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WELL TESTING IN TWO-PHASE .GEOTHERMAL WELLS

by Alain C. Gringarten, Member SPE-AIME, B.R.G.M.
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This paper deals with the possibility of usxng
usual oii well transient pressure testing methods
in hot water wells when f]ashlng occurs ia the well-
Bore. Hultiple rate analysls techniques have been
successfully applied to available data on a well dril-
led by B.R.G.M, in the former French Territory of
Afars and Issas. Practical recommendations concer—
ning such tests are also included,

INTRODUCT ION

Well established pressure transient analysis
techniques are routinely used inm oil and gas wells
for the determination of reservoir parameters!*Z,

In recent years, improvements in these techniques
have allowed a better understanding of complex reser-
voir and well behavior, as in the presence of skln,
wellbore storagea, or fractures®.

Only recently have these methods been applied
to geothermal systems. For a number of ycars,
geothermal well testing was based on empirical meth-
ods®, that, although useful for estimating geother-
mal fleld production potential, gave limited knowl=
edge on the reservoir itself,

Pressure transient techniques have been applied
successfully in vapor dominated geocher@a] reser-
voitrs *, /. 1t was found that gas well analysis meth-
ods apply to steam.wells and that wellhead measure=
ments were generally adequate for analysis, thus
eliminating the need for downhole instrumen:atiun.

[n water domlnated sysths, on the contrary,
trans;ent well testxng can be far fore cemplex,
dcpcndlng upon whether two-phase flow develops]
@ith flashing in the wellbore or in the fo:mdllor‘
Usual oil well methods have already been shown 1o
apply when no flashlng dcve]ups On the utiwer
hand, 'they apparently cannot be used when flashing
occurs in,the fo;mationg. Véry little infornation
was available until recently on the case of hot wa~
ter wells in which flashing occurs at some depth in
the wellbore. This is mainly due to the difficulty

“References and illustrations at end of paper.
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" ever, were available from a well drilled in71975

Issas (now Republic of Djiboutri).

sented hereafter.
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of botrom hele data gathering, that often results
in mechanical diamage of the measuring devices be-
t+ause of the high temperatures involved, and of the
high production rates of boiling geothermal fluids,

A two rate flow test, conducted on one well
in the Cerro Prieto field was recently PrlbuntEd
by Rivera and Rumey! The data wcere satisfactori-
ly interpreted bg means of models suggested dy
Russel!!, Selim!?, and Odeh and Jones LI

to the author™s knowledpe, no otlier eranple of
frangient test in a two-phase well has becn puld
Lished. in the literatured Unpublisied data, how-

by B.R.G.M. in the French Territory of Af.rs and

Analysis of these data, whigh include pressure
build-up as well as two rate flow tests is pres

ASAL WELL

The Asal rift, located 80 km west of Djibouti,is
one of the active "rifts~in rift" structures of
the Afar depression, a transition between the Guli
of Aden and the Red Sea ridges.

Attention was drawn to this zone berause of
the presence of a graben strucrure, and of geochew-
ical particularities of various hot springs.

Two wells were Jdrilled on the S-W margin of the
rifr, at locativns chosen mainly from geciogical
t.onsiderations. The first hole (Asal 1) resched a
hot water poothormal rescrvoir, the sccond, one
Lilometer away, was dry.

Buth wells found, frem top to butiom, a revcent
basaltic series, then @ thick rhyelitic velcanie
neries, and'finally an old teetonic, tilted,
bisaltic Series, where the rescrveir is located.
The first well was drilled to a dopth of 1130 m,
where heavy mud louses ocrured, while the second
well reached 1550 m,. An important normal fault
appears to scparate the two wells., '

A schematic of Asal | willhead is pruosented
in figure T, The well could be produred either,
vertically through a 8" tubhe, or herizontally

I ——
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through a calibrated pipe. Four sizes were avail-.
able (namely, 6", 4", 2" and 1") which were used to
control the well flow rate. 1In addition, a 2"
stainless steel tubing was lowered into the well-
bore to a depth of 650 m, for wireline temperature
and pressure measurements with bourdon-tube type
gauges. As the weld could mor inirially start by
{tself, ‘the same’ tubing wis used for inducipg ixd
Lato production by air 1if@ The initisl wvater lev-
el in the well was at an approximate depth of 200 m
below the well head. ‘

The flow rate history of ASAL ) well is pre-
sented on figure 2. After completion, the well
vas produced through a 6" outlet for 6 days in pre~
paration for a build-up test for obtaining reser-
voir pararwters {(flow period<™1). Mechanical ?rUb-
lezs, howvever, .were encountered with the stuf[lng
bex on the lubricator attached to the 2" stainless
steel tubing, and these required the closing of
the well for about 9 hours in arder to recrieve
the zeasering devices (flov period #°2). During
this unplanned pressure build-up, temperature and
pressure could only be measured at the wellhead
and arv showm on figure 3.

It can be noticed on figure 3 that the well-
head temperature drops suddenly after 400 minutes.
This apparently corresponds to steam condensation
in the wellbore and defines the time limit after
whieh the well has to be induced into production.

The well was again started by air-lift and
flown through the 6" outlet for approximately 4
days (flow periods# 3) before being shut-in for
20 hrs (flow period#< 4). In order to cbtain the
vell characteristic curve relating wellhead pres-
sure and mass-flow rate, the well was again star-
ted by air-lift, flown for 43 hours with a 4"
outlet {flow period=%5), shut-in for 3 hours
{flow periods£ 6}, and open again with the 6"
outlet. Because of the short 4" pressure build-
up duration, the well was able to start by itself.
After about 3 hours of 6" production (flow period
=% 7), the 6" ocutlet.was changed inte & 2" outlet;
the well was then produced for 3 days (flow period
s# B8), shut-in for 7 hours (flow periods# 9), open
again with the 6" outlet (flow period - 10) which
was changed into a 1" outlet after 3 hours ({low
period # 11}, During this final test, there was
evidence that the flow could not be sustained, and
no build-up was attempted.

Although the primary objective of these last
tusts was to obtain the well characteristic curve,
bottomhole measurements were taken throughout the
duration of most individual flow period, in order
to check the results of the second 6" build-up
test. Temperature and pressure mcasurements were
also performed at various depths in the wellbore,
and are shown on figures 4 and 5, respectively.
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 m
wvith the 4" outlet and 700 m with the 2" outlet.

TYPE - CURVE ANALYSIS

Asa ! bottomhole pressure data that were avail-
able for flow periods 4, 6, 7, 8, 9, 10 and 11
are shown on the log-log plot of figure 6. For
each individual flow period, the difference
between the bottomhole presture during the test
and that at the beginning of the test is plotted
versus the time since the beginning of that test,

Although no unigque quantitative vstizate of
the reservoir parunclers ¢afi be doduced from fig-

ure 6, important quantitative information can be
» .

obtained.

py comparing the log-log plot of figure 6
with the skin and storage type curves published in
ref. 3, it becones apparent itiat nine of le 64
Flewing te50s bad been run leug cnouph for off
fadial flow logaritlimic approxivetion 2o applyd
On the other hand, that approximation docs apply
to the 2" flowing test, which had a much lunger
duration, and to the varicus build-up tests.

The. Cumparison also gnveosts that the carly
tige Leliavier of the well e of the hangiag v F1-
bure stirape type, geing f1om 1igquid 1wl cond
trolled storage to corpres (hility coutrolied siof-
wge.whea flashing or condensation ociwrq,

Figure 6 further indicaius that the radial
flow logaritbmic approximation applics sowner for
build-up than for droswdown tests, This is s o=,
whal opprsite to what is peuerally chbsorved in
single phase wells, and way be due to the tue-
phase nature of the flow.

Another commment regarding figure 6 s that,
although a dry well had been drilled one Lileaeter
away Irom ASAL 1, no iwpermeoble boundary is ap-
parent on the log~lug plot.

Figure b was also used Lo estimate the mass
flow rates under reserveir conditions during the
various flow periods,

AS no separator was available, these were
first deduced {rom James!lip pressure nethodif
James observed that, as a fairly large flow of
Sfeam or Steam~water mixture was c.panded along a
pipe to the atmosphere, the pivtsare at the vx-
treme end (lip) of the pipe was greater than the -
atmospheric pressure, and pruportional to the
mass flowing, and the enthaltpy, us in the follow-
ing formula :

e 1.102 - e e
G.E E coL T
;-“6765— = 11 400. o : ;F})»
L . .
whure G is the mass velocity (in lb/sq ft.sec),
E is the stagnation enthalpy (in Btu/lb, at recs-
etveir conditions), and P, the critical lip jres-

sure (in psi ahsolute)d.

James's formula was transformed for the prue-
sent study into a more convenjent system of units
to yield :°

w = 692,33 p 0 g-1-10% 42 (9

where w is expressed in tons/hr®, P, in bars®, and

d in inches. L

Data for mass flow rate ralculations are sum-
marized in Table |. The enthalpy value used in
Eq. | was that for pure wuter, although the geo-
thermal fluid sslinity was of the order of 200,000
ppm. Enthalpy values for highly saline brines are
not readily available in the literature.

As -indicated in Table ), the lip pressure was
uniquely defined only with the 6" outlet, corre-
‘sponding to a rate of appresimately 83 t/hr.

With the 4" and 2" outlets, un the contrary, the

* Metric units are used throughout Ehis paper':
1 ton = 10% kg; 1 bar = 10° Pa
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lip pressure was oscillating between two extreme
values, because of the slug nature of the flow, and
only a range of rate values could be obtained by
applying James' formula (7! - 83 t/hr and 40 - 54
t/hr, respectively). According to James 16, such
pulsations could have been eliminated by using a
glycerine~damped pressure gauge with a needle valve.
By throttling the valve, the lip pressure stabilizes
at the correct value, between the two extreme ones.

However, by comparing the relative position of
the different curves on figure 6, it appears that
the rates with the 4" and 2" oputlets were more like-
ly 71 ard 23 t/hr, respectively. In the same way,
the rate «ith the 1" outlet seems to be equal to
11 t/hr.

