,: . •· ,. 
·:, ·. 19 ·-

PR PA 10 + v· v· 
F F 

Since the pressure factor; Fp, by detinition is the ratio 

then trom ( 11 ), 

= 10 
.10. + . .V 

.. F. 

( 8) 

(9) 

( 1 b) . 

( 1 1 ) 

( 12) 

::. ': _, ' .. '•,. 

When Fp is ~riowfi.'and .. súbsfi;tu:i:~i;l·¡:n''c'7>>:thé':w;rld'ng equation tor calcu

lati,on of· grai·~ vofu~~~ti~ +i~~Kbb~~.~~!h'8d'¡<~:~bta·i~~i;·· · .. 
... :-. 

VF > VG = Fp (V .. -F 

.Where al 1 terms have been defined previously. 

. ':' 

· ... :· .' .' 

.• ·.;
,, . ', ·'' 

, . . ... . 

•: . 
. ... 

. ,• ..... · . 
·'· ' . 

'·:. ' ... -:-· .,, ., 

( 13) 

··:., 
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2. POROMETER OPERiiTI ON BY. KOBE METHOD, OPTI ONAL METHOD 
. . . ·. . . 

The porometer volume scale and'dial are set in accordance with the 

instructions in Section 3, so that readings obtained equal the pycnometer 

volume less the volume of mercury present in the pycnometer. 

a. The 40.00 ce reference volume ot air at ~tmospheric pressure. is en

closed in the pycnometer ~nd compressed to the 30 psig reference 

· ·pressure, . Thé· fina 1. vo 1 ~nie :se ale and d ia 1. read i,ng, Y F' i s .. noted. 

b .. 9t;~(~)¿i¡; r~:páa~~d.unt.il··.~.·~.···.ifabi.lizes, ~hich indicates operating 

ther'mal .. 'equ(l ibriUm·has been:~s'fli'bl:ished; · vf·is.recorded, providing 

a numerical yalue indicated by·the volume. sea le and dial for the VF 

term i n ( 13). 

e. A volume of 30 ce of air, as indicated by the volume scale and dial, 
1 

is compressed to 30 psig.· The compressed volume, VF' is recorded 

irrmediately since thermal equi 1 ibrium exists·. The pressure correction,. 

FP' can now .,b,e calcu lated t.rom (.12) ter ·use·. in· (.13),. 

d. The puriip·p;l~n~·et,i~ withdrawri' urÍtil thevol~me scale arid d i'a 1 i nd i'cate · 

. 40.00 ce r a'nd. th~ e ore to' be' testad i s ~nCiosed 'in the pycnometer. 

e. · Pressure in the system i s i nd-eased to the 30ps.i .9 reterence pressure. 

The final volume scale and dial reading are recordad, providing a 
1 

numerical value ter. the VF term (13). 

1 

Since VF, Fp' and VF are now known, the tractional porosity can be 

calculated., ass~ming the. bulk volume v
6 

has been determinad as outlined in 

Sect ion 3:.·" .. ' ... : .. ; ·. ,:-

( 14) 
: ·,: '; .. ..... ' : 

.. :· . 

·.'' 

', ..... -··· 
··. Póro.s ¡ +v. ;, · .1 

:_, __ ·. ' ,.·, 

Steps (a), (b), and (e) are used ter the evaluation ot. FP' and, 

incidental to the evaluation, the numerical value ot VF is obtained also .. 

These values wi 11 remain constant as long as barometric pressure does not 

':. 17 
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change, and the operating thermal equi librium does not shift appreciably. · 

As a precaution against such changes, the Fp should be re-evaluated tre~ 

quently. Extensive experience indicates that the determination Fp after 

every B-10 grain volume measurements provides accurate data. As the oper

ator acquires experience in his particular environment, he will be able to 
! 

.ascertain .readi ly the .trequency with which. Fp evaluation is required.' The 

simplest check in the need tor redetermination of Fp is repetition of Step 

(b) abov~. which w6uid r~veal any change which had occurred in VF since the 

previous determin6tion . 

. . ·~ 
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. . . . . ... : •··. ·• . U.NIVJ¡:R~A].. POROMETER . . . CATALOG NO: 1053-801 . . . . . 
1 NSTRUMENT NO. 2.7669 

The pycnome1er volume of this porometer was es.tabl ished as . ~7 .. 4.0. ce. 

fvacua1ed, fi lled, 'and tested at .. l,O.OQ- -psi X~ 

Corre.d ion factor. when i nspected ( 5ee Pages 3 and 7) . . . 
0.39 ce. 

' 

:. ' 

:• .. ' 

'• ~ . 
. . : . . _; .. 

. ,lnspected -by: 
. . • '· ' 

S. Bedenbaugh . . . . . . . . . . . 
Date: 14 July, 1980 . . . . . . . . 

S E R V C E P 'A R T S L 1 S T 

Part No, 

54..,700-220 

99540. 

58;;;110 . . ., .. 

1050~034', 
. . 

26;..5i6. 

26-518 

26-520 

26-519 

94-617 

94~618 

·. ·. \' : .. 

'¡, 

Req. 

s· 
.1 

... · 4 

. . . 1 . 

oescription 

Pycnometer Gasket 

Pump Packing, Set 

Fi 11. Va lve Pock~ng 

. Pycnometer Valve 

Pressure Goge, 1000 psi 

Pressure Gage, 60 psi 

Pressure Gage, 60 kg/cm 2 

Pressure Gage, 4 kg/cm 2 

Spanner Wrench 

Spanner Wrench 

. 99~45~001 l .. Packing Booster 

.··, 
·., 

'.: i ' 

INSTRUMENT 
CORPORATION 

P. O. BOX 36010 · HOUSTON, TEXAS 77036 

,•' ·.: 
. ' · ... _:·, . .·. 
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1 
~PIPC-ADD ON.VALVC 

(•D I"SI 4AG( 10~.1 ON 

t.,.,,c sro,_ f:'Oif· 
{000_ PSI &AGC- IOSZ ·. - ' .. 

' 
' ' ' 
' 1 

·' ·' 
' 
' ' ' ' 

' ' ' 1 
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1 ' 
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S 
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·. 1 
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1051-SOI ~ tOSI-50S 
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10s3 -so' f 10.55-•o• 
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PACKJ NG; 

RUSKA UNIVERSAL POROMETER 
ANO 

CAPILLARY PRESSURE APPARATUS 

. ' . ' . 

Ruska Volumetric Pump Unlts used in connection with the Universal Porometer 
and the Mercury lnjection Capi 1 lary Pressure Apparatus are furnished with 
remov~ble cylinders to faci litate packing and to make it. unnecessary to use 
spl it packing rings, Wedge-shaped machined Teflori rings with alternately 
opposing wedge proti les are used to pack the pumps. 

' 
Te f 1 on pack ing i s . i mperv i ous t0. the attack of a 1 1 f 1 u i ds that may be· present 
in the. ·pump , .. :Jt w:i Ji· ·stand up under the most severe servi ce, but i s some

·.whélt difticul.t to instai 1., A special.packing booster is required to compress 
the Tetlon pac;king whéri the· packing gli:md is tightened. 

To repack the -.:olumetric pump units of the Universal Porometer and the Cap
¡ 1 lary Pressure Apparatus, the pycnometer assembly must be disconnected trom 
the pump cylinder by unscrewing the pycnometer bO.ttO.m connection. The pack
i ng nut ( 1) must then be removed, and the set screws (2) on the rear yO.ke 
taken out, so that the cylinder (3) ca~ be unscrewed. The packing space and 
the plunger (4) should be cleaned. The packing nut (1 ), fol IO.w ring (5), 
and the packing (6), in the arder sh0.wn, are then sli.pped on the plunger and 
the cylinder is replaced, being sure that it is wel 1 locked in place, The 
junk ring (7) may· remain in. the cyl inder. The serrated brass lock plugs (8) 
under the set screws· ori : the .rear yoke must be a 1 i gned wi th the threads on 

.· the e y 1 i nder _. · The, pi ung~r · anc:i pac'l<. ¡ ng · shou 1 d be s 1 i ght 1 y 1 ubr i cated ( see 
.· Lubr i cat i 0.n). · .The ·pack i ng ·. i s. pu~h\ld ,; in thlil pack i ng space wi th the f0. 11 ow 

'· ·.···· ·· ... ' :··· .·.· ........ - .. 
;,., ·: ... 

1-60 1050 
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SUPPLEMENT TO MODELS 1050, 1051, 1052,· AND 1053 OPERATING MANUAL 

GENERAL 

PROCEDURE FOR FILLING RUSKA POROMETER WITHOUT 
THE USE OF A VACUUM PUMP· 

To properly fill the Ruska Porometer with merc:ury, it is neces~ary to 
remove all air from the system, and replac:e it with mercury. 

This process can be achieved in 'approximately one hour· of cárefully 
f oll owing the procedure outlined below. The :achi ev ement of a good so lid 
system is evidenced by a correction factor of less than 0.35. 

1 

It is usually necessary to repeat the following total procedure ·at 
least four times to remove all of the air. 

l. Open the gage cut-off .valve if there are two gages on ·the pump. 

2. With the pump in the normal attitude on the bench, approximately 
4 pounds of mercury are. drawn into the cylinder through the open 
pycnometer by withdrawing the plunger. 

3. When all mercury is in the pump, the pycnometer lid is replaced 
and tigh tened. 

4. Open the bleed valve on the pycnometer cap and advance the plunger 
until mercury appears at the valve opening. 

5. Glose the bleed valve. 

6. Placing the front edge of the pump base casting (at the cylinder 
end) on the edge of a lvork bench, tilt the pump forwanl such that 
the cylinder points down. The·eagas must :.e slanted clown such that 
the internal Bourdon tube is below the level. of the gage co~nection 
to the pump. 

7. With the pump ~n this position, advance and retraer the plunger 
approximately 10 times. Each advance should be sufficient to 
create a reading of approximately 50 psi on the low pressure gage. · 
When i~ appears that the low pressure gage is free of air, it is 
valved ·off and the pressurizing process is repeated to about 700 psi 
with the high pressure gage. If the pump has just one gage, this 
~rocess is modified accordingly. 

Ea eh wi thdrawal should be taken beyond the starting point sufficiently 
to create a suction. 



·.· .. 
;., . 

... . ... 

RUSk4 IHSTRUMEHT CORPOR4TIOH • HOUSTOH TEXAS 

.· .. 

8 •. AÚer . ~he ~o· cichis·· are a'ctdeved, roe k· the pump from si de to side 
while it is still in the tilted position, such that any air trapped 
in the side of the Bóurdon tube will work its way to· the connection 
of the gage. 

.• . 

9. Return the pump to its normal position flat on the bench while it 
is still pressurized. 

10; Withdraw the plunger until the gage reads zero. and· no. pressure • :· . 
exists. · · 

JL · Open pycnómeter. val ve. and bleed .. to atmosphere: 

12. Remove pycnometer·cap and reduce level of mercury slightly by 
retrae ting 'the plunger. 

13. Tilt pump back,,with the cylinder pointing up slightly (approxi
mately 5 to 10°). 

Observe air bubbles at 'the.mercury surface in the pycnometer. 

14 .. When all bubbles cease, replace the cap and repeat the entire 
.procedure several times until no bubbles appear at the surface of 
.the mercury, 

15. · Upon ·comp1etion;. the 'correction factor should be 0.35 pr less. 

If it · appears to be ··slightly higher and it is impossible to expel 
any more bubbles, it is possible to dissolve· the smali amount of 
air remaining by pressurizing the pump and letting it remain in 
·this state .overnighL 

CAUTION: ONCE A HARD SYSTEM IS ACHIEVED, NEVER WITHDRAW THE 
PLUNGER TO.'THE.'POINT WHERE MERCURY GOES "BELOW THE 
'BOTTOM OF THE PYCNOUETER. 

. .•. ", ... : 
.·.· ,.· 

r 

! . 



r ¡ ng. The paek i ng spaee w i 1 1 be f i 1 1 ed so that the fe 11 ow r i ng enters the 
paéking ~land after the paeking, nut is tighten~~ and leaves suffieient spaee 
ter turther tightening. Alter the new paekin~·has been ·insta! led, the pyc
nometer is reassembled with the volumetrie pump unit. 

A paching booster (9) must be .used te pull the paeking tight. The booster 
cons i sts of: t\Vo ha lf. s~ells wh i eh are i nserted i nto the bore el the paek i ng 
nut between the· fó l.low rlng ,:aiid. '.pump-. tr,ave 11 ng ·yoke .· By us i ng the norma 1 
hand drive of. th~ pump. pl':'nger;, thé booster-torces the lollow ring _into the 
paeking gland,: thus·coni¡ir.e~si(lg:.::the JEi.fl'ón_.rings. Alter the paeking.has 
be en su tf i e i ent·l y· com¡i~ess_e¡f; . the pack i:ng nut i s pu 11 ed ti ght. Fu 1 1 pres
sure shou Id be a¡ipl ied,:. tiie:n,'released; and the procedure repeated. 11 there 
should be any lea~age; the'packing may:be tightened further in the same man
ner. The Tellon paeking cannot be injuréd by excessive tightening. The 
pump paeking must neyer be tightened whi le the pump is under··pressure. 

LUBRICATION:. 

The main bearings el the pump are packed at the laetory with bearing grease 
and shoulq require little additional attention. l,t neeessary, they may be 
lubricated byremov.ing :the bearing shield behind the lront yoke. The spin
d 1 e· and · p 1 u nger: .. shouJd oc casi onal i y be e 1 eaned, and pa i ntei:J w i th a heavy 
1 ubr i cant ·· sueh· as.· Es so .xp.-g() compound or i ts equ i va 1 ent. They shou 1 d then 
be run in and' 'out 'el the packing gland ·a lew times whi le the instrument is 
not under ·pressure. 

S E R V 1 e E p A R T S L 1 S T 

Part No, Req. Oescription 

99540 1 Pump Packi ng, Set 

94.-617 .. · .1 Spanner wrench 

. 94-618 .· ,, Spanner wreneh 
' 

99545-001 Packing Booster 

NOTE; PLEASE GIVE SERIAL NUMBER IN ANY CORRESPONDENCE CONCERNING THIS PUMP . 

.. __ -.' 
'' ,,., .. ·--·· 
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WARNING 
----~·-·-

PRESSURIZED VESSELS AND ASSOCIATED EQUIPMENT ARE 

PpTENTIALLY DANGEROUS. THE APPARATUS DESCRIBED 

· .. <¡N THiS ~!ANUAL SHOULD BE OPERATED ONLY BY PER-. . . 

SONNEL TRAINED IN PROCEDURES THAT WILL ASSURE 

SAFETY TO THEMS~LVES, 

AND TO THE ÉQUIPMENT. 

..... "\.- '.··· 

. . -~ 

TO INNOCENT SPECTATORS, 

. ,,,;:·· 

. '··. ,. 

L I Q U 1 D P E R M E A M E T E R 
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L l Q U l D P E R M E A Y. E T E R (No. 1013-801-00) 

The Ruska Liquid Permeameter permits determining the permeab11ity of 

consolidated core sections with liquid. Permeability measurements are made 

by determining the,üme nécessary for .a. fixed amount of liquid at a given 

tempé~,"ature to ·pass thrcmgh .the core under a given pressure gradient. 
-;. '' ,• .. ·' . 

.. . . 

6 

9 

8 

7 

4 4 

FILLING OPERATION 

LIQUID PERMEAMETER 

9 

·The instrument has a coreho1der (1), with built-in thermometer and fill 

connection (2), with cutoff valve (3}, with a special lid and overflow tube 

(4}. A burette {5}, is supported by its lower end in the coreholder and 

its upper end in the discharge-fi11 valve assembly (6}, to which the gas 

pressure line from the pressure regulator (7) connects. The upstream pres

sure .is :indica ted on a calibra ted Bourdon . tube pressure gage( 9); . Burettes 
·:'·. 

1 
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of v~rio"s .s ú'és. m~y .b~ ,used · and are ',~~a~la!>le with volumes of 50, 10, and 

S ce. -~hey ~'ni inter~hanged by unscrewing the knurled nuts which hold 

theüit. in their supports~ 

·Pr.eparation ·ot' Córe Samples 

Core. samples ar.e cut to size and extract.ed in the same way as for the 

Gas Permeameter (see Pages 2 and 3). 

·Prior to lllaking liquid _permeability measurements, the core sample, 

how¡¡v'er, must f'irst -be ·sírtura'ted w:Ú:h :the test fluid .. Failure to achieve 

cori.plete ·sat urati<in wiU ·resuii: in eironeo'usly low measured. permeability 
'-. ' '• . . . . . . . ' . . . 

values; therelore,. tlie' core should be e~acuated for. one-half to one hour 

prior to immersion· in .the.previousiy. evacuated test fluid. 

In making the selection.of ~he test fluid, cognizance should be taken 

of the possib'ility of chemical interac'tion between the core material and 

the ·test fluid. Use of an inert hydrocarbon test fluid such as Soltrol-50 

(low viscosity) and Sol trol-100 (high viscosity), core test fluids 

manufactured by Phillips Petrolf!UID Company. (Exxon equivalent solvents are 

_,. .: ... Is,opar ·E:and Isopar G•·r~spectively)·,· _will.pre~lude chemical interaction. 

1-.'hen aqueous base test ·fluid~ are employed, ~hemical ·equilibrium between 

thé core ¡naterial· and the fluid must exist beJore accurate permeabi)ity 

data """ be obtained: The simples t critei:ion for ·evaluar ing equilibrium 

conditions is the precisión or repeatabilit.y · of test data. 

Operational_Procedure 

F~llowing saturation, the coré is iT>serted into the coreholder. A 

sepai.ator.y fünnel 00) , .. :fillec:l with. the test liquid, is. connected with a 

· piece of rubber -~ubing ro· the fill nipple on the coréholder. The core

holder val ve is opened and the discharge-fill val ve is turned to "Fill". 

Af ter the_ pinch cock on the tubing has been o'pened, the liquid will flood 

the coreholder and fill the burette. The coreholder valve is closed when 

the liquid level in the burette is well above its upper index mark. After 

the pressure on the 'gage. has been adjusted with the pressure control val ve, 

1011/.B 3-'7,7 • ·.· .. ·. ':. 
2 
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the discharge-,fill ·val ve. is turned to "Discharge". The time necessacy for · 

the liquid level in tbe burette to drop from the upper to the lower index 

mar k is determined •. WhEm changing from one liquid to another, the liquid 

lines should be flushed witb a solvent or water and then vented. 

Calculations: 

The formula for calculating liquid permeability is: K = 11 V L 
A P t · 

Where: 

K = Permeability in darcys. of the sample. 

~ = Viscos.ity in centipoises of the liquid used in making the measure

ments at the observed~temperature. 

V= Volume in cubic centimeters of liquid flowed through sample during· 

time interval. 

t = Time in seconds. for the fixed volume (50 ce, 10 ce, or 5 ce) of 

'liquid to flow through samp1e under· a given pressure gradient. 

P = Pressure gradien.t in atmospheres, read on the pressure gage. 

L = Length of the samp1e in centimeters. 

A= Cr.oss-sectional area of the samp1e in square centimeters. 