MULTIPLE RATE ANALYS1S

Quanl1rat1ve "analysis of Asal'I" bottnmhn!e?
preséure data was performed with a variable drawd
dcwn model, 'similar €5 _that propnsed by Odeh and
Sones ! The well was considered as having been
produced at different flow rates, 9ps Qzi---
Assumxng the radial. flow logarithmic approx:ma?lod
valid for each one of the. flow periods; the bottom-
bole well pressure during_the nth test is equal o}

q ¥ LI Pl P
ow “P T EnWn |, L q In (tn-tj-l)
n j=1 n
+ 1o —F— + 0.80907 + 25 (3)
@ud?g -

in Darcy units,

With geotbermal metric units, Eq. (3) becomes :

Puf =
n

n

-0.228 2 T (w.-w.
kh ( J

J=1 "3 )

_I) In 60 (tn-tj_l
w vu il

+ p; - 0.228 - (In —-‘-‘-7 8.434 + 25)(4)

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

Therefore, by graphxng P, Vversus I (w.=w, )
173

In 60 (t_ - t. ) in cartesisn coordinates;

one should obtﬁln a stralght line, the slope’ of

which is equal to : '

T
VU o -

0.228 .. P

m = - (5
This slope is independant of the flow rate.

The intercept of the straight line can be used to

calculate the skin, if p. and ¢ are known. 1In

the case of a build-up test (w_ = 0}, the intercept

is equal to the initial pressure P;-

. A plot of p .~ during the second 6" build-up
. Suf - .

test (flow period=#4), versus the multiple rate

function, {expressed in tons/hr), is shown on

figure 7. )
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AN 4_ e
A stralght line of sleper m = 3.6 10-7 is clear-
1y evident on figure 7. Substituticg m = 3.6 10-1
into Eq. (ﬂQ and taking v= ! 28 10-" @ fep ind

y e 0 2 cp’yields :
kh = 15,9 Ihn,

(v = 0,2 cp was obtained by extrapolating published
viscosity curves® Lo a tempuerature: of 253°C and a
salinity of 200,000 ppm).

The calculated initial yressure i 76,6 bars,
which compares reasonably wi'll with the value of
77,4 bars measured before the test,

It can be cvhserved in figure 7 that data points
for build-up rtimcs greater than 6 hours deviate
from the srraight line. This is a consequence of
the condensation effect alroady noticed pn figure 3
during the first 6" build-up (flow period.+.2),

The carly time deviation {for build-up times
less than 20 minutes) is caused by Ufllbure storage
ctfeclts,

In the same way, analysis of the &Y bui]d-up
test (flow period# 6) yields a kh-value of 15,0 Im
and a P; value of 76,4 bars (figure 3

kh and p. fromw the 2" build-up (flow puoriod #0)
are equal to }6 B Dm and 77,2 bars, respectively
(figure 9).

A plot of p . versus the multiplie rate funcrion
for the two 6" flowing tvats (flow periods 7 and
¥0) is showm on figure 10, The slope for the firstc
one (# 7) is equal to 7,2 10, which yields
kh = B Dm, while that for the sceond one (2 10) is
equal te 10,2 10-3 (kh = 5,6 Tmd.  As expected {rom
figure 6, these kh values are much lower than these
obtained before, and are not correct,  On the other
hand, the analysis shown on [igure i1 of the 2"
flowing test (flow periods# 0} yields a slope-vqual
to 3,5 10-3 | corresponding to kh = 16,3 Im, vhich
is consistent u::h the lLEUllS of rhe hu)lu-up test
analyses, :

The sudden incTiase in bottom nnle pressurd
indicated on f)gure 171°§s likely to be caused by §
decrease in_the Ilov.ratl, The same phenomena
appears on fxgure 2, in the analysis of the 1"
flowing test {flow per:od.;hll) during vhich the
well was pot able to sustain the flow : the last
recorded pressure is roughly wqual to the initial
pressure. All the other pressure points fall on a
straight linc, whose slope is vqual te 3,2 10-3.
The corresponding kh is equal to 7,8 Dm, which
agrees wel) with the .build-up tess results,

- SKIN EVALUATION .

It is not possitle to obrain the sk’ {actorf
directly from the. multiple rate analysis ploty
becuuse of insufficient reserveir informationy ™ The
skin factor, however, can be tvalual.d {rom a type
curve match, with a dIMLHS)UHIPSS pressure blVLn by ¢

kh P LP
P, o e — s oot (6}
D 0.228 un_'vu i 0

for a build-up test, or

. _ ' b
kh +LP P (M

P s M-
D 0.228 (v u“_])vu v(w N n-i Yo

for a flowing test,
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The type curve match is shown on figure 13, and
indicates & skin upproximately equal to 25, This
high skin value is probably due to rocks plugging the
bottom of the hole : although the well was drilled to
1130 m, the pressure gauge could only be lowered to a
depth of approximately 1050 m. This would also ex-
plain why, although the formation is known to be

fractured, no fracture controlled flow period is ap-
parent on the log-log plot of flgure 6.

CONCLUSIONS

The following conclusiong can be’ reached ‘frof
the present studyd:

@ fuo phise geothermal wéll testing can'GF
tarried out with standard bourden-tuby
type instruments for extended per1nds uﬂ[
time at tepperatures as high ag .253°C’and
salt content of the order of 200,000 ppm.

ﬂJ qual mu1t1p1e Tate technlques can be usg’
{4 tvo, phase geothermal wiells for oh:am—
fng.resérvoir characterigtics from borvod
Gole transient. presaure.datd Type curve
matching also provides useful qualitative
and quantitative reservoir information.

® EarTy vime bottom Rele pressure .z Appear &
te.wellbore.storage. controlle There
are indications that wellbore storage
changes from liquid level type to compres=
sibility type, as & consequence of water
flashing or steam condensing in the well-
bore. These wellbore storage effects
appear to last longer in drawdown and
double-rate tests than in build-up tests
(200 mn compared to 20 mn for the well
Asal | studied in this paper). This has
to be taken into account when planning
such tests.

£) Vhen the well i not. arteSLan. there 153
fio practical avantage sof runn ing ]ongi
buxlabup.xests Becaune .of .the. effects’
ftean condansatiomaa.‘the.wel l‘boroﬁ( 6
hours was the practical limit in the case
of well Asal 1),

NOMFNCLATURE
< = total fluid compressibility, bar-I
E =  enthalpy, kcal/kg
h - formation net thickness, o
k = permeability , darcy
m = slope of straight line
n .= constant rate intervals
P =. pressure, bar )
q =  wvolumetric flow rate, m¥/hr.
r,oo= wellbore radius, m
S a skin factor
Tt = producing time, min
w - mass flow rate, t/hr
u =  viscosity, cp
v = specific volume, m?/kg
¢ = porasity, fraction

initial condition

i =

b = constant rate interval

v = wellbore or water

wf = flowing conditions at well bottom
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OUTLET LIP ABSOLUTE i CALCULATED LY I'TMATED
DIAMETER PRESSURE L1P PRESSURE MASS FLOW RATE :}L%SF. rL.OW KATE
(inch) {bar) (bar) t/hr t/hr
e : cemmmem e A fFOR FAMES' formula) ) L. i
6" 0.5 V.5 B3 ' 83
5" 2-2.5 3-3.5 71 - 83 7
2" 6-8.5 7.9.5 40 - 54 23
™ . not 11

available
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Fig. 1 - Schematjc of ASAL 1 well.
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Fig. 2 - Mass flow rate changes during ASAL 1 tests.
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Wellbore Storage Effects in Geo’thermal_ Wells

Constance W, Miller, Lawrence Berkeley Laboratory

Abstract

The carly-time response in the well testing of a
homogencous reseevoir customarily is expected to
give a unit slope when the logarithm of pressure is
plotted vs. the logarithm of time. It is shown that this

response is a special case and that another non-|

dimensional parameter must.be defined to describe
the set of curves that could take place for cach value
of the wellbore storage coefficient Cp. In addition

the effect of temperature chapges along the bore |£/
shown 10 increase the time when wellbore storage is

important.

Introduction

The petroleum industry's technique of assessing oil
and gas reservoirs by well testing has been exiended
10 the geothenmal ficld by a nunber of workers. 13
However, at least two important differences between
a geothermal field and an oil or gas ficld must be
considered in analyzing geothermal well test data,
First, the kh/y value of a geothermal ficld is usually
much larger than that of an oil or gas ficld because
the reservoir thickness & is greater in a geotheimal
field and the viscosity p is smaller (k is the per-
meability). .Second, heat loss in the wclibore, which
can be ignored in oil and gas fi clds. is significant in
geothermal bores.

The concept of wellbore storage — which has been '

considered quite t:mcnswcl)“'s and refiped § m such
detailed studies as Ihosc of Agarwal ef al.,® Wat-
tenberger and Ramey,’ and Ramey'—usually is

treated as a boundary condition on the reservoir

flow. The boundnry condition used is

(1)

LI I B N A I R R R AR N )

= c___.
Jy=4st P

where dp,, /dt is the flowing pressure change with

© 0197.7520/60/0012-8203800.28
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At time 7=0"*,

. : ¢

time in the wellbore. However, dP..,/ dr is pot
necessarily independent Of position in the well. When
dp ,7dt is dependent on the measyrement point, a
plot oflog(p_‘j) vs. Jog(r) will notresultina unu slope
at early times. This study will consider sellbore
storage by looking at the flow in the well itself while
treating the reservoir as sisnple homogeneous radial
flow into the well. '

Heat loss from the welt and temperature yhanges
along the bore also have been ignored because oil and
gas fields can be treated as isothermal. Heat transfer
from the well and heating of the fluid in the well is
wsually a very slow process. Whea very tong times are ©
considered, these tcinperature ¢ffects can bcmmc
important, Once the cirly transicnt behavior is over
and a semilog steaight line of p o Vs- logr) is upcucd
in the pscudosteady region, iempeiature changes in
the well can alier the slope of that line so that the
slope would no longer be qu/4nkk, The duration and
importance of any temperature changes will be
considired.

A numctical modet of transicnt gwo-phase flow in
the wellbore with heat and muss transfer has been
developed. 1t is used 10 investigate (1) the carly-time
interaction of the well flow with that of the reservoir
and (2) the longer-time effect-of temperature changes
on the well test data,

Conwpl of Wellbore Storage

Wellbore storage is lhc gapacity of the well 1o absorb
or supply any part of a mass flow raie change out of
a well/reservoir system. For a change in flow rate at
the surface of the well, the sandface mass ﬂo\\ r.ue
usually is expressed as .

when the surface mass Now rale is
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increased, the change in the sandface rate is zcro and
the well is supplying all of the increase in flow rate,
As the pressure in the well drops, the reservoir begins
to supply part of the increased flow. The sandface
rate stcadily increases and approaches the surface
flow rate as the well supplies less and less of the
"additional Now. The rate of increase in the sandface
flow depends on the reservoir properties.