Sample Calculation 

Observed: (1) Volume of 1iquid flowed through sample = 10.0 ce 

1011/13 3-77 

(2) 

(3) 

(4) 

(5) 

(6) 

Time to f1ow 10 ce through core = 30.0 seconds 

Pressure gradient = 2.00 atmospheres 

Diameter of core = l. 90 centimeters 

Lengtll of e ore = l. 90 centimeters 
o Tempera tu re = ·25 C. 
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Installation '¡ 

Befare the Rusk.á permeameter is put in op'¿ration, it should be 

·cbecked for leaks and mounted in its permanent location in the labora

tory, The following routine is suggested: 

l. CHECK THE PERMEAMETER FOR AIR LEAKS. Connect the supply 

pressure liné to the instrument.· Plug the coreholder with a . . . . 

i stopper int~ which has ,been mounted a piece of metal of suitable 

·abe ·l:o make .. :it :air-tight. Apply pressure to the instrument up 

to the maximum .p.ressure capacity of the gage and clase the regu-
' . . 

lating· val ve. Do .not dbconneí:t the. supply: pressure line when 

pressure· testing~ .. If. th~ré tS no pressure, drop indicated on the 
. .. . 

gage in approximately ten minutes, .the instrument does not leak. 

If the pressure drops, check all.joints with soap water 

for possible leaks. Any leaking connection must be made air-tight. 

All instrumenta leaving our plant are· checked thoroughly befare the 

flowmeter ·is .calibrated¡ ho1o1ever, to insure a perfect performance, 
1 

it is bes t .. to check it again. since. the jarring in transi t may have 

loosened some fittings. Gas leaks· in the instrument lines to the , 

Üo~eter selector,.valve have no influence on permeability measure

·ments. 

2. SELECT A PLACE FOR THE PERMANENT INSTALLATION of your 

permeameter. Drill three boles in a supporting wall so that the 

instrument can be fasteoed by the hangers on the back of the frame. 

Care .. should be· taken to see that the. instrument is plumb. 

it is advisable to check. the permeameter periodically for air-tightness. 

101;1./l,J 3-:-77 5 
.. ' .·•:. 
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RU5~A. IWSTRUW,HT COAPOA.I.TIOW • 'HOU5TOH,T,XA.$ 

S E R V 1 C E P A R T S L 1 S T 

See Cata1og Section 401.2-'4. 

'.' ···'·>"- ... Cat.·No·. 

. ·-. : .. ·. ,. : 

· .. 

.. ·;'· 

26-615 

1011-901' 

86•723 

86-724 

·.86.,-725.· 

1011-1-8. 

1013-1~44 

1013-1-43 

1013-1-42 

08-000 

FÓr Nos. 1011-801 and 1013-801 

Pressure Gage 

Thermometer, Mounted, with 0-Ring Gasket 

Accessories for No. 1011 On1y 

·sma11 F1owmeter Tube, Ca1ibrated, with Gaskets and Float 

· M.edium Flowmeter Tube, Calibrated, with Gaskets and Float 

~rge ~1owmeter Tube, Cálibrated, with Gaskets and Float 

L~cite Shie1d for Flowmeter 

Accessories for .No. 1013 Only 

Burette, 5 ce 

Burette •. 10 ce 

'Burette, 50 ce 

Leveling Bu1b 

'·•1013~800-100 Sét .of Burette Packiri.g Nuts & all Gaskets, 
Conaisting .of:· 

2 ·tach . No. 1013~1-21 

. 2 Each' No. 54-700-010 

Set (5) D-Ring Gaskets for Discharge-Fil1 Va1ve, 
Co.nsisting of: 

2 Ea eh No. 54-700-012 

1 Ea eh No. 54-700-008 

2 Ea eh No. 54-70D-006 

1013:-1-3 Lucite Shie1d for.Burette 

. NOTE: PLEASE GIVE SERIAL NUMBER OF INSTRUMENT WHEN ORDERING PARTS. 

1011/13 3-77. 
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

SECTION ONE: GENERAL 

1.1 Permeability 

As related to earth formations, permeability is a property of 
the formation and is a measure of the formation's capacity to 
conduct fluids ·(oil, gas and water). The permeameter is an 
instrument,designed to determine this property of fluid trans
·missibility. Permeability values, as determined by the correct 
operation of this instrument, should be within 5% of the actual 
permeability. 

The specific permeability of a core may be experimentally deter
mined by subjecting a prepared sample to an elevated gas pressure 
and measuring: .the volume flow rate of the gas; dry air is spec
ified byAPI (See API RP-40, "API Recommended Practice for Core 
Analysis Procedure").· The dimehsion of permeability is defined 
as the "Darcy". A sample is described as having one Darcy perm- . 
eability when an incompressible liquid of one centipoise viscosity 
will flow at a.rate of 1 cm3/sec., through a cross-sectional area 
of one sq. cm. '(perpendicular to the direction of flow), along a 
one cm. length with a flowing pressure differential of one atmos
phere. Laminar (viscous, nonturbulent) flow conditions are 
assumed. This definition is shown in Figure 1-1. 

L 1 lz 
~L= lenqfh = 1 cm-~ 

-·-·-~---· 

. (j.L. ~ f(ow rore" ( cmJ...(_sc:_c. ___ t-r--'i -l-. -- . -
u~...•v,sco-sdy-=lcp : r , 1 y; 

A =or-E:>o '1 cm2. ~/..-- ·'(_ r--- -- ·-· 
'i-, 
! '·· 

' -----

---·-1---7--
1 ' 

' 
·., \ 
L-----------------~~ i-c- · 1::J. p = 1 o1moosphcn.>~ 

P• p¿ 

:.. 1 -



.. GAS PERMEAMETER OPERATING INSTRUCTIONS 

1.2 ·oarcy's Law 

·Permeabilities may be calculated for other conditions and fluids 
by the application of the equation describing Darcy's Law. Por 
an incompressible liquid, Darcy's Law states: 

kL = Permeability (darcies) 

IIL = 

L " 

A = 

Liquid viscosity (centipoise) 

Incompressible liquid volume flow 
rate (cm3fsec.) 

Length of core sample (cm) 

Cross-sectional area (cm2) 

·p¡- P2 = Ap, pressure difference from inflow 
to outflow face of sample (standard 
atmospheres absolute) · 

The Darcy equation relating to compressible.fluids (gas) is as\ 
follows: 

211g Cqg) (L) (Pal 

A(p¡ +p2) (p¡-p2) 

Permeability (darcies) 

Gas viscosity (cp) at the mean pres
sure and temperature of the sample 

1 . . . 
Gas volume flow rate.at atmospheric 
pressure & temperature* (cm3/sec.) 

P¡ = Inf,low or upstream pressure (standard 
atmospheres absolute) 

= Outflow or downstream pressure .(stan
dard atmospheres absolute) 

Pa· = Atmospheric pressure (standard atmos
pheres) 

* It is assumed that the sample is at room 
(atmospheric) temperature. 

- 2 -
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. GAS PERMEAMETER OPERATING INSTRUCTIONS / 

The foregoing equations are known as the linear.form of Darcy's 
Law. They are used when flow occurs in essentially one dírec
tion, as in the determination of permeability of a test plug. 
This form is used throughout these instructions. Another form 

·.of -Darcy's Law, known as the radial flow form, is used when 
.analyzing a radial flow system, such as the flow'of fluids from 
a reservoir into a wellbore. The radial flow equations are not 
pertinent to these instructions and are therefore not cited. 

·SECTION'TWO: OPERATING PRINCIPLE 

2.1 Core Holders 

The permeameter permits the core sample to be partially enclosed 
(sealed), such that two opposite faces of the sample are exposed, 
This is accomplished through the use of either (1) a Hassler
type core holder for cylindrical core plugs or (2) a Fancher
type compressed rubber stopper core holder designed for small 
cylindrical, cube, or irregularly shaped samples. Irregularly 
shaped samples must be wax-mounted or plastic-mounted in a 
.cylindrical metal sleeve. · 

l. The Hassler"tyee holder uses compressed air or nitrogen to 
squeeze (seal) the core sample in a rubber sleeve (boot) as 
shown in Figure 2-1 on Page 4. _f!._ vacuum is usually applied 
to e!>P-ªD.fi____!he ~,!eev.e so that the sample can be inserted into 
or...JeJ!l9V~_<!_fr.QII)_Jh!l __ bolder.- The. _2Q_D_ ps:i._l!-ir_ forces the 

· sléeye_ t!gh__tlY--ª&!!~l!~Lt;he_ s~JE;!,, _preventing J.}¡t) i_nlet air 
fr_o!Jl Jlowing 't1e1:Ween __ the _sample and _the sleeve. The vent 
valve is used to remove-the sleeve pressure prior to open
ing the vacuum valve. This prevents overloading of the 
vacuum pump. 

2. The Fancher-type holder shown in Figure 2-2 on Page S, uti
lizes a compressed, soft rubber stopper to seal the core 
sample. A screw-clamp arrangement is used to squeeze 
(compress) the soft rubber stopper, which seals the outer 
surface of the core sample. Air should not leak or bypass 
the sample. 

2.2 Permeameter Flow System 

The path of air flow through the permeameter is shown in Figure 
· 2"3 on Page 6. Air is introduced through the Source valve to 

- 3 -
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.GAS .PERMEAMETER OPERATING INSTRUCTIONS 

the Permeameter regulator. With the Sample and Low valvas open, 
the regulator may be adjusted to give a "C" Gauge reading that 
·is proportional to a gauge pressure of the upstream face of the 
core. When analyzing low permeabi'lity samples, the Low valve 
is opened and the High valve is closed. For medium and high 
permeability core samples, the Low valve is closed and the High 
valve is opened. With the High valve open, the Mercury regulator 
may be adjusted to produce any selected differential (p¡-P2) . 

· : pressure indication either (1) on the "C" Hg manometer for medium 
.. · perine'ability core samples, or (2) with the middle water valve 

OJ:len on the ldiddle Wat.er manometer for high permeability core. 
The·air flows through the core sample and Orifica in proportion 
to the applied differential air pressure. The differential 
pressure developed across the·calibrated Orifice is used to 
determine the air volume flow rate. 

2.3 Permeability Calculations 

The equation for calculating permeability from Darcy's Law is 
given in Paragraph l. 2. in order to simplify the equation to 
a slide-rule calculation, the equation has been reduced to the 
following: 

WHERE: 

·- ' . 

e= (1000)(2)(~a)CPa) 
CPl +p2) (p¡-P2) 

= 

= 

= 

Gas permeability (millidarcies) 

Volume flow rate of air (cm3/sec. 
at atmospheric conditions) 

(1000) 2 C~a)CPa) 
(p¡ +p2) (Ap) 

~a . Dry air viscosity (O. 0186 c_entipoise) 

l. "C" Values 
./C 

. The "C" gauge psig dial is graduated in values of "C" equiv
. alcnt· to selected p1 's; the Mercury manometer scale is grad

uated in values of ncu calculated for selected millimeter of 
mercury equivalent A 's. When the Middle Water manometer is 
used, "C" value may ~e taken from Table 2-I for the developed 
water column height indication of Ap. 

- 7 -
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For the scaled values of "C" on the gauge ilnd mercury manom
eter, p2 was,assumed to be,-0.019 atmospheres (equivalent to 
a gauge pressure of 200 mm. of water). This assumption re-
sults in a negligible error, because an orifice generally 
can be selected which will produce an orifice pressure very 
near the 200 mm. of H20 value. 

Table 2-1 permits the selection of "C" for even 10 mm. incre
ments of Middle Water manometer readings and to the nearest 
25 mm. increment of Orifice manometér reading. The SO-mm. 
incrementad pressure at p2 has been included in these calcu
lated "C'' values. Selecting the "C" for the nearest 25 mm. 
of Orifice manometer reading improves the accuracy of the 
permeability measurement. 

2. "qa" Values 

The air flow rate "qa" is numerically equal to: 

qa = (Orífice Q) (hw) 
200 

SECTION THREE: INSTALLATION 

3.1 Location 

Orífice Q = Orífice constant; volume 
flow rate of air through 
the orífice when a flow-
ing pressure drop of 200 
mm. of water is imposed 
across the orifice (cm3/sec) 

hw = Orífice water manometer 
reading (mm) 

The permeameter is self~~Qntained except f()r an air supply of 
appri)!Cima~lllY ~()()_psig aJ1d_a vacuum source_ if 1!- Hassle_r core 
)lolder, is to ,b.e used. The instrument may be set on any lab 
bench top, in an area that is 28 inches wide and 12 inches deep. 
Preferably, the laboratory area should be vibration free, heated 
(750 F.) and away from outside doors which could cause abrupt 
temperatura changes. Additional bench space will be required if 
a Fancher-type core holder is to be used. 

lf the permeameter is equipped with a Hassler-type core holder, 
the core holder can be used with the porosimeter for determining 
pore volumes. lf pore volumes are to be measured, the porosimeter 
and the permeameter should be adjacent to one another in arder 
to minimize connecting line volume. 

- 8 -
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TABLE 2-I 

"C" Va1ue vs. Midd1e Water Manometer Readings 
For Se1ected Orifice Manometer Readings 

. Midd1e H20 Orifice Manometer ¡mm. Hz O) 
Manometer so 100 150 

· · (nun. H~O) "C" Va1ues 

200 949 945 940 

190 1000 995 990 
180 1060 1050 1050 . 
170 1120 1110 1110 
160 1190 1180 1180 
150 1270 1260 1260 

140 ·1360 1350 1350 
130 1470 1~60 1450 
120 1590 1580 1570 
110 1730 1730 1720 
100 1910 1900 1890 

90 2120 2110 2100 
80 2380 2380 . 2370 
70 2730 2720 2700 
60 3190 3170 3160 
so 3830 3810 3790 

40 4780 4760 4740 
30 6380 6350 6320 
20 9580 9530 9490 
10 19160 19070 18980 

- 9 -
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

3.2 Air (Gas) Supply 

A compres sed. gas .. supp ly .in. the_pre.s sur!Lra,nge_g[__~_Q.!l_psig .is 
required for.tJ,e Hassler-type core holder sleeve. press1.1r.e. In 
the event a 200 psig air compressor is not available, the perm
eameter must be modified to disconnect the sleeve pressure 
port·ion of the plumbing. This will permit inexpensive bottled 
nitrogen, equipped with a 200 psig regulator, to be connected 
to the core holder portian where the volume requirements are 
minimal. A minimum 40 psig air source may be connected to the 
remaining portion of the permeameter. 

·Referring to Figure 2-3, LineA may be removed. Connect the·200 
psi nitrogen source to the ·Has·sler valve. co{\nection. The con

·nection, from which LineA was removed at its ·lower end, must 
be plugged. This. will permit.the separation of the sleeve pres
sure and the air flow systems; 

.. The Permeameter and Mercury regulators are of a constant-bleed 
design. For this· reason, it is generally economically imprac~ 
tical to use bottled air, regulated at 200 psig, as an air··source •. 

· ~ lEO¡¡gth of 1/4" LD. X 3/16" wall th.ickness rubl:l!=!r .. hose. is 
adequate fo.i.:. ~ciriri~Cí:tng ·tiH;··.va~uum source_tQ_the Hassler Vacuum 
yalve. The valve is fitted with a hose bib that will accept 
the rubber tubing. A small D)'!}aP!l!llP_Ifi)l.serve as the vacuum 
~Q\!rCL~l) _th~J .. event Jt_j,s j.mp;r~ctical _t.Q_711!1......ª-..}'J!.CUIJI!I.line _ tQ 
t.h!Lpermeameter. · 

3_.3 Initial Instrument Set-Up 

r''. 
After the instrument has been uncrated, check for any damage that 
may have occurred in transit. Give careful atterition to the top 
and bottom of the glass manometer tubes. 

The permeameter is shipped with the water and mercury drained 
from the manometers. Plastic bottles filled with mercury and 
water are supplied; the fluids must be transferred into the 
manometer wells. Referring to Figure 3-1, the mercury manometer 
is identifiable by the "C" scale of 60 through 2200. The other 
two manometers are water manometers. All manometers should be 1 

filled through the threaded hale in the manometer well cover. 
The operating liquid level is approximately 3/16" below the top 
of · the reservoir. ·Do not overfill. Teflon tape or thre.ad dope 
should be used when the threaded plugs are replaced; do not 

· over-tighten or the lucite covers will be damaged. The Middle 
Water manometer should be vented by opening the Middle Water 
valve, before water is added to that well. 

- 10 -
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After the manometer wells have been filled to the proper level, 
the manometer scales, on the front of the panel, should be 
loosened and adjusted slightly up or down so that the liquid 
meniscus and the zero scale graduation marks are at the same 
elevation. 

The instrument was tested for leaks and proper operation prior 
to crating and·shipping. However, an additional check should 
be made before the permeameter is used to develop data for a· 
client. Section Five describes maintenance procedures designed 
to check the permeameter. 

SECTION FOUR: OPERATING INSTRUCTIONS 

4.1 'Controls and lndicators 

Figure 3-1 is a drawing of the permeameter panel; the panel con
tains all of the contro~s and indicators necessary for the 
operation of the permeameter. 

Referring to Figure 2-3 also, it may be seen that the controls 
have the following functions: 

l. Hassler Core Holder - Cont~ins the core sample during the 
permeabil1ty determination. It can also be used in conjunc
tion with a porosimeter to determine the pore volume ·of a 
core sample. 

2 .. Hassler (Sleeve Pressure) Gauge - Is a_compound gauge which 
indicates either the pressure or the vacuum that is being 
applied to the Hassler rubber sleeve. 

3. Vacuum Valve - Permits the vacuum to expand the interna! 
diameter of the Hassler rubber sleeve, such that a core 
sample. may be easily inserted or removed. 

4. Vent Valve - Vents the Hassler sleeve pressure to atmos
pheric pressure. 

5. Hassler Valve - Permits 200 psig air (nitrogen) pressure to. 
be applied to the Hassler holder, forcing the rubber sleeve 
against the sample and holder heads. 

6. Source Valve - Permits the source air pressure to be applied 
to either the permeameter regulator and Hassler valve or 
only· to the regulator; depending upon the instrument construc-
tion. ·-

- 11 ~ 



GAS PERMEAMETER OPERATING INSTRUCTIONS 

7. Permearneter Regu1ator- Contro1s the samp1e air supp1y 
pressure at an adjusted, reduced operating 1eve1. This 
reduced air pressure is connected to the Samp1e va1ve. 

8. Sarnp1e Va1ve - Permits the air to f!'ow through the~Dryer, 
to the Low va1ve and Mercury regu1ator. 

9. Mercury Regu1ator - Reduces the Permearneter regu1ated air 
pressure to an adjustab1e, lower operating level. Thi_s 
1ower pressure air flows to the High valve, to the high 
pressure well of the Mercury rnanorneter and to the Middle 
Water valve. 

10. High and Low Va1ves - Perrnits air, at either of two pres
sure 1eve1s, to flow to the "C" Gauge and· Upstream tubing 
connection. These two va1ves have a cornrnon actuator so 
that when one va1ve is open, the other is c1osed. With 
the Low va1ve open, a higher air pressure is app1ied to the 
upstrearn face of the. core; ,it is used when the core samp1es 
have 1ow perrneabi1ity. The High va1ve permits a 1ower air 
pressüre to.be applied to the upstream face of the core 
sarnple; it is to be used when the core samp1es have medium 
to high perrneabilities. 

ll. "C" Gauge ·- Indicates "C" values, equiva1ent to higher 
differentia1 pressures irnposed across the core. This gauge 
is used when core samp1es in the 1ow permeabi1ity range are 
being tested. The Permearneter regulator is adjusted in 
arder to obtain a specific desired "C" va1ue indication on 
this gauge. 