Because the change in w, is initially zero, it is
awstmed that the initial slope of the dp /dt curve
gives the storativity of the well and that when g, and
t are plotied on a log-log scale, a unit slope will
result. Such a plot is measured only, though, if p,, is

some average pressure in the well, because
pcV(dp,, /dt) actually should be written as
1L dp,
-\ pcV-—"dx.
G Tt

However," it would be difficult to determine an
appropriate avcrage pressure, and it is the downhole
pressure that is used in the analysis of well test data.
If the downhole pressure is measured, dp g /dt must
be zero at +=0% because there is a finite time for
changes made at wellhead to arrive downhole. If one
plots the downhole pressure vs, time on a log-log
scale, a unit slope is not necessarily seen. It is of
interest to determine what should be measured
downhole and if this early transicnt effect can be
correlated with a nondimensional factor.
Eq. 2 can be nondimensionalized:

—Flzl—CD*—'*", ........... RN £ )

P =27 (kh/k) (peg/ W) P
tp=kt/ducgrl,

and
Cp=pc V/pd21r<;f>ckhr,%..

The determination of pcV for a two-phase or flashed
system will be discussed. Also, the nondimensionat-
ization was done using the sandface density eaplicitly.
instead of using a formation volume factor.
Generally, pp is plotted vs. fp on a log-log scale for
different wellbore storage factors Cp. However, as
stated above, these plots are generated by assuming
that the fluid in the well is° mixed thoroughly,
meaning that dp, /dt is not a function of position in
the well, even an isothermal well. Before one can
assume that this uniformly mixed condition is valid,
the wave nature of the original disturbance at
wellhead must be damped out. When dp,, /dt is a
function of position in the well, Eq. 2 and, therefore,
Eq. 3 are not valid because of the guestion of what
pressure should be used for p,,. Nevertheless, once
the initial transient effects in the well have died out
and dp,,/dt is no longer a function of position, Lgs.
2 and 3 should be valid for the isothermal case,
provided one uses [5pc( V/L)dx in the expression for
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Cp. The approach of the true behavior 1o thyy
by Eq. 3, however, can oceur during or ;‘fwir'“”“‘
period when the unit slope is expected. Althoy,y, I N
‘3 will not be valid as written at the very carly fimg
will be shown that the downhole pressure v, t
data can be correlated using another nondiniensigy,. i
parameter for the cases considered here - "
single-phase rescrvoir, with the fluid single pha
two phase, or {lashing in the bore. The CNPRCLe
drawdown curve will be desciibed by the €y fah,
as well as this additional parseter. The derisagigy
of this parameter is made by neglecting the chanee in
fluid head which occurs when the fluid s py
isothermal, The calculation will show that the effyly
of the fluid head change is a longer-term effeat, any
neglecting it will not alter significandy the inktia) rlot
of pyvs. i

To achicve a given surface mass flow rate, the
pressure at wellhead must be decreased by Ap. This
pressure drop, then, propigates down the well ang
interacts with the rescrvoir. I the reservoir cup
supply only a small pereentage of the surfuce flow for
that pressure drop Ap, the well will continue 1o
supply most of the Nuid until the well pressure hag
dropped further, Because the sandface flow raie s
given by 2sr(khfp)pdp/dr for a single-phase
rescrvair, the alility of the reservoir 1o deliver s
Muid depends on the vatue of Kh/7p. When Khty is
relatively low, the nonuniformity of dp 7dt in'the
well is dumped out before the reservoir can supply
any significant portion of the surface flow. Because

L]
Mg

ph:m-.

“w,p 18 still negligible when dp /dt is no longer a .

sf - - : . ]
function of position, a unit slope will be measured if

Pyyisploticdss. fona lag-log seale. This condition is
true when an oil reservoiris tested. A ypical A value
is 600 md-f1 (1.8 x 10 " ¥ m?), und for a viscosity of |
¢p (11077 Pa-s), kh/p is abour 600 md-ft/cp
(1.8x10° 10 m’/Pa-s}. However, there are cases
when the reservoir can supply a significant portion of
the surface flow rate before dp . /dt is uniform in the
well, In geothermal reservoirs, K can be Targe [e.g.,
30,000 to 90,000 md-ft (9% 10 '*10 2.7x 10~ "'m?)
and g is low [0.1 ¢p at $72°F (Ix10 ¥ Pa-s at
300°C)). Because of the Luge value of Ah/y, the
reservoir is capable of supplying a much greater
quantity of fluid for the vriginal picssure drop .
The initial sandface flow from the reservair when the
pressure pulse arrives downhole can even be equal to
or greater than the desired sandface flow rate. The
nondimensional parameter used to correlaie the data
is the ratio of the surface mass flow rate that results
from the initial pressure drop made at wellhead to the
reservoir flow rate that can be achieved for the same

.Ap. This pirameter is written as

L
Ws
Wp = 55,
P (wy)i

where {w,,); is defined as the initial Mlow from the
reservoir for the sudden Jrop in pressure Ap at the
sandface. However, (w,,), will be estimated, anditis.
this estiimate that will be used in determining: wp.
The initial Now from the well is just the surface flow
rate because ali the fluid is initially friom the weil.

SOUIETY OF PEJROLLUM ENGINEERS JOURNAL’



One calculates the pressure drop Ap given‘this'latler

~ condition.

To derive wp in terms of the fluid propertics and
reservoir conditions, several assumptions were made.

I. The velocity of the fluid from the reservoir is
described by (k/p)dp/dr, so the reservoir is single
phase. The ability of wp, 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 fhiid in the well is not
a strong function of position. A nonflashing two-
phase flow is not necessarily ruled out here.
However, the assumption does seem to preclude a
flashing well. The extension of the derivation to
include the flashing system is considered later.

3. The flow in the well is isentropic. The effect of
change in the fluid head in the well, therefore, will be
ignored in this initial derivation. This effect depends
on a much longer time and is considered in the next
section. It will be shown in the calculations that the
change in fluid head will have a small effect on these
initial pressure curves,

4. The pressure pulse at wellhead travels as a step
change. Friction effects will smear the front out, but
the pulse interaction takes place over the entire height
of the reservoir, and it is assumed that the smearing
effect takes place over a smaller distance than this
height.

5. 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 well test, the surface flow rate
will be prescribed, and the initial pressure pulse
needed to achieve this flow rate is calculated. Given
this pressure change, the initial
reservoir is determined. .-

When all the mass is laken from the well, the
. decrease in mass in the well must equal the total mass
out or

(8p) xriAx=pqAt,

where Ax is the distance down the well from which
the mass is taken. This distance is just the distance
the signal has propagated. Assuming the flow is
1sentropic (an approximation), Eq. 4 can be rewritten
as

A

( p)“-—x—(a")a ar o
at \ap) P ar™ w2
or
30) pq At
= (ap ol ax’

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

(Ax/Ary=a= (3p/dp) Ly oo . 58)
and ' '
dp\- Y - ) )
AP=(--—) TR 5b
) ap s E -- a ( )

DECEMBER 1950

flow from the &

The sandface flow at any time is

w3 kh dp
=2xr,, —
=% p-tf ar"

. Now the mmal sandface ﬂow is estimated by

describing dp/or as Ap/r,, (the initial pressure drop
in the well divided by the radius of the well), so
(W) is obtained from Eq. 6'

(we) _Zrifi'p (aﬁ) L -
Sfl _v‘ ap 1;?‘" D A |

Since pg=w;, one can obtain the nondimensional
parameter wpy using the estim-.uc for (wy)
w, u ’.Z ( )/.I
WD_-——-F-w--—::-- -—..__ —
(Wg‘)' kh 2 p'v' ap

The storage coefficient Cp represents the ratio of
the ability of the well Lo store fluid to that of the
reservoir, while the rondimensional parameter wy,
represents the ratio of the ability of the well o give
up its fluid to that of the rescivoir. We sce that this
latter quantity depends on the valuc of kA7 of the
reservoir and on the rate of signal propagation in the
well. The reservoir may have a large storage capavcity
but, because of a low permeability-thickness factor
and high viscosity, it may not be able to deliver the
fluid very rapidly. Transient changes in the well
would die out before the reservoir could déliver any
significant pogtion of the flow rate. However, for the
same storage coefficient, the value of £A/u could be
large enough that the reservoir could deliver large
quantities of fluid while the transicnt changes in the
well were still important. The very early-time data
will be difterent in these two cases, although Cy,
would be the same, To describe this early-time data
completely, one needs to use both the storage
cocfficient and the nondimensional paramcter wyy.

We now extend this discussion to include a two-
phase or fashing system. First, it is necessary to
define Cp in these cases and then to consider whether
wp still can be used to correlate the early-time data.
The storage coefficient is defined in the petroleum
literature by assuming dp,,/d! is not a function of
position, The same approach will be used here.
Therefore, although the plot of py, vs. 1 will deviate
at early times from those developed in the literature,
these plots must approach the expected curves at later
times when dp , /dt is not a function of position. Eq.
2 actually should be written as

L ap ap .

A7)

-(8)

ap

If the equation is nondnmenalonalizcd and if one
!ooks at the case where dp /9t is niot a function of x,

Yooy p_dp 1 5 ("P) dv,
" wy . wrnpSth dip Psf g ap
........ PO S § (1)
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==l (- — ) +al —} dx, ....(11)
do, Li‘( “Nawh " \a/,

where a is a function of x. For a single-phase system,
a=0,

It is now necessary (o determine if wp still can be
used to ‘correlate the early-time data for the two-
phase or flashing case. In the preceding derivation, it
was assumed that (dp/dp), was not a function of x.
If the fow is lwo-phase, but not flashing, o usually is
not a strong function of position. Therefore, as long
as the flow can be described by v=— (k/u)dp/or,
none of the assumptions made are violated and wy is
appropriate. When the fluid is flashing, however, x is
a strong function of position, especially where the
fluid starts to flash.