12.. "C" Mercury Manorneter - Indicates "C" values, equivalent to 
lower differentia1 .pressures irnposed across the samp1e. 
This manorneter is used when core samp1es in the mediurn perm
eability range are being tested. The Mercury regulator may 
be adjusted to obtain either a specific "C" va1ue on the 
rnanorneter or a specific Orífice rnanometer reading. 

13; Midd1e Water Valve - Permits air from the Mercury regulator 
to f1ow into the Midd1e Water rnanometer we11. This va1ve 
must not be opened unless the Mercury regulator has been 
backed off to a Mercury rnanometer "C" va1ue indication that 
is greater than 700 (<1" of rnercury equiva1ent pressure). 

- 12 -
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14. Midd1e Water Manometer - Indicates mil1imeters of water 
equiva1ent to the differential pressure across the sample. 
This.manometer is used when.core samples in the high perm
eability range are being tested. The "C" value equivalent 
must be taken from Table 2-1. The Mercury regulator may 
be adjusted in arder to obtain either a specific Middle 
Water manometer reading or a specific Orífice manometer 
reading. · 

15. Orífice Manometer - Indicates millimeters of water equiv
alent to the flowing air pressure differentia1 being deve1oped 
across the ca1ibrated orífice. 

16. Calibrated Orifice - Is a restriction to the flow of air 
through the permeameter. This restriction creates a mea
surab1e differential pressure that is proportional to the 
air vo1ume flow rate. One of several orífices may be 
selected; the one selected for use with a particular core 
sample should have a calibrated orífice constant (air volume 
flow rate) such that reading accuracy of the "C" device and 
the Orifice manometer will be high. 

17. Orifice Vent Valve - Bypasses (vents) the flow of sample,air 
around the cali9rated orífice. 

18. 

4.2 Hassler Core Holder 

Two standard Hass1er core plug holders are availab1e, a 1" and 
a 1~" diameter model. Core samples between one and 3 inches in 
length may be handled. Referring to Figure 2-1, insertion of a 
core sample may be accomplished as follows: 

1 

1. Clase the Hassler and Vent valves;· open the Vacuum valve. 
2. Loasen the finger-wheel nuts that ho1d the yoke; lower the 

yoke and upstream head clear of the sleeve. 
3. lnsert the core :Sample into the· sleeve and follow with the 

upstream head until the core is held salid between the heads. 
Clase the Vacuum valve. 

4. Hold the yoke and open the Vent valve, permitting the sleeve 
to grip the sample and heads; release the yoke to permit the 
rubber sleeve to align the sample and heads. 

- 13 -
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. ,: .. 

5. Press the yoke firmly upward and tighten the fing'er wheels 
securely. 

6. Close the Vent, open the Hassler, putting 200 psig against 
the sleeve. To reduce the risk of a "blown sleeve", close 
the Hassler, locking the 200 psi in the system. 

7. Attach the upstream and downstream lines to the respective 
heads and proceed with the permeability determination. 

The core sample may be removed as follows: 

1• Terminate the air flow_through the sample. 
2. Open ~ent and bleed sleeve pressure to zero • 
3. Close Vent and open Vacuum. 
4. Loosen yoke-finger wheels and slide upstream head and core 

down and out of core holder. 

Precautions to be observed: 

l. The ends. of the core.samples must be reasonably square to 
the axis of the sample and parallel to one another. Irreg
ular ends on the sample may' result in the rubber sleeve 
being pinched or cut. 

2. The upstream head is secured by the frictional forces exerted 
by the rubber sleeve and by the yoke-finger wheels. Failure 
to tighten the finger wheels may result in the head being 
expelled from the holder. If this occurs, the 200 psi sleeve 
pressure gas will expand against an únsupported rubber sleeve. 

3. · If the cylindrical-shaped sample is a consolidated; coarse
grained sandstone or has a rough exterior surface, a test 
should be made to establish that the 200 psi sleeve pressure 
is an adequate sealing force. Measure the permeability of 
the sample with sleeve pressures of 150, 175 and 200 psi. 
If the permeability suffers an apparent decrease with each 
increase in sleeve pressure, it is evident that some air 
flow is occurring between the rubber sleeve and the surface 
of the sample. The sleeve pressure s'ystem will need to be 
modified with a higher pressure gauge if 200 psig is found 
to be inadequate. Establish the highest pressure at which 
a good seal is established; determine the permeabilities at 
this sleeve pressure. The Hassler gauge is a 200 psi gauge; 
pressures.slightly higher than 200 will not harm the gauge. 

4. Unconsolidated sand, that must be secured in lead tubes, is 
a special problem. 

- 1~ -
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

.1 

4.3 Fancher Core Holder 

•,. 

.The Fancher core holder is designed to contain drilled or sawed 
core samples that are approximately two centimeters long. Refer
ring to Figure 2-2, the core plug may be mounted in the Fancher 
core holder as follows: 

l. 

2. 

3. 

4. 

S. 

6. 
7. 

8. 

Select the tapered rubber stopper which has a concentrically 
bored (molded) hole that is equivalent to.the sample dimension; 
Insert the sample into the hole such that the sample end is 
flush witq the small end of the stopper. 
Place the tapered stopper into the matching. internal taper 
of the body. 
Center the core holder between the clamp ends. Tighten the 
clamp screw until the sample is sealed within.the stopper 
and holder. 
Attach the Upstream and Downstream lines to their respective 
points on the Fancher holder. 
Proceed withthe permeab'ility determination. 
The sample is removed from the Fancher holder in the reverse 
order of the above steps. 
Cube-shaped samples may be formed by the diamond sawing of 
an irregular-shaped portion of the core and when horizontal 
and vertical permeabilities are to be obtained. Normally 2· 
cm. cubes are formed with a saw equipped with two parallel-· 
mounted blades, 2 cm. apart. A standard tapered rubber 
stopper is available to fit these' shapes. Greater care and 
squeeze pressure are required to assure that the sample cube 
is sealed within the stopper, especially if the sample is 
cut slightly unqer-size or has slightly rounded corners. 
Possible leak (bypass) paths exist at the corners. 

4.4 Wax (Plastic) Mounted Samples 

In some instances, the formation samples may be too friable 
(poorly consolidated) or too small from which to cut either a 
cylindrical or cubical shaped sample. When this occurs, a small 
sample may be shaped by sawing, grinding or paring in order to 
get a dimensional form. The shaped core sample may then be cemented 
into a standard size cylindrical tube in the following manner: 

l. Cover the bottom of a shallow pan with an even layer of clean 
sand. Set the cylindrical tube upright on the sand surface. 

· 2. Set the sample inside the upright tube¡ slightly embed both 
into the sand. 

- 15 -
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

3. 

4. 

S. 

With a propane torch, heat ·the end of a stick of sealing wax 
and channel the melted wax into the annular space between 
the sample and the tube; fill this annular volume to a level 
just below the top of the core sample. 
Gener_ally, a seal between the wax and tube will be attained ·. 
if the tubing is preheated to the melting point of the wax. 
If the permeability of the mounted sample is determined while 
the wax is slightly warm, there is less chance that the seal 
will leak. . 
Sorne Fancher.core holder apparati are designed such.that the 
wax-core and the wax-tubing seals may be tested. After the 
permeability has been measured, connect the upstream perme
ameter line to the test plate connection; place ·a few drops 
of alcohol on one end of the mounted sample. Press the 
opposite end of the tubing firmly against the test plate 
rubber washer and adjust. Permeameter regulator with the 
Source, Sample and Low valves open •. Air bubbles must not . 

· appear·between ·the wax·and tubing; the bubbles formed at the 
sample face should be uniformly distributed across the sám
ple. ·A disproportionate number of bubbles forming along the 
core-wax junction indicates a poor seal between the wax and 
sample. The core must be resealed if the above test indi
cates that air is flowing around, rather than through, the 
core sample. 

4.5 Routine üperation 

For the purposes of this section, it will be assumed that (1) the 
core sample is in a core holder, (2) the core holder is properly 
connected to the Upstream and Downstream connections on the perm
eameter panel, (3) an adequate air supply (40 psig if the Hassler 
valve is connected .to a nitrogen regulator set to 200 psig or 200 
psig if the Hassler valve is connected between the Source valve 
and the Permeameter regulator), and (4) the Source and Sample 
valves are closed. 

l. Glose the Middle Water valve; open the Low and Orifice Vent 
val ves. 

2 .. · Back-off (screw counterclockwise) on the Permeameter and 
Mercury regulators .. 

3. Open the Source and Sample valves and adjust (clockwise) the 
Permeameter regulator for a "C" reading of 10 on the "C" 
gauge. 

- 16 -
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. ·GAs PERMEAMETER OPERA TING INSTRUCTIONS 

4. From a visual inspection or past experience, estímate the 
permeability of the core sarnp1e. 
a. If the permeabi1ity is estimated to be 1ess than 1·md., 

select an orífice with an Orífice Q va1ue in the range 
of 0.1 or less. 

s. 

6. 

7. 

. 8~ . 

b. If the permeabi1ity is estimated to_be between 1 and 
100 md., an orífice should be selected with an Orífice 
Q va1ue in. the range of 0.1 to 10. 

c. If the permeability is to be higher than 100 md., an 
orífice with an Orífice Q va1ue in the range of 10 or 
greater shou1d be selected. 

_lf who1e core diametric (paralle1 to bedding planes) perm
eabi1ities are being determined, the above Orífice Q va1ues 
shou1d be increased by a factor of 10. 

Connect the orífice se1ected to the Orífice out1et with a 
short section of rubber tubing. 
If the orifice se1ected has an Orífice Q that is: 
a. Greater than 1, open the High valve (this automatically 

closes the Low.valve). Adjust the Mercury regulator 
until the "C" Hg manometer indicates a value of 60. 

b. Less than 1, open the Low va1ve. This automatically 
c1oses the High va1ve. 

Slow1y (carefu11y) start closing the Orífice Vent and observe 
the water rise in the Orífice manometer. If the air flow 
rate is too high for the orífice selected, when the Vent 
valve is c1osed, water wil1 be expelled from the manometer. 
Do not allow this to happen; select a larger orífice or ad
just the Permeameter or Mercury regulator to establish a 
higher "C" va1ue (lower differential pressure).· Higher 
Orífice manometer readings wi11 provide better manometer 
reading accuracy for the determination of qa. Preferably, 
·do not use a manometer reading of less than 20 mm. of water • 
Based on this first trial, with the orífice selected, it may 
be advantageous to se1ect another orífice for improved man
ometer reading accuracy. The best overa11 accuracy will be 
obtained when the· gas flow rate is adjusted to obtain gauge 
and manometer readings on the upper end of the scales. Upper 
end of the scales·wi11 be low "C" values and high water man
ometer readings. Experience wi11 be the best guide for a 
particular (geographical area) laboratory. An orífice may 
be changed by first opening the Vent valve, rep1acing the 
orífice and then slowly closing the Vent valve as before. 

- 18 -
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' GAS PEfUIIEAMETER OPERATING INSTRUCTIONS 

9. When stabilized flow (steady ~anometer indications) is estab· 
lished, record the following data: 

f 

a. "C" value or Middle Water column height in millimeters 
(convertible to "C" from Table 2-I). 

b. Orífice Q value. 
c. Orífice Manometer reading (hw) in millimeters. 
d. Length (L) of the sample in centimeters. 
e. Diameter of the sample in centimeters, from which the 

cross-sectional area (A) in square centimeters may be 
calculated. 

10. Calculations are shown below: 

hw L 
kg in millidarices = ~ (Orífice Q) 200 A 

11. Precautions to be observed: 
a. Keep the Orífice Vent open except during those times 

that Orífice manometer readings are being made. This 
will minimize the possibilities of expelling the water· 
from the Orifice manometer. 

b. Do not pressurize',the Hassler sleeve unless a core sam
ple is securely clamped in the holder. The 1/16" thick 
rubber sleeve will be ruptured if 200 psi air pressure 
is introduced into an empty or unsecured Hassler holder. 

c. Samples that are 1/16" smaller than the Hassler.diameter 
may be held in the Hassler holder without damage to the · 
sleeve. Cores with smaller diameters than this may be 
effectively enlarged by inserting the sample into another 
rubber sleeve of the proper thickness to make the com
bined diameter of the core and sleeve equal to the Hassler 
diameter. Spacer rings will be required if the enlarging 
rubber sleeve is longer than the core sample. 

d. The air or nitrogen pressure level required for proper 
sealing of the Hassler rubber sleeve and the core sample 
will be dependent upon sand grain sizé, thickness and 

.hardness of the rubber sleeve and smoothness of the cut 
on the core's outer surfaces. Normally, 200 psig sleeve. 
pressure will give satisfactory sealing. A technique 
for determining an adequate sealing pressure was dis
cussed in Paragraph 4.2. 

e. Do not open the Middle Water valve unless the Mercury 
regulator is adjusted to a "C" Hg manometer value greater 
than 700.· 

SECTION FIVE: MAINTENANCE ANO TESTING 

Under normal operaÜng condi tions, maintenance will be minimal. 
compressed air being supplied to the permeameter, the following 

- 19 -
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

·. should be considered during norma 1 maintenanc.,: 

5.1 ~-
Wiierlthe silica gel in the dryer becomes pink to white in color, 
it should be replaced with new or rejuvenated silica gel. Water 
vapor in the sample air can react with water-sensitiva materials 
in the core samples and unstable flow conditions will result. 
lf this occurs, time and accuracy will be lost. In some instances, 
moisture may affect the odfice such that the calibrated Orifica 
Q value is incorrect. 

·S. 2 Manometers 

5.3 

. l. The ll.quid meniscus must be level with the zero scale gradu
ation when the permeameter is at atmospheric pressure through
out. The manometer scales ma}' be loosened and adjusted as 
required. 'Add make-up liquid (see Installation) for severe 
level discrepancias; find the cause for the loss of liquid. 

2. If the Mercury manometer glass tubes become dirty, remove 
the dirty mercury and clean (wash) the sight glass. The 
sight glass may be removed as follows:. 
a. Wi thdraw (siphon) <the mercury from the manometer well 

through the threaded fill-hole. 
b. Remove the top cross-member from:panel. 
c. Loosen the Swagelok (with Zytel plastic ferrules) nuts 

at top and bo~tom of the sight glass. 
d. Disconnect the tubing connection at rear of the top man

ometer tube bracket. 
e. Remove the top bracket using a No. 8 Allen wrench; gently 

lift the glass from the bottom tubing connection. 
f. Clean the glass bore with soap and water; dry completely. 
g. Reverse the above steps to install the glass tube .. 
h. Fill the manometer well with clean mercury, to the proper 

level. 
i. Test for leaks after all the Swagelok nuts have been 

properly tightened. (See "Instrument Leaks" below). 
j. The Water manometer·glass tubes may be removed and 

cleaned in the same mannér. 

Sand Grains 

Dust and fine sand gr·ains may be seen collecting in the section 
of plastic tubing that connects the downstream core holder out~ 
let with the Downstream connection located on the permeameter 
panel. If this line is kept clean, it will minimize the quantity 
of fine rock particles that reach the orífice. The orifice must 
be clean; the Orífice Q calibration constant was determined when 
the orífice was new, clean and dry. 
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5.4 Instrument Leaks 

l. ~stream Leaks 
M~nor leaks upstream of the core sample are not generally· 
cónsidered to be detrimental to permeability measurements. 
However, in sorne instances, a leak rnay contribute to an 
erroneously low Pl· . Most leaks can be detected with the 
bubble sólution technique which involves saturating each 
suspected tubing connection with a soap solution (such as 
Snoop) and observing the growth of bubbles if a leak is 
present. Lines and connections leading frorn the downstream 
ends of both the Mercury regulator and Low valve to the 
upstrearn face of the core holder should be tested. This 
includes lines and·connections leading to the Mercury man
ometer and_Middle Water valve. Copper lines may have been 
damaged by mercury, if the mercury has ever been accident
ally e_xpelled from the Mercury rnanometer. · 

A critica! area for upstream leaks is in,the lines leading 
to the Middle Water manometer well. These lines (connec
tions) may be easily tested coy adjusting the Mercury regu_-., 
lator (with the Middle Water val ve open) to obtain a·"200 
mm Middle Water manorneter pressure reading; open the Orifice 
Vent and close the Middle Water valve. A no-leak manometer 
systern will hold the pressure level at 200 mm of H20 pres
sure. A decreasing ~~orneter level indicates a leak and it 
rnust be corrected. ' 

2. Downstream Leaks 
Leaks downstrearn of the core sample cannot be tolerated. 
The flow system downstream of the core sample may be easily 
and quickly tested in the following manner: 

a. Place a solid steel or alurninurn plug in the core holder. 
b. Pressure the Middle Water manometer to 200·mm. of water 

and close the Middle Water valve. 
c. Rernove the Orifice and close the Orifice Vent. 
d. With a squeeze bulb connected to the orifice rubber·hose, 

pressurize the downstrearn lines to a pressure of 200 mm. 
of H20 as indicated by the Orifice manometer. Seal the 
hose with a screw-pinch clamp. 

e. A decreasing Orifice rnanorneter reading represents a down-
1 strearn leak which ~rusr BE FOUND and corrected. Be certain 

to check the upper end of the Hg and Middle Water manometer 
sight glasses. 

- 21 -
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5.5 Hassler Core Holder 

l. A leak in the Hassler core holder system may.be found in the 
'following manner: 

a. Pressurize the Hassler rubber sleeve to 200 psig with a 
very porous and permeable core sample in the holder. 
This core sample should be equal in length to the longest 
core·samples that are analyzed. · 

b. Close the Hassler valve; a drop in sleeve pressure, as· 
indicated by the Hassler gauge, represents a leak which 
must be found and corrected. The following steps should 
isolate the location of·the leak: 

1) 

2) 

Seal the upstream plastic line leading to the core 
holder with a pinch clamp; also pinch clamp the 
orifice-rubber tubing. Close the Orifice Vent· 
valve. An increasing pressure, as indicated by the 
Orifice manometer, is indicative of a pin-hole leak 
in the Hassler rubber sleeve and the sleeve must be 

· replaced. 
If t'he Hassier core holder leak is not in the rubber 
sleeve, tighten the'upper and lower sleeve nuts. If 
this does not correct the leak, use bubble solution 
to determine the location of the leak. Make the 
appropriate repairs. 

2. A defective Hassler sleeve may be replaced in the following 
manner, referring to Figure 2-1: 

a. Remove both the upstream and downstream heads. the down
stream head is threaded into the downstream (top) knurled 
sleeve nut. 

b. Remove both knurled sleeve nuts. 
c. Remove the defectivc. rubber sleeve and select a replace

ment (1/16" thick rubber tube) of the proper length and 
diameter dimensions. Insert the new sleeve into the 
housing. 

d. With ~" of sleeve extending out the bottoDi of the housing,. 
stretch the sleeve outward and up, over the housing end. 
The sleeve should cover the housing end, below the 
threaded portion. 

e. Lightly lubricate the threads and washer; replace ~he 
knurled sleeve nut and hand-tighten. 

- 22 ~ 
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f. Repeat Steps d and e for the upper end. Use the vacuum 
as an.aid in holding the sleeve in place, once the sleeve 
has been stretched back and down over·the housing. A 
properly installed sleeve must be stretched smooth, free 
of any twists or wrinkles. 

g. Do not overtighten the knurled sleeve nuts or the rub~ 
ber sleeve may be damaged (pinch-cut between the housing 
end and the inner surface of the washers). 

h. Recheck for leaks as previously described. 