The value of (3p/3p), in the flashed region is on
the order of 4.2x10~%2 tbm/cu fi-psi (10 -4
kg/m3 -Pa) and in the single-phase region it is about
4.2x10 % Ibm/cu ft-psi (1076 kg/m? -Pa). Such a
change cannot be ignored. The derivation of wp
depends on the storage capacity of the well and the
speed of signal propagation. The time for the signal
to propagate in the single-phase region is about an
order of magnitude smaller than in the two-phase
region. Also, the storativity of the well in the single-
phase region is two orders of magnitude less than in
the flashed region. The changes in the well are
controlled entirely by the two-phase region. When
the signal arrives at the two-phase boundary in the
well, it essentially can be assumed to be at the
reservoir boundary, meaning that the single-phase
region acts merely as a connection between the two-
phase region and the reservoir., The signal is
propagatcd instantaneously over that region. Then in
the derivation of wp, the single-phase region can be
neglected and the average value of (3p/dp) will be
that of the flashed region. In this region, (3p/3p),
will be a weak function of position again, so the
derivation for wp, is still appropriate.

Using wp and Cp, it will be shown that the
downhole pressure can be correlated even when the
well transients are important. A numerical program
is used to derive the nondimensional plots. It will be
seen that in all cases, the pp vs. 1 plot (where pp is
the nondimensionalized downhole pressure) will
approach the nondimensional plots derived in
petroleum literature,

Transient Flow in Wellbore

Several papers in the literature have dealt with flow
in a geothermal well.%12 However, all these papers
.assume steady-state flow—i.e., dp,,/0r=0 and the
mass into the well equals the 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 1o
describe the flow when wellbore storage is important,
Steady-state models can be used to obtain wellhead
conditions when the downhole pressure is ap-
proximately constant and when wellbore storage is
over. The intent of this work, though, is to consider
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the very early-time dala, s0 a transicnt mode] of lh
flow is necessary, ¢

To investigate the nonuniform changes in the wel]
in detail, a numerical model 1o simulate COMPressip,
transicnt flow in a welibore has been developed, T,
model is capable of handling single-phase as wy)) ay
two-phase flow with mass transfer (e.g., steam/wayey
flow) and includes the heat transfer between gk
ground and the well. The one-dimensional Cqtiations
of mass, momentum, and cnergy in the wlt 4,
solved, as well as a radial Darcy flow equation for 5
homogeneous singic-phase reservoir. The equationg
are

ry . pv) =0, R LR {12)
a I ap Sov?

— — (o) + o S~ =0

5 (pv)+3x(pv )+_ax+"g+ P .. (13)

and

d d 2U
7 (pE) + P {pEv) ~ S (7,-7,)

w
L 14
pax =0 ........ et v (14)
in the well and
s ‘k 2 149
W _ .__-_(-?.fi L ) ] sy
& dcpu\ ot r or

in the reservoir.

© An equation of state is used to relate density to
pressure and energy. A more complete description of
the numerical model is given in the Appendix. For.
the initial calculations presented here, a constant

_friction factor was used and no slip was assumed,
-Many interesting and meaningful transicnt results are
‘possible without going ino a more cliborate

description of the friction and slip. The program is
used to investigate the initial transient nawure of the
wellbore and to determine the duration of tems
perature changes. The inclusion of slip will not alter
significantly the effects being considered here.
Initially the behavior of dp,, 7dr will be investigated,
with- no heat loss assumed, to show lhow con-
sidcration of the transient changes in the well will
alter the curves developed in the petsolenm titerature.
The effect of temperature changes will be considered
in the following section. :

- Adiabalic Flow

Using the developed numerical model, calculations
were performed to generate the deviation of the
drawdown (or buildup) curve from the unit slope for
different values of wp and Cp. The calculations
were done for Cp =25 and 100 [the Cp, factor is
calculated using (dp/dp) g instead of (3p/dp) ] with
wp=0.1, 1.0, and 10.0. For all calculations, the
length of the well was 6,561.7 ft (2000 m) and the
radius was 0.0323 in. (0.082 cm). The mass flow rate
per unit area out was kept constant at 102.4 tbin/sq

* fi=s (500 kg/m? -s). No heat Toss was assumed. The

downhole pressure was adjusted to obtain flashing or
SOCIETY OF PETROLEUM ENGINEE RS JOURNAL



TABLE 1 - DIMENSIONAL VALUES USED FOR GENERATING
NONDIMENSIONAL WELLBORE STORAGE PLOTS

kh

»
Wy, G5 {m*) (Pa-s)
10.0 25 B4x10-" p2x10-?
1.0 25 64x10-1 0.2x10-3
0.1 25 64x10-%  g2x10-?
10.0 100 4x10-1 09x10-4
1.0 100 4x10-1 09x10-*
0.1 100 4x10-1 09x10-*

no flashing. The reservoir parameters used for the
calculations are given in Table 1. The results are
shown in Figs. 1A and IB, Each plot included the
“analytical solution for both a wellbore storage curve
derived by assuming (dpp/dtp) is not a function of
position in the well and the Cp=0 curve. The
pariicular anafytical solution chosen for comparison
is for a value close to that of the numcrical
calculations. The small difference between the Cp
used for the numerical calculations and the Cp of the
analytical curve is discussed later. The Cp =0 curve
is just the Theis curve. The general behavior of the
transient flow in the well can be descrlbed using these
figures.

In Fig. 1A, liquid water was assumed to flow under
a positive head to generate the curves for the dif-
ferent values of wp. The average value of (3p/dp) E
in the well was 3,0 10 ™% Ibm/cu ft-psi (7 x 10-
to/m? -Pa) and the Cp, factor for this plot is 25.
Inctuded in the figure are points calculated for a
flashed system where the average value of (ap/ap) E
is 1.7x10~2 Ibm/cu fi-psi (4><10‘ kg/m? - Pa).
Fig. 1B and some points in Fig. 1A are for
calculations that assume that the water is flashing
about 1,640 ft (500 m) down the well but still ﬂowmg
under a positive head. A friction factor of 0.04 was
used for all calculations except for one case in Fig.
1B. To generate the different curves, kA, u, and ¢ch
were varied. The arrival time of the initial pulse
downhole is the same if the average compressibility is
not changed. However, the tlme has been non-
dimensionalized by (k/,ucdar“)! so the non-
dimensionalized arrival time will be different when
the reservoir parameters are varied.,

The first case to consider is wp > 1, illustrated in
the figures by wp =10, The fluid in the well may not
be very compressible, but because the reservoir is
even less responsive, the well must continue to supply
the surface flow rate long after the initial pressure
arrives downhole. For Ap;, 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 portion of
the initial curve. Once the pressure disturbance
arrives downhole, the pressure change with time
- there increcases abruptly. After the downhole pressure
drops to what it would be at this'time, if the well had
responded uniformly, the logpp vs. logrp curve
follows a unit slope, In both figures the unit slope is
calculated for the wp =10 case, as expected. As
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Fig. 1A - Nondimensional plot of sandlace pressure vs.
timeforCp =25and wy = 0.11010.
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Fig. 1B — Nondimensional plot of sandface pressure vs.
time for Cg = 100 and wy =0.1t0 10.
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noted, included on each plot is the analytic solulion
for the wellbore storagé curve when dp,, /dr # {n{x).
In Fig. 1A the Cp should be calculated with
(8p/0p);, while the estimation of Cp for the
calculations was done here using (8p/dp) g. Only
(3p/3p) g could be calculated in the numerical
solution because the steam tables were fit with
polynomials and p=fn{P,s) was not included. The
error in the estimation for Cp is less in the single-
phase case because the difference between these two,
derivatives is negligible. As the fluid flashes nyore,
(8p/p) ; and (8p/3p) g start to differ. For the single-
phase case plotted in Fig. 1A, the calculations fall on
the analytical solution for the wp =10 case. In Fig.
1B (the two-phase case), the calculations fall on a
unit slope corresponding to a Cp that is slightly less
than the ploited analyhcal curve for Cp =100, as
expected.

When wp =1, the prcssure drop needed to achicve
a step change in flow rate at the surface is close to the
pressure drop necded to 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 reaches the ex.
pected drawdown curve. Since wy);=w,, this
occurs after the expectcd wellbore slorage curve is
almost over. The plot is shown in the figures by
wp =1. The actual value of (wy); when wp=11is
less than w;. In the derivation, (dp/dr); was
estimated as Ap; /r,,. The actual value of (dp/dr); at
the reservoir is always less than this, so that
(wg);<ws when wp=1. The error in estimating
(dp/ar); as Ap;/r, is just the same percent for all
cases, sO wp still can be used to correlate the early-
time behavior.

The third interesting case is when wp <1, When
the given pressure drop arrives downhole, the
reservoir will be so responsive that jt-can supply more
fluid than the well could for the same pressure drop.
This situation produces an oscillation illustrated in
Fig. 1A by wp =0.1. The pressure drop is so large
that the reservoir supplies more fluid than is being
taken out at the surface, The pressure in the well will
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be increased, and this increase will propagate hnk up
the well. The interaction between the reservoir ang
the well produces the oscillation which slowly digg
out. For the liquid-filled well in Fig, 1A, the time of
the oscillations is a couple of seconds. However, the
large oscillations secn in Fig. 1A for wp =0.1 are nog
observed in Fig. 1B, where a flashed system was used
for the calculations, The o«illiations have heen
damped out by friction ¢ffects. The friction term is
dcpendent on the flow velodity squared. Thus, for
the same mass flow rate, there will be more dam-
pening in the Nashed system than in the unfashed,
because the velocity is greater. One can see the ijn-
flucnce of the friction factur in Fig. 18, where one
calculation was done with /-0 in the case wp = 0.1,
The cffect of the friction factor decreases as wp
increases.

A lack of one-to-one slope at early times has been
observed in the ficld. Fig. 2 plots data obtained from
a ficld test of a hqmd filled well at the Ralt River
geothermal project, n The data were taken with a
Hewlett-Packard  pressure  gauge, capable  of
providing readings cvery second with a resolution of

0.01 psi (0.07 XPa). The well was flowing and then

was shut in. Any error in the initial buildup because
of lemperature ¢ffects on the instrument should not
be:important as the instrument alicady had been
heated. (The Nuid was flowing under a positive head
before it was shut in.) When the data were analyzed,
the lack of the unit slope was observed but no ex-
planation was given. The signal that the well was shut
in 1akes about | to 2 seconds to arrive downhole. The
pressure then builds up very quickly and approaches
the. curve that would exist if the well behaved
uniformly. Using the measurcd pmpumcs of the
rescrvoir [och=8.9x10"2% ft/psi (4x10 Sm/Pa),
kh=49,940 md- (1.5x10 " "'m?), u=02 cp

(2% lO""Pa -s)], the wellbore storage coefficient is

0.35 and wp =0.2. For this low value of wp one
should sce oscillalions in the pp vs. Ip curve.
IHowever, these oscillations are damped out if the

" flow rate ch:uu,e is less than a step function. For the

case plotted in Fig. 2, it probably would be hard to
achicve a step-rate change because the typical time
nceded to close a valve is- longer than the required
time for a pressure sigial to propaegate to the bottom
of the well. Even without a step-rate change in flow
rate, the plot is still not a unit stope, cmphasizing
cven more that the unit slope is only a special case
when the reservoir is less responsive than the well, .