5.6 Flow System Correction for High Permeability Core Sample~ 

The theory of Darcy's Law states that P¡ and p2 are the upstream 
and downstream pressures at the respect~ve faces of the core 
sample. As can be seen from Figure 2-3, by the d'esign of this 
permeameter, the points at which p¡ and P2 are measured are not 
directly at the core faces. At very high air flow rates, the 
pressure drop between the p1 poin~ and the inflow core face a~d 
the pressure drop between the outflow core face and the P2 po1nt . 
may represent an appreciable portien of the total pressure drop 
between Pl and P2· .The consequence of .this pressure drop is that 
the "C" value, converted from the Middle Water manometer reading, 
will be erroneously small and the computed permeability of the 
sample will be less than the true¡permeability. 

Each permeameter should be tested at severa! flow rates, in order 
to determine the magnitude of this pressure drop across the flow 
system. A test of the permeameter may be performed in the follow
ing manner: 

·¡, Insert one-inch length of plastic tubing, of the proper diam
eter, into the Hassler core holder •.. Connect an orífice, with 
a large Orifice Q, to the outlet. 

2. Open the High valve, back out the Mercury regulator and open 
the Middle Water valve. 

3. Open the Supply valve; close the Orífice Vent valve. 
4 .. Adjust the Mercury regulator to produce a 200 mm of water 

pressure dífferential on the Orífice manometer. 
S. The Míddle Water manometer wíll índicate the flowíng pressure 

drop across the system, at an air flow rate that is equivalent 
to the Orífice Q value. 

6. Repeat Step 4 for 150 and 100 mm. Orífice manometer readings. 
7. Prepare a graph of q8 Air Flow Rate (cm3/sec.) versus Middle 

Water Manometer reading (mm H20) for the three aír flow rates. 
More than one orífice may be requíred to cover the range of 
aír flow rates normally used. Figure 5-l is an example graph. 

r 
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

8. Your prepared graph may then be used to correct the measured 
pre.ssure differentia1 from the Midd1e Water manometer CP1-P2) 
to the true differentia1 pressure across the core samp1e. 
Preserve and post this graph where it will be readily avail
ab1e. 

It follows that: 

(llp across system) + [True CP1-P2) across 
core samp1e] 

[True (p1-P2) across core samp1e] = [Apparent CP1-P2)] 

EXAMPLE: For a high permeabi1ity core samp1e, 200 mm of 
H20 was deve1oped across a ~.00 orifice with 
the attendant Middle Water manometer reading 
shown be1ow: 

(Ap across 
system) 

Midd1e Water Manometer reading is the [Apparent (p1-P2)] = 160 mm H20 

llp across system: 10 mm H20 (From examp1e graph qa = 5.00 cm3/sec) 

[!rué (p1-P2)] across core samp1e: 160 - 10. O = 150 mm H20 

"C" from Tab1e 2-I: 1250@ 150 mm H20 Midd1e Water and 200 mm 
H20 Orífice manometer reading. 

For this examp1e, an uncorrected Midd1e Water manometer reading 
of 160 mm would have yie1ded a "C" of 1170, representing an 
erroneous1y 1ow permeability, in error by 6.3 percent. T~is 
error wou1d have been in excess of the API established standard 
of 5% for permeability measurements. 

5.7 K1inkenberg (Gas Slippage) Effects and Corrections 

It has becn determined that a gas·wil1 move through a core samp1e 
at a disproportionately higher rate than wi11 a 1iquid; this higher 
gas rate is a function of the mean free path in which the gas mol
ecu1e may move: The mean free path of the gas mo1ecu1e is affected 
by the mo1ecule size and temperature, the gas pressure and the pore. 
size. As pore pressure is e1evated, the mean free path is re
stricted, the gas flow rate decreases and approaches the propor
tionate liquid flow rate; the measured gas permeability approaches 
the permeability that wou1d be measured if liquid were the flowing . 

. medium. 
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0.144 
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0.158 

Mathematical Relationship: 

k¡ • 0.68(ka) 1· 06 

0.158 0.159 -0.39 0.40 - 0.69 
k¡ ka k¡ ka k¡ 

0.159 0.40 0.26 
to 0.10 0.41 0.26 

<0.01 0.174 0.42 0.27 
1 0.175 0.43 0.28 
0.01 to 0.11 0.44 0.28 

0.188 o. 45 0.29 
0.189 0.46 0.29 

0.02 to 0.12 0.47 0.30 
0.204 0.48 0.31 
0.205 0.49 0.32 

0.03 to 0.13 o. so 0.32 
0.22 0.51 0.33 
0.23 0.14" 0.52 0.34 

0.04 0.24 0.15 0.53 0.34 
0.54 0.35 

0.25 0.16 o .• s u.36 
o.os 0.26 0.16 O.S6 0.36 

o. 27 0.17 0.57 0.37 
0.28 0.17 0.58 0.38 

0.06 0.29 o .18 O.S9 0.38 
0.30 0.19 0.60 0.39 
o. JI 0.19 0.61 0.40 

0.07 0.32 0.20 0.62 0.41 
0.33 0.21 0.63 0.42 
o. 34 0.21 0.64 0.42 

0.08 0.35 0.22 0.65 0.43 
0.36 0.23 0.66 0.44 
o. 37 0.23 0.67 0.44 

0.09 0.38 0.24 0.68 0.45 
0.39 0.25 0.69 0.45 

0.70- 0.99 1.00 - 2.9 3.0 - 5.9 
ka k¡ ka k¡ ka k¡ 

0.70 0.46 1.00 0.68 3.0 2.2 
. o. 71 0.47 1.01 0.69 3.1 2.2 
0.72 0.48 1.02 0.69 3.2 2.3 
0.73 0.48 1.03 0.70 3.3 2.4 
0.74 0.49 1.04 0.71 3.4 2.5 
0.75 o.so 1.05 o. 71 3.5 2.5 
0.76 0.51 1.06 0.72 3.6 2.6 
0.77 0.52 1.07 0.73 3.7 2.7 
0.78 0.52 1.08 0.73 3.8 2.8 
0.79 0.53 1.09 0.74 3.9 2.9 
0.80 0.54 1.10 0.75 4.0 2.9 
0.81 0.54 1.11 0.8 4.1 3.0 
0.82 o.ss 1.2 0.83 4.2 3.1 
0.83 0.56 1.3 0.91 . 4. 3 3.2 
0.84 0.56 1.4 1.0 4.4 3.3 
0.85 0.57 ros 1.0 4.S 3.3 
0.86 o.ss 1.6 1.1 4.6 3.4 
0.87 o.ss 1.7 1.2 4.7 3.5 
0.88 O.S9 1.8 1.3 4.8 3.6 
0.89 0.60 1.9 1.3 4.9 3.7 
0.90 0.60 2.0 1.4 s.o 3.7 
0.91 0.61 2.1 l. S 5.1 3.8 
0.92 0.62 2.2 1.6 5.2 3.9 
0.93 0.63 2.3 1.6 5.3 4.0 
0.94 0.64 2.4 1.7 5.4. 4.0 
0.95 0.65 2.5 1.8 5.5 4.1 
0.96 0.65 2.6 1.9 5.6 4.2 
0.97 0.66 2.7 1.9 5.7 4.3 
0.98 0.67 2.8 2.0 5.8 4.4 
0.99 0.67 2.9 2.1 5.9 4.4 

... 

TABLE 5·11 

KLINKENBERG (GAS SLIPPAGE) EMPIRICAL CORRECTION 

PERMEABILITY BY AIR VS. PERMEABILITY BY LIQUID 
(ka) (k¡) 

6.0 - 8.9 9.0 - 11.9 12 - 39 40 - 69 70 - 99 
ka k¡ ka k¡ ka k¡ ka k¡ ka k¡ 

6.0 4.5 9.0 7.0 40 34 70 61 
6.1 4.6 9.1 7.0 41 35 71 62 
6.2 4.7 9.2 7.1 12 10 42 35 72 63 
6.3 4.8 9.3 7.2 13 10 43 36. 73 63 
6.4 4.8 9.4 7.3 14 11 44 37 74 64 
6.5 4.9 9.5 7.4 15 12 45 38 75 65 
6.6 s.li 9.6 7.4 16 13 46 39 76 66 
6.7 5.1 9.7 7.5 17 . 14 47 40 77 67 
6.8 5.2 9.8 7.6 18 !S 48 41 78 69 
6.9 5.2 9.9 7.7 19 15 49 42 79 69 
7.0 5.3 10.0 1.8 20 16 so 43 so 70 
7.1 5.4 10.1 7.9 21 17 51 43 81 71 
7.2 s;s 10.2 8.0 22 18 52 44 82 72 
7.3 5.6 10.3 B.O 23 19 53 45 83 73 
7.4 5.7 10.4 8.1 24 20 54 46 84 74 
7.5 5.7 10.5 8.2 ¿5 21 SS 47 85 74 
7.6 5.8 10.6 8.3 26 21 .56 48 86 7S 

·7.7 5.9 10.7 8.4 27 22 57 49 87 76 
7.8 6.0 10.8 8.4 28 23 58 so 88 77 
7.9 6.1 10.9 8.5 29 24 59 51 89 78 
B.O 6.1 11.0 8.6 30 t-•25 60 52 90 79 
8.1 6.2 11.1 8.7 31 26 61. 53 91 80 
8.2 6.3 11.2 8.8 32 27 62 53 92 81 
8.3 6.4 11.3 8.8 33 28 63 54 93 82 
8.4 6.5 11.4 8.9 34 28 64 SS 94 83 
B.S 6.5 11.5 9.0 35 29 65 56 95 84 
8.6 6.6 11.6 9.1 36 30 66 57 96 85 
8.7 6.7 11.7 9.2 37 31 67 58 97 86 
8.8 6.8 11.8 9.3 38 32 68 59 98 87" 
8.9 6.9 11.9 9.3 39 33 69 60 99 88 

100 - 129 130 - 159 160 - 175 
ka k¡ ka . k¡ ka k¡ 

100 88 130 116 160 144 
101 89 131 117 161 145 
102 90 132 118 162 146 
103 91 133 119 163 147 
104 93 134 120 164 148 
lOS 93 135 121 165 149 
106 94 136 122 166 ISO 
107 95 13i 123 167 151 
108 96 138 123" 166 152 
109 97 139 124 169 153 
110 98 140 125 170 154 
111 98 141 126 171 154 
112 99 142 127 172 155 
113 100 143 128 li3 156 
114 101 144 129 174 157 
11S 102 145 130 ~rom:M~nu 
116 103 146 131 175 
117 104 147 132 299 -20 
118 105 148 133 300 -30 
119 106 149 134 699 
120 107 150 135 700 -40 121 108 151 136 999 
122 109 152 137 1000 -so 123 110 153 138 1699 
124 111 154 139 1700 -60 125 112 155 140 2299 
126 112 ·156 140 2300 -so 127 113 157 141 5799 
128 114 158 142 5800 
129 115 159 143 7500 -lOO 
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The gas slippage effect is essentially a laboratory phenomenon, 
because permeability is determined with low pressure air. · The 
laboratory determined gas permeabilities will be higher than the 
true permeability because hydrocarbon-bearing formations contain 
liquids and/or gas at high pressures. The Klinkenberg effect is 
very significant on low permeability core samples. For those 
clients who request it, Core Laboratories can apply an empirical 
correction to the measured gas permeabilities which will result 
in better agreement between liquid and gas permeabilities. These 
empirical corrections are shown on Table 5-II. The measured gas 
permeability (ka) bracket is found on the table; the approximate 
liquid permeability (k¡) is shown. The mathematical relation-
ship between ka and k¡ is: k¡ = 0.68(ka)l.06 ' 

As an example, a permeability determination made on a sample at 
32 psig (C=4) upstream pressure may be found to be lower than a 
permeability determination made at 7 psig (C=30) upstream pres
sure. A natural tendency, on the part of the core analyst, may 
be to assume that this difference is the result of either tur
bulence or system restrictions at the higher flow rate (lower 
"C"), when actually the difference'is the Klinkenberg effect at 
two different mean pressure levels. Generally speaking, turbu
lence and system flow restrictions will occur with high permea
bility core samples and the Klinkenberg effect will be more 
pronounced on low permeability samples. 

SECTION SIX: REPLACEMENT PARTS 

Item Description 

6.1 l. Regulator, permeameter 
Moore Products, Nullmatic Model 40-50 

2. Regulator, mercury 
Moore Products, :Nullimatic Model 40-7 

6.2 Valves, source, sample, upstream water, orifice vent, 
H~ssler vent, Hassler, vacuum, High and Low permeability 
with dual toggle handle -- Hoke, l511F2B 

6.3 Manometers; mercury, upstream water, orífice 
a. Sight glasses 3/8" OD X 5/64" wall X 14-3/8" long, 

pyrex CLI (special made) · 
6.4 l. Gauge; Hassler sleeve (30"-0-200 psi) 

2. Gauge; "C" valve, with modified dial face (0-60 
psig) CLI (special made) 

6.5 Dryer, complete 
a. Silica gel desiccant 

-- CLI (special made) 
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ltem Description 

6.6 

6.7 
6.8 

6.9 

Upstream and downstream tygon plastic tubing - 5/16" 
OD X 1/16" wall X 10" 
Orifice·rubber hose - 1/2" OD X 1/8" wall 
Hassler Core Holder complete 
l. Rubber sleeve 
2. Upstream head 
3. Downstream head 
4. Upstream nut 
S. Downstream nut . 
6. Housing 
7. End washers 

-- CLI {special made) 

6.10 

· Orífices,· calibrated with orífice constant 
· -- CLI (special made and calibrated) 

l. Cabinet, complete Premier; TR-2119 
2. Front Panel; CLI (special made) 

SECTION SEVEN: AUXILIARY EQUIPMENT 

7.1. Permeameter Test Kit 

l. General 

2. 

The permeameter test kit contains all the necessary equipment 
to test the permeameter as discussed in SECTION FIVE: Main
tenance. In addition, Orífice Q constants may be checked or 
determined. An Orífice Q can change; normally the Orífice Q 
will decrease with use due to very fine-sized particles plug
ging the orífice capillaries. An appreciable increase in an 
orífice constant suggests that the orífice may have been 
fracturad and it should be discarded. Leaks downstream of 
the orífice are not permitted during the test •. 

An orífice may be calibrated if an accurate gas flow meter 
is available. The test kit has three in the form of bubble 
flow meters. A bubble flow meter is a calibrated length of 
glass tuliing, through which a soap film (bubble) may be dis
placed. The volume of the tube divided by the time required 
for the displacement, equals the volume flow rate. 

Orífice Calibration Instructions 

An orífice may be calibrated in the following manner: 
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a. A core sample of medium permeability (50-100 md.) is 
placed into the core holder. 

b. The porcelain orífice stem is connected to the Orífice 
outlet with the rubber hose. The orífice must be clean, 
dry and at room temperature. The aluminum outer tubing 
must be epoxy-sealed to the porcelain. 

c. Source, Sample, and High valves are opened; Orífice Vent 
is carefully élosed, and the Mercury regulator is ad-

. justed to produce a 200 mm of water column on the 
Orífice manometer. 

d. A drilled rubber stopper is used to connect a length of 
plastic tube to the aluminum orífice discharge. The 
other end of the plastic tube is connected.to a bubble 
flow meter. The bubble flow meter selected should be 
large enough to require at least 20 seconds for the 
soap film bubble to be displaced from the bottom grad
uation (zero mark) of the. bubble meter to the top 
graduation (full scale of 10, 100 or 500 ml.) 

e. Squeezing the rubber bulb, at the lower end of the flow 
meter, will cause the soap solution (SNOOP) to rise and 
contact the lower edge of the calibrated tube. The in
coming gas, from the orífice, wiu· displace a soap film 
bubble into the tube. 

f. When the bubble, being displaced upward, reaches the Zero 
mark, the electric timer is started; when the bubble 
reaches the Full-Scale mark, the electric timer is stopped. 
Several moving bubbles will be required to wet the inside 
wall of the flow meter before a bubble will successfully 
traverse the entire calibrated length of the tube. 

g. The "Orífice Q" will be: 

Orifice Q in cm.3/sec. = . Full Scale vol~e in cm
3 

T1me of traverse 1n seconds 
h. Several traverse "times" should be accumulated in order 

to arrive at an average time. During the timed in~er
vals there must always be 200 mm of water indicated on 
the Orífice manometer. Timed intervals should agree 
within :!:1% •. 

i. The calibrated volume between the zero and the full-scale 
graduations is specified to be within :!:1%. If the mea-

. sured Orífice Q is within 1% of the original value, 
continue to use the original; if the new Orífice Q is 
different by an amount greater than 1%, use the newly 
determined Orífice Q. Relabel the orífice. 
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··,··. 

7.2 

3. Miscellaneous Eguipment lncluded and Their Uses 

Item 

Screw-pinch 
. Clamps 

Quantity 

2 

SNOOP 

Core Plugs· 
(1" & 1~' dia.) 

Solid Lucite Plugs 
(1" & 1~" dia.) 
Lucite Tubil)g 
(1" & ·1~" d1a.) 
Bulb Aspirator 

Test Gauge 

Charts & Tables 

2 

4 

2 

2 

1 

1 

3 

use 

To close.the orifice rubber hose 
during downstream leak test • 
To close upstream and orifice hose 
during Hassler boot leak test. 
Bubble solution for filling bubble 
flow meters. Bubble solution for 
location of leaks 
Test plugs during orifice calibration. 
Test plugs during Hassler sleeve leak 
test. · 
Test plug for downstream leak test. 

Test plug for "llp across system" test 

To pressurize downstream lines for 
leak test. 
Optional, for laboratories that rou
tinely use the "C" gauge that is 
mounted on the permeameter panel 
"C" Values vs. mm Hg 
"C" Val u es vs. mm H20 

Hassler Core Holder•s Use with a Porosimeter 

The Hassler core holder may be used with a porosimeter, in order 
to directly determine· the pore volume of a core sample. This 
can be accomplished with a simple 1/8" Saran Y-tubing connection. 
The porosimeter instructions include the details of this procedure. 

7.3 Whole Core Permeameter·Core Holder 

' 

The permeameter test panel can be utilized with any of the whole 
core type core holders for measuring vertical or horizontal perm-

. .: .... 
... ., .. :··: 

. eabilities.. Whole core horizontal permeabilities are run on 
cylindrical-shaped samples with two stainless steel screens 
mounted diametrically opposite one another, each covering a 90° 
·Surface quadrant. Generally, the screen spans the entire length 
of the sample. 

Where 90° screens are used, which span·the length of core, the 
calculaticin of permeability, using Darcy's equation, is as follows: 

,' ... -.. 
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GAS PERMEAMETER OPERATING INSTRUCTIONS 

All factors are previously defined. 

The equation above is applicable where the length of screen spans 
·. the entire length of the core sample. In the event a sufficiently 

long screen is not available to span the .entire length (L) of a 
sample, the value of L must be altered to an apparent length (La) 
as follows: 

La = JCL) (Lscreenl L = Length of core sample, cm. 
Lscreen = Length of screen, cm 

Refer to the individual core holder instructions fqr the mechanical 
details of securing a whole-core sample in a spe~ific piece of equip
ment. Generally, the previously mentioned.conditions must be met: 

l. Adequate sleeve pressure must be maintained, to seal the 
sample,·to prevent leakage between the sample and the sleeve. 

2. The ends of the samples must also be sealed when the gas flow 
path is diametrically· across the sample. 

3. The flow system 6p must be small relative to the total 6p 

JES:pm 

across the system and core sample. This is especially impor
tant for samples with high permeability. Special screens may 
be required in sorne instances and larger lines connected between 
the core holder and permeameter panel. 
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