A plot of the pressure pulse as it propagates into
the well and interacts with the rescrvoir gives more
insight into the well/resenvoir interaction. Figs. 3A,.
1B, and 3C plot the pressure distribution in the well
as a function of tinn for a drawdowan test und for
different values of wp. The first iwo calculations are
done with water throughout the well, and the third
case is for water that has ﬂ'n!nd about 1,640 ft (500
m) downthewell, - = ~

-For the cascs in Figs. 3A and 3B, the prolw;allon
of the signal is the same untit the pulse arrives at the
formation/well  boundary. Then  the  pressure
distributions in the well will start to differ. The value
of kh/u is greater in Fig. 3A than in 3B, so wp will be’
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- Jig. A the changes (_)f pressure wilh_lime
it s{mvc been plotted in a nondimensional
.‘ ; '\.,ulgll 3A has been splll_lnlo -lhrec successive
"t 'l' strate the oscillations in the well as a
a0 ity c. Fig. 3B is only one graph because
$ 5 ol "m~h-angc with time gquickly becomes

O pentl€ ,!'I'usuale that there is no difference in
ERT.S ulauga'ion of the pressure pulse, the first
- nal §f" ‘3!\ and the graph of Fig. 3B have been
T M".l {he dimensional units coincide. Once
ool Ih"t-cs at the reservoir, the two cases start
Lot lJ:la ‘[t-'is- 3A, the reservoir supplics more fluid
It
':tcing 11

w1 g travels up the bore, canceling out part of
Lol

e at N ressure decrease. This p.ulse produces an
S cssure that 1s Lo0 large in the well. When
T :‘nl::' iy pressure arrives at the surface, the
s S decrease again to sustain the flow rate.
gt W (¢ssure oscillation in the well that slowly
S Aners ‘}.fFiB- 3B, the reservoir has a relatively low
.‘-a:gfuﬂf ih/u. Even when the initial pressure drop
"I:",,Udu“ nhole, the reservoir cannot supply very
* " uid. The pressure must continue to drop in
. :'li“' and dp . /dt will be a very weak function of
AT i lll‘.' WC"- . . . .
-~ :nll'l- 3C, the signal propagation is diffcrent
..:¢ there is a boundary between the two-plase
- and the liguid. The boundary tends to distort
' cginal pressure pulse because most of the puflse
4 4ated from the boundary while a small portion
. i aamitted, This is how the single-phase region
.+ ¢ seen as just a connection between the two-
_¢ region and the reservoir. The pressure pulse
" «-a.ting with the liquid interface is essentially the
. s1lon with the reservoir boundary except for
~ ¢ damping. The pulse then oscillates in the two-
¢ tegion, The propagation of the signal is

‘a-fvely slow in the iwo-phase region — about 230 to

vt (1010 150 m/s).

the sound speed is low in a two-phase region
© s of the lower density and high com-
. .:-bility. However, once the pulse reaches the
.- 1. the «ignal is propagated about 10 times faster

v the compressibility is lower. Because of this

2. In propagation speed, the changes in. the
- Fae tekuively uniform. For larger values of

'he pressure will drop faster in the liquid region
‘ -'rll-'=c pressure L:ltange in the well will become more

'_| ’-':_n more qulf:kly. For wp >1 the pressure drop
Lithe ('li'l\cr 1o Fig. 3B, even though there is a two-
TiLtepion, :

“'-‘ “uiestion still is whether wp can be used as a
ifaenvional parameter to  describe this in-
" ' f!"'il when different fluids are used in the well -

il Cy and wp are kept the same-while the fluid

“ehnon : .
"3 in the well and the reservoir properties are

| .
vged, will the same curve be generated? It might.

4 f_"”"l'}“ that changes in the two-phase region
, _“";"}'f be correlated by a term wp that was
Ciingre y :;“u,m"‘g no abrupt changc_s in the initial
‘ ting £It_se. How_ever, when the ﬂl:l!d flashes, the
id f-.-.._-",?'?!" domlpalcs the effgcts int the well-.and
M g h“ Y can ignore the single-phase region.
Phase region then acts almost as a single-
Tty R 1935p ' )

ken out at the surface, and an increase .

Flig. 3A - Pressyre pralile in a well as a function of time
(wp =0.1,Cp =25, and Huid is not flashing).

i

. f-—tpe 1y o -tp e vay
(——
MR

J—y

[} P S W T

. B domm e
O TR TR T R BT T DY BT R B F B T B | B { B T I

g

Fig. 3B - Pressure profile in a well as a functian of lime
iwp = 1.0, Cp = 25, and fluid is not flashing).
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Fig. 3C - Pressure prolile in a well as a function of time
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TABLE 2 - DIMENSIONAL VALUES USED FOR CALCULATING DRAWDOWN
IN WELLBORE FOR DIFFERENT AVERAGE COMPRESSIBILITIES
{N THE BORE

' kh
Conditions (m?)

Unftashed 6.4x10~"
Uniflashed 45%10-"M
Flashed 4.0x10-"

l'o v 1O
CD = 100

An.n. o 4

] &

®

® unflashed .pT . 7:!0"

o unfloshed, pC « 1451070

& flnshtd.;'c 420"

[4)s ]

1 B
10 ot . o io*
‘o

Fig. 4 - Nondimensional piot of sandface pressure vs. lima
for different average compressibilities in the well
but for the same values of Cp and wyp.

phase case with a large compressibility, and the
parameter wp then can be used to correlate the initial
behavior, '

If the Muid in the well is not varied, but g, &, and A
are changed such that Ah/u remains constant, the
generated curve is the same, The calculation depends
on kh/u, and if this is not varied, the interaction of
the well and reservoir will not change, (There is a
very slight difference in the calculations as A is
varied, but the size of the change is 100 small to be of
any use.) A more interesting case is if the fluid
properties in the well are varied but the reservoir
properties are adjusted to give the same wp and Cp,
Under these circumstances, will the same curve be
generated? Fig. 4 shows this comparison when
Cp =100 and wp =1.0. Two calculations are for a
liquid-filled well and the third is for a flashed system.
The reservoir values used are given in Table 2,

‘1t is a little hard to contrive a:case’ where wp and
Cp will be the same when the average compressibility.
in the well varies as much as it does between these
two cases. Some of the reservoir properties used may
be a little extreme. However, one can see that there is
exccllent agreement between the three different cases,
Again, the constant friction factor of 0.04 was used.
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. mPa)
. 23x10°"0
50x10-7

ch (5;')/1?)\,

—fkgim’.ra
70x10"
t4x30 "

4010 °

»
_tPa-s)
"2x10-4

9x10-9
9x10~8%

The other properties of the well arg v same as those
used for the calculations dope v Tig. I, The
agreement is especially good when wp >1. As wp,
decreases, pressure changes in the weil become more
nonuniform and the assumptions wd in deriving
wp become less valid. Oscillutions ¢4 occur in some
cases, and the size of the oscillations Jdepend on the
friction factor. Recause friction loses are more
significant in a Nashing systain, the pp V5. the ¢,
curve for this Jatter case will starg 1o Joviate at carly
times from the single-phase case that has the same
values of wp and Cp. Oscillations vould occur in a
single-phase case but would be damjvd out for the
two-phase case. This situation exists when wp < <1,
However, from the very rough analysis used to
estimate it, wy, can describe the flow for both two-
and single-phase flow over a wide rauge of cases.  ~

Heat Loss Effects

The change in cnergy of the rescivwir fluid while
flowing through the wellbore is Jue both to the
heating of the fluid in the bore and i heat Joss out'of
the bore. The ¢ffect of this cnergy loss is 10 change
the fluid head in the well and 10 invrease the time
when wellbore storage is important. The heating of
the fluid in the bore is important whicn a well has not
been flowing. A geothermal tempoiature gradicnt
will exist down the bore. When the well stirts 10
flow, the temperature of the fluid in the bore in-
creases and the Muid head in the Lore decieases,
Because of this decrease, the welthead pressure iq.—
creases, although the downhole pressure IS
decreasing. The downhole pressure itself is not af-
fected significantly by this flnid head Decause it is the
properties of the reservoir that controd the flow from
the reservoir and not the properties of the fluid in the
well, The effect of any encrgy change is to alier the
rate at which the sandface flow rate approaches the
surface flow rate ~ i.e., wellbore storuge is increased,
The density of the fluid is affected significanily by
changes in energy, and the duration of transient
energy effects is much longer than wansient pressure
changes, However, the time when wollbore storage
should be over when the flow is not isothermal is not
obvious from the plots. The rate of the encrgy change
can be stow enough so that oné can vhiain a straight
fine on a plot of ppy vs. loglr ) but with just aslightly
increased slope resulting in a smalta vsimate for kh,
Fig. § illustrates the effect of fluid heating in the
bore on the transient downhole pressure. Ploited in
the figure is the nondimensional duwnhole pressure

" vs. the nondimensional time for both an initially
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Fig. 5- Transient sandface pressure for an isothermal wel
and for a well that Initially has a temperature
gradient atong lpe bore.

warm well (the flow is isothermal) and an initially
cold well [the temperature in the well before flowing
is lincar from 68°F (20°C) at the wellhead to 392°F
(200°C) downhole]. One can sce that there is little
difference in the initial drawdown for the two cases
(wp still could be used td 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 the isothermal case, wellbore
storage depends only on the changes in density
because of pressure changes. When the downhole
pressure is not changing significantly with time, the
sandface flow rate will be approximately equal to the
surface flow rate and wellbore storage will be over,
Changes in the cnergy have a much longer time ef-
fect. Wellbore storage will be important umtil
.8E/0t =0 throughout the well. For a well that is
initially at the geothermal gradient, a minimum time
for dE/31 =0 is the transit time for a fluid particle in
the well For a flow of 800 gal/min (5.05x
107 2m¥/s)ina 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 the
surrounding rock will increase the time until
dE/9t =0. 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

flowed until the change at wellhead steadies out; then -

flow tests will be started. However, even in this
gituation the heat loss of the fluid in the bore will
change because of the increase or decrease in the
fluid transit time in the well. As stated previously, the

effect of the heat loss is a slight alteration of the py -

vs. 1 plot. If one ignored it completely and analyzc.d
the down¥ole data with methods developed’in the
petroleum  literature, the value of kh calculated
would be too small. The numerical mode! of the
transicnt behavior of the fluid in the well has been
uvsed to model the flow with heat transfer. The
temperature change in the rock surrounding the
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Fig. 6 - Effect of heal loss on a bulidup and a drawdown
tesl.

wellbore was assumed to be radml only and was
calculated using

aT _ (azr'lar)
a Noat Trau)

Heat transfer is especially immportant in two-phase
geothermal wells because of the large temperature
changes that occur along the bore. Fig. 6is a plot of
Py vs. t for a buildup and a subscqueit dmwdowu
test. To simulate. the heat loss from the well,
temperature gradient from ambient to the reservoir

.(16)

18 e e

temiperature was asswmed far from the well and a”

small temperature buildup was used near the bore. A
nondimensional representative temperature profile is
given by the insert in Fig. 6. It is assuned that the

well has been flowing so that the initial heating of the -

well has been completed. In the figuie, the plots on
the left (labeled buildup) show Ap vs. time during
buildup with and without heat loss. The calculations
had the well flowing 2 hours before the buildup test
calculation was begun. The plots on the right (labeled

drawdown) show the same for the subsequent -

drawdown test. The fluid flowed into the well from a
simple, homogencous reswvonr with a &h value of
22,272 md-fi (6.7x 10~ 2m*). The heat wansfer
cocfficient used between the fluid and the weltbore
was specified as a function of flow rate and density.
For turbulentvﬂow in a pipe, Ny, =
°°23Néz (Np, =1}, and U=0.023
x (pv) /p“u‘” (Rd‘ 14). In the two-phase
region,
between the steam and liqiud. tHlowever, the heat
transfer is controlled by the proputtics of the rock

~and any érror in the heat transfer gocfficient U will
be negligible. The rock properties used for the heat

Joss calculations were a thermal conductivity of 1.04
BTU/hr-ft-°F (1.8 W/m *C) and a llmmal dif-
Ssqft/s(1x 10~ 6m /s)

It can be scen from the figure that the heat transfer
causes the pressare to change initially at a slower rate

$63

the heat transfer coeffictent was averaged -
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Fig. 7~ Effec! of heat loss on a buildup curve shown on a
semitog plotofpvs. &

for both the buildup and the drawdown tests. The
deviation between the two cases is smaller initially. It
increases and then will decrcase when dE/dr=0,
During a buildup test, the enthalpy of the exiting
fluid decreases because of the increased time that the
fluid is in the well. As the enthalpy decreases, the
fluid can condense or compress more for the same
pressure, so more fluid flows into the well 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 exit
the well, so the initial drawdown pressure is less. As
the enthalpy change steadies out, the drawdown (or
buildup) curve with heat loss must approach the
curve without heat loss. Enthalpy changes from
accéleration or deceleration are not mportiant in the
pseudosteady region because these changes already
have taken place. It is only the changes from hcat loss
that affect the slope of the pp vs. tp curve in this
region,

Fig. 7 shows the error in the kh value if the test is

analyzed assuming heat loss is not important. The.

figure is a plot of p vs. log[(r+Ar)/Ar] for the
buildup test where r=12 hours. Assuming that
kh=gu/d4zm, where m is the slope of the straight-
line portion, then the kh obtained is about 21,608
md-ft (6.5 x 10 ~ '2m3) in the buildup. Although not
plotted, the analysis gives 22,938 md-ft (6.9x
10-3m?) in the drawdown for no heat loss. The
actual value-used was 22,272 md-f1 (6.7 x 10~ '2m3),
However, if the same analysis is used when heat loss
is important, different values for kh are obtained -
i.e., 13,297 md-ft (4 x10~"%m?) in the buildup and
17,619 md-ft (5.3 x 10~ '2m3) in the drawdown. The
longer the test is run, the less significant the heat loss
is, as shown by the approach of the two slopes
toward one _another at later times. The siraight-line
semilog plot shown in Fig. 7 is seen after about 10
minutes when heat loss is zero and afier 20 minutes
when heat loss is present.

Conclusions -

The carly-time response of a -unit slope when
log(pv-) is plotted vs. log(¢) is a special case; ac-
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tually there are a whole series of curves for each vay,
of Cp, a series that can be defined by the non.
dimenstonal time wp. An expression for Wp wag
determined that is applicable when the com-
pressibility in the well is relatively constant. Even in
two-phase wells, where the compressibility changes
by orders of magnitudes, wp still can be used 1
corrclate the flow because the two-phase regiog
dowminates and the compressibility is approximared ag
constant in the two-phase region. In addition, it has
becn shown that the tempcrature changes will jn-
crease the time when wellbore storage is important,
and if this increase is ignored, one siill can ob1ain 3
straight lin¢ on a plot ofp,f vs. log(#) but the slope
of that line will be larger than gu/4#kh.

Nomenclature

A = areaof wellbore
¢ = isentropic compressibility, (1/p)
(dp/dp),

¢, = compressibility of reservoir
C = wellbore storage, pc¥lpg
~Cp = wellbore storage cocificient,
(8p/0p) VIpy2ndcghr,

_Ch = (3019p) g VIpy2rdcghr,2 %
D = diameter of well L
E = specific energy
J = friction factor
g = gravity
h = reservoir thickness T
f = specific enthalpy ’
k = permcability
L = depth of wellbore

Npu = Nusselt number

Np, = Prandtl number

Ng. = Reynolds nlimber '

p = pressure
pp = nondimensional downhole pressure,
2x(kh/u) (stY‘V; Yo,
Ap; = initial pressure drop in well
velume flow rate
radius of wellbore
specific entropy
time
tp = nondimensional time (k/pdcg rwz)t
T, = temperature in rock surrounding the
wellbore .
= (emperature of fluid in wellbore
heat transfer cocefficient
velocity
volume -
mass flow rate
= nondimensional parameter wy/{w);
(wy); = initial change in sandface mass flow rate
thermal diffusivity
porosity
density
= absolute viscosity
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Subscripts
i = initial
s = surface 23
sf = sandface
W o= well
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APPENDIX

A numerical model of transient two-phase flow was

used to study wellbore flow, A brief outline of the

model and its limiting assumptions is given here,
Flow in the well is described by equations for

-continuity, momentum, and energy (Eqs. 12 through’

14). An cquation of state also i is needed to relate the
state variables p, e, and p:

DECEMBER 1930

dp= 1(3 ) (pdE)+(a ) dp. ... .. {(A-1)
aE op/E

Equilibrium was assumed, so the equation of state
was based on the thermodynumic steam/waler
tables. The friction losses have _been wiitien as a
friction factor f times '/:(pvszw). For these
calculations, the slip between the phases was assumed
10 be zero and the friction factor was kept constant.,
Although both slip and friction effects can be im-
portant and should be included accuraiely, they will
not alter the physical phenomena heing discussed in
this paper.

The method of the numerical model is to combine
all four cquations (Bgs. 12 through 14 and A-1) to
obtain an expression for the new pressure. The
pressure is solved implicitly. Once the new pressure is
known, the value of pdE is obtained from Eq. 14
and the density can be evaluated using Eq. A-l.
Given the new density, the velocity is evaluated using
the continuity equation, and the cnergy is obtained
from knowing p and pdFE. The state variubles are
defined at node points, while the velocity is
calculated at half-node points. The method used is
similar {o the pressure method developed for in-
compressible fluids by Harlow and Wt.h.h 1s except
that compressibility has been included.

The finite difference of the continuity equation is

pf*' =nf ()il - en) ]t -/,
r At : ar ‘
where j dcnotes the node points and f denotes the
time level. The cquation is written in an implicit
fashion to chminatc time-step restrictions.  The
expression for (pv) t+1 can be obtained from the
momentum equation. The finite difference form of
the momentum equation is

. (A2)

e O T S U TR (Lt YA
At AX
2!
y pfi_)
—pieg-A LY (A3
Pi+ n& /(4-"”:_ { )

The pressure term is evaulated implicitly to reduce
the time restriction imposed by the small com-
pressibility of the fluid, while the advection effects
are treated explicitly. If the pressure ferm were
evaluated explicitly, the time restriction would be
limited by the propagation of the pressure signal over
the finite SpaCC difference, approximately
Ar<Ax/(3p/dp) )t or Ar<Ax+3,937 ft/s (1200
m/s) for a liquid. However, the restrictions on the
advection are only the order of Ax/v where v is the
fluid velocity. ¢
The energy equation is finite-differenced as

tel _ ot ¢ b
(EMT-ENN i View Vo
PN A R Ax
T E)! - (pvE)_ '
+2U T, - Ty _Lov )14,‘,.@..‘__1,1,“!_. (A-4)
o Ax

Upwind differencing is used for the advection form.

$AS
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The expression for flow advection must be altered
when the flow is not in the positive direction. The
method of solution is to rewrite the density in lerms
of Eand p:

(32)wom+(3)

Ap=—{ = HpAE) +| — }Ap.
p=_\3E (pAE) P p
to obtain (pAE) from Eq. A-4 and to use Eq. A-Sin
the continuity of Eq. A-1. Egs. A-1 and A-2 then are
combined and an expression for the unknown
pressure p is determined. The resultant equation is

: 4] t+1
-Q+0pft 4 ppy 407
Ax !
= —fpj'+ E; pvj,,% —pUj_lh)

t
: 2
"(ijs -pj-vs)gﬂx"(ﬂnwvjws
3 - ¢ o
=2pj. V-1 "'Pj—a/zvff—s/z

! Ax

~f (ﬂj+%”}+v& ‘Pj-%”i’-%) 3
. rw

AxN2 /1 3p
(Y2 o) (pte1 _ 5t
(A!)(p as)”’(*Ef E’)'

where

(G

566 .

;h: expression for Ef"' —Ej’ is obrained from Eq.

The pressure in the reservoir and the temperatyye
change around the bore are solved using a fiyje
difference of the radial diffusion cquation. A gig
was generated by using a logarithmic transformation,
The pressure was kept constant 4,921 f1 (1500 in)
from the well while the temperature was maintaineg
at the initial geothermal gradient 19.6 ft (6 m) fron
the well. The finite difference of the radial diffusion
cquation used was

Copftlepf k2
Al nepc (rj*,—rj,l)
. .-p. p.—p._
.[,h %(PJA_._J_) ~r,. -/,( % 7P )]
rj+|—rj rJ—rj_l
SI Metric Conversion Factors :
" cp x 1.0° E-03 = Pa-s
cuft x 2.831 685 E-02 = m?
*F (F-32)/1.8 = C
ft x 3.048* E-0l = m
lbm x 4.535 924 E~0l = kg
psi X 6.894 757 E+00 = kPa
*Consensivn factornt exacl. i ’
’ SPFJ
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A PARALLELEPIPED ‘MODEL TO ANALIZE THE PRESSURE BEWAVICR OF
GEOTHERMAL STEAM WELLS PENETRATING VERTICAL FRACTURES

by Hebs_:r Cinco-Ley, Member SPE-AINE, W.E. Briqham. M. Economides,
F.G. Miller, and K.J. Ramey Jr., Stanford Univ.; A, Careili and
G. Manetti, ENEL '
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ABSTRACT ' . boundaries on five sides and a constant pressure
boundary on the bottom. The fracturg intersecting
Reservoir geometry is often the basis for develop-| the well can be simulated as a rectangular-shaped

ment of models used to analyze field transient pres- source or sink. Such a system was deseribed by Atkin-
sure data. The presence of a deep horlzontal stean- son et al.} for a limited set of geomerric conditions
water Interface or boiling front first gave rise to the Uhich approxima[ed the producing system in the Tra_vale
idea of a constant pressure boundary. Faults suggest | area, in Italy. Because of the success of this ap-.
vertical no-flow boundaries, and impermeable rocks over} proach, personnel at Stanford University and at ENEL,
lying the steam zone indicate a no-f}ou cap. in Pisa, have developed general programs for genera-

ting long-term pressure-production forecasts for a
In the past, parallelepiped models have been used | variety of parallelepiped condilionh and well-fracture
to analyze the results of predesigned buildup and well | prometries. This approach appears to be generally useq
interference rests. The model described hereln is of ful, for many geothermal systems worldwide will have
more general use, and can be used to analyze long-term faul(-conlrolled geometry of the type described here.
pressure-production well data. In this study, it is o .
applied to analyze pressure data of a drawdown test for ' The purpese of thls work is to determine which
a geothermal reservoir. unique characreristics of such systems can be identi-
. fied. This, in turn, vill lead to greater confidenge
As in earlier models, the boiling front is assumed| {n predictions of the long~range producing charactgr-
to be a constant fluld-pressure boundary, and the sides| istirs of these systems,
--as well as the top--are assumed to be impermeable
boundaries. Equations of reservoir pressure behavior DESCRIPTION OF THE MODEL
are derived using Green's functions and source func- :

tions. Graphs describing dimensionless pressure as a Let us consjider a vel} intersected by a vertical
function of time and various reservoir parameters are fracture in a parallelepiped reservoir, as shown in
provided. Partially penetrating fractures commen to Fig. 1. The system is bounded laterally by vertical
many geothermal well systems are considered in the impermeable planes; the t of the teservolr is a
development of the mode%. horizontal no-flow boundayy, and underlying the

reservoir therg is a constant pressure plane,

INTRODUCTION ' ,

The general assumptions for this model are as
Many geothermal areas are characterized by reser- follows:

voirs whose dimensions are controlled by scaling faules

or low permeability boundaries. Some of these resers . 1) The vell produces at a constant flewrate in.an

voirs produce steam diluted with small quantities of gnisotropic, homogeneous reservoir of constant prgp—

noncondensable gases. There Is often evidence of bojl+| erties (k and ¢ are independent of pressure and tem-

ing water at a considerable distance from the producing| perature).

horizon (presumably lying below the steam cap). In

addition, the transient pressure behavior of these " 2) The reserveir contains a slightly compressible

wells sometimes indicates they intersect Jarge, high fluid pf constant viscosity, L, and compressibility,

conductivity fractures. These are natural fractures; c. Although this assumption is not valid, there is

no hydraulic fracturing has been done in any of these considerable evidence that it is a good approximation’

wells, ] for gaseous systems vhen the m(p) function {s used.
This general description leads naturally to a 1) There are small pressure gradients and negligl

model in the shape of & parallelepiped with c¢losed ble gravity effects in the reservoir,

References and illustrations at end of paper

¢
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T Tt i B Lo b "4 A ST _"]
4) Well flujd production is via a vertical frac- h
ture which partially pcnetrates the reserveir. The D + 2z - 4nh
top of the fracture can be located st sny elevation + erf ""____ip___"[D D
and the fracture can extend to any depth. v
=
5) The initial pressure, Py» 18 the same through- th
out the reservoir. ’ A2 4 4 4nh_ - 2h
: vees B ot tMp T o
Although the fracture can be located anywhere in 27
the reservoir and the reservoir dimensions can be
chosen arbicrarily (the Barelli and Manetti model), ‘ th
the only cases studied in this paper are those in : tht Tt 2¢p T 4nnp + 2hy ]
which the fracture is located in the center of a + erf J;_"f'““'__
parallelepiped reservoir of square horizontal cross- 2T
section, with the fracture oriented parallel to two of
the vertical boundaries (Fig. 2). hf 2 h +
+ —_—
: P S B T s S
As shown by Gringarten and Ramey, the pressure - er _';_ I —
drop in a reservoir with any boundary conditions can 2T
be expressed as:
th
—= - 2h, 4+ - 4
Lt P - hp * et iy ()
bp = —— S(x,y,z,T) dT (1) - oer Tl T T dr -
¢Ct o . 2v1
vhere S5(x,y,z, ) represents the source function for )
the particular reservoir-well system. The term § de- Or, alternatively:
pends on both the geomecrry and the boundary conditions
of the system. The appendix shows the derivation of -~ &bD
the source function for the parallelepiped model con- PD(xD-VD’ZD-xDe'yDe'hD'th'sz'tn) " hoy x
sidered in this study. fD"De " De
The dimensionless pressure drop at any point in 22 o
the reservoir can be given by either of the two follow- _hnT
ing equations: 2
ot ! o« YDe nTyp
f Dx 1+ 2 I e cos —— |,
o n+l De ¥
Pp 0 ¥p *p**parYe "p* e’ Zep* ot
t !
/z " f Dxf 1 _ 22
=% nnT
8 th o v ) I
. @ -~ -
xDe xDe nTx ) nT
5 2 1+ == ) cos ~—— gin —
L Gpnyp,) . S nel De *pe
- T A x. . -2nx
* I a8 E El’f -.I?__._Qe.._ L. . B
= - =~
" e ol . REI P i
! 2
w . My (2n-1)7h
20x_ 1 T e e e
' ®x nx n=- ]
+ erf fb _De n=1 D
2/7
h
@ z + D + 2 + 4nh
D 2 fD (2n-1)nz {(2n-1)7z .
Z - erf sin — .. 1D sin —— L T - {3)
n=—o 27T 2h Zh
D D
-z, * Ei— -z = &4nh
- erf D fD D
277
h
fD - .
2. - —5— - z_ + 4nh
+ erf 2 fD D
/T -
 J
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where the‘dimensionless terms in the equations are
defined as follows:

AT z_2
p. = 1.291x10"2 Pty N (PyPug)
D 2Tqu
X ux; '
thf = 0,3604 ;;——*ff
€ X¢
Jx N L kl Z\[k—;
IR P \/—— R e
D Xg p Xe ky D xf‘ ky
oote o Ye [, n
De xf De ky X

Although Eqs. 2 and 3 are equivalent, Eq. 2 is
the hetter for calculations of dimensionless pressure
drop at small values of time, and Eq. 3 better for
large values of time. These solutions obtained are
valid for both anisotropic and isotropic reservoirs
according to Egq. 4.

Wellbore Pressure Behavior

A computer program was written te calculate the
pressure drop at any point in the system, at any di-

i e, t
mensionless time, B Several runs were made by

. xf"
considering different values of dimensionless forma-
tion thickness, , fracture penetration ratio,

x /x., and dimensionless fracture height, h lx The
dfmensionless formation thickness varies from 5 to 20,
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
pD/hD versus tD for the cases mentioned above. The

wellbore pressu?e was calculated at the locations
recommended by Cinco et al.® for the case of a par-
tially penetrating well (i.e,, Yp " 0, X " 0.732,
and z_ = z_ - 0.232).

D fD .

All cases exhibit a unique cone-half straight
line for small values of time. This behavior is
caused by the linear flow behavior-im the vicinity of
the fracture. The equation for wellbore pressure
during this early time period can be derived from Eq.
2 by using the shorc- time approximation of the error
functions.

plt, ) = /mt
P Dxf Dxt "o

for t < 0.016*
D —
xf

“According to Gringarten et a1t

At large. values of time, the wvllbore prissure
drop stabilizes indicating steady-state flow in the
system. Figure 7 presents the stabilized valug of
pressure drop as a function of both fracture pene-
tration xe/x and dimensionless formation thickness.

Figures 3 through 5 show that over a large re-
gion of the graph the curves for pressure response
at a fractured well in a parallelepiped reservoir
are similar in slope to the infinite conductivity
vertical fracture solution for an infinite reser-
voir,

Figure 8 is a praph of dimensionless wellbore
pressure versus the logarithm of dimensionless
time. This graph clearly indicates that these
systems do not exhibit the characteristic semilog
straight line portion of the pressure versus log
time relationship arising from conventional methods
of analysis for radial {low.

The {racture penctration ratio has a strong
effect on the transient pressure behavior in a
parallelepiped reservoir, as shown by Fig. 9. A
higher penetration produces a higher pressure drop,
because of a smaller porous volume in Lhe svstem, '

Figure 3 shows that vhen the fracture penetra-
tion ratio is high, type-curve analysis methods
can be applied to determine the dimensionluss for-
mation thickness and the charactcristics of'the
formation and fracture. However, in a cas¢/for a
lov-fracture penetration ratie (Fig. 6), typr-curve
analysis may not give a unique answer for dimen-
sionless formation thickness because the curves for
different cases are too c]ose LogLLher to give a
good match. W

The effect of dimensionless formation thickaess
on pressure behavior is shown in Figs. 3 through 6,
Prussure response for a thick formation is high
because the ceffect of the constant pressure boundary
occurs late in dimensionless time.

As mentioned, a large portion of the curves for
different cases are.similar in shape during early and
intermediate time, to the infinite conductivity
vertical fracture sclution. However, these solu-
tions will provide completelv different results
{rom type-curve analysis. When analyzing pressure
data for a fractured well in a parallelepiped resers
voir, the infinite conductivity solution gives
Yarge estimates of permeability as vell as low esti-
mates for fracture length.

Although in this work only drawdoun solutions
are presented, they can be extended to produce both
buildup and multiflow rate solurions by using the
principle of superposition, .

EXAMPLE OF APPLICATION . .

Flowing wellhead pressurée was measured In a dry-
steam: well during a period of two voars., The flewing
botromhole pressure and additional well and rescrvoir
information are given in Table ;.

Figure shows a log-log graph of pressure
squared difference versus flov time. The pressure
data on this figure show the characteristic features
of the behavior of a fractured well in a paralleles
piped reservoir: early data approach a ‘one-half
slope straight line, and the late portion of the
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pressure data seems 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 obtalned:

(p2-p2p) = 107 (K fal)? ; py/my = 0.3

t =1 day ; :Dxf « 0.26
and hD = 10 -
From Table 1 and the definition of dimensionless pres-
sure drop!
Pp 0
Pp = ( P ) - hD = 0.3 x10 =3

-k
-2 1/2 J_Z_ 2
1.291x10 (18)(kxky) Xg kx (10°)

3=
(0.85) (553)(205) (0.019)

lzx = 23,63 darcy-meters

L

. 1
- (kzky) £

From the definition of dimensionless time:
0.3604(%_ Y (1)x24
x
0.26 = 3
(0.16)(0.019)(0.01)xf
k - -
. -3%{- = 9,138x10 7 darcy/m2
Xg
Evidently,
k k ok = [(k k )1/2 ]2 (k—" ) = (23.63)% (9.138 1077)
Xy 2 2y’ g 2 ) Bk
*g
v 5.1x207% darcy’
A k k= 0.0799 darcy
Xy z
If k o=k o=k, =k
k = 0.0799 darcy
xe = 295 meters
and h = 2950 meters
CONCLUS IONS
From the analysis of the results obtained in this

work, the following conclusions may be drawm:

1) The pressure behavior of a fractured well in a
pzralielepiped reservolr exhibits several flow periods

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

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

4) At large values of time, steady-state flow is
established; as a consequency, the wellbore pressure
remains constant.

5) Type-curve analysis can be appliced to deteg-
mine the constant pressure boundary depth vhenever the
fracture penetration is high.

6) Although the early and intermediate time be-
havior of infinite conductivity vertical {racture
solutions is similar to the behavior of a fractured
well in a parallelepiped reservoir, results from type-
curve analysis for both cases are different.

7) The parallelepiped model seems to be adequate.

for dry steam reservelirs with a vater steam surface,

f
NOMENCLATURE !

¢ = isothermal compressibility, cmglkg
h = formation thickness, m
fracture height, m
permeability, darcies
molecular weight, gr/gr mole
P = pressﬁre. Kg/cm2 g ) i
initial pressure, Kg/éﬁ?
= flouing bottonhole pré55ure, Kg/cmz
mass flowrate, ton/hr
source function
time, hrs -
reservoir temperature, °K
distance in x-direction, m
half—fracture length, m
boundary location in x-dircction, m
distance in y-direction, n
boundary location in y-direction, m
distance in z-direction, m
elevation of midpoint of fracture, w
gas deviation factoer, himension]ess
viscosity, cp
¢ = porosity, fraction
§32§criéts

D = dimensionless

e = external

f = fracture

i = initial
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w = wellbore

t = total

Special Functions

erf{x) -

X 2
2 ./. g- dn '
A : ,
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TABLE 1

DRAWDOWWN TEST

Flowrate, g, Ton/hr 205
Viscosity, M, cp 0.019
- Gas deviation factor, 2 0.85

2.-
. Compressibility; ct, (Kg/em’) : 0.01

(pf-pif)(ltslcmz)2

t {days)
1 188
? 228
3 253
4 2
5 287
6 305
7 318
8 330
9 343
10 352
15 - © 401
20 441
25 478
30 503
35 534
40 562
45 , 587
50 618
60 664

80 147

DATA
Porosity, ¢, fraction 0.16
Reservoir temperature, T, °K 553
Molecular weight, M, 1b/lb-wole 18
Initial pressure, pi,~KgIcm2 55
2 2 s 2.2

t {days) (pi-pwf)(kg/cm )

90 7188

100 828

120 871

140 927

160 982

180 1032

200 1066

240 1134

280 1174

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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Pressure Transient Analysis for Geothermal Wells

HENRY ). RAMEY, JR.
" Stanford University, Stanford, CaQ'fornxa 94305, USA

ABSTRACT

Throughout the geothermal literature, concern has been
expressed many times about the potential effect of precipi-

tation of solids at the wellbore face, throughout the drainage

region of a geothermal well, and about the periphery of
a geothermal reservoir as cold recharge fluid contacts the
warmer geothermal fluids. Many field observations indicate
such concern. For example, it is well known that steam
wells in Larderello, Italy, decline in rate during production,
and have an active life of about 12 years. Similar declines
in production rate are often cobserved in the production
histories of gas and oil wells. For this reason, the specialty
of pressure transient analysis has been developed to aid
determination of the reason for such rate decline. In addition
to precipitation or plugging of the porous media near the
well face, other reasons for decline in producing rates include
adecrease inthe formation pressure and low initial formation
permeability. A review of the hisiory of pressure transient
analysis and applications to geothermal wells are presented
in this paper. :

INTRODUCTION

- Throughout the geothermal literature, much concern has
been expressed regarding potential precipitation of solids
at the wellbore face, throughout the drainage volume of
a geothermal well, or at the periphery of the drainage volume
where recharging cold fluid meets the hot geothermal reser-

voir. The potential damuge 1o the productivity of a geother-

mal well, not to mention the reservoir proper, is the main
reason for such concern. Similar concern for decline in
productivity or for low producing rates of pas and oil wells,
has been evident in the petroleum literatere of the United
States almost fram the time of the drilling of 1he Drake
welb in Pennsylvinia i 1859, Within ten years of that time
patents aimed at improving the producing characieristios
uf mI wells hc;..\n 0 |ppc.|r

The purposes of pressure-trnsient analysis inchidy lh\.
following: (1) determination of the condition of the well,
that is, whether the sand fave it the welthore o damaeed
or_has been stimulated: €29 the guantitative vidoe of the
permeability in the drnmage volume of the weil: (3 the
man formution pressure; and () quanibttive information
converning the shape and size of the dradmage volume and
thy porosity. Quantitazive information on the preceding four
Hems obviously would fornish answers e gaestions such
asiis the low praductivity of & piven well due o plugging

of the well, low formation permeability, or a low driving
force and/or formation capacity available for moving:fiuid
into the well? This information would provide a sound basis
for decisions invelving costly stimuiation of a well, or
perhaps other gperating procedures.

Quantitative 1o0ls have been available for performing such
tasks since the early 1950's. In view of the potential
importance of this information, it is worth considering why
it has not been used to much extent to date. There arg
several reasons, one being a mistaken impression in geother-
mal circles that oil reservoir engineering can be applied
only toclosed systems not subject to wdter recharge. Another
reason pertinent to pressure-transient analysis is a wide-
spread belief common in both geothermal and petroleum
scientific communities: that the simplifying assumprions
common to most analytical solutions are not applicable to
real, nonideal reservoirs—particularly fractured reservoirs.
ThlS bchcf |s Ioglcai bul l.xrgcly not correct mw

been found 10 behnve like ideal homogcneous systems with,
at mosi, simple anisotropy.

We now turn to a brief review of the history of the
development of pressure-transient analysis to provide a
bridge to the current state of this technology.

HISTORY

in the petroleum literature alonec more than 300 technical
papers have been published on the subject of pressure-tran-
sient analysis in the past 45 years. A similar number of
publications exists on pump test analysis in the [field of
ground-water hydrology. This literature has developed be-
cuuse the pressure behavior of a well is easily measured,
and is a highly useful quantity. Instrumems for meisuring
muximum pressures in oif wells were developed and used
in the United States during the carly 1920°s (Carter, 1901,
These devices included bourdon tube pauges which would -
record via a stylus mark on i bluchened metal sheet. and

“the measurement of liquid levels in wells awilizing Moats

or sonix echoes. By 1931 continuousty recording instruments,
such as the Amerada and Humble and MacDonald gauges,
were avathuble (Ahlikan and Sidwcell, 193D,

One of the carly appheations for battom-hole pressiires
in wells was o meastrement of the “stdic”™ foranition
pressure. Alter a well had been closed in fur o perisd of
timwe such iis 29010 72 hours, a bottome-hole pressure mwssure-
ment winy made as an indication of the static formatien
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prossire. These sttic measurements indicited the formation
prossure in permeable, high-prodoctivity reservoinn, Loge-
neers soon recognized That sEIC pressure measiemenis
depended preatly upon the closed-in time. The lower 1he
permeahility, the longer the lime required for the pressure
m the well 1o stabilize. This led 1o the important sealization
that when i well was Closed in, the duration of the pressure
build-up was o reflection of the permeabiliny of the reservon
rock around that well, It appéars that one of the first
determinations of formation permeability for pressure-irn-
sient daty was published by Moor, Schilthius, and Hurst
in 1933, Muny papers concerning pressurc transients cinised
by water influx into oil reservoirs began o appear in the
following years.

A classic study of pressure- -transient analysis involved
in the pump testing of water wells was published by Theis
in 1935, Among other things, Theis discussed unalysis of
pressure recovery data. Pressure recovery data are referred
to as pressure build-up data in petroleum engincering, and
consist of information obtained after a well had produced
at a constant rate for a period of time, and was then shut
in and its pressures allowed to equalize. Theis suggested
a form of graphing and analysis which remains one of the
basic techniques employed in petroleum engineering to this
day. The method was discovered independently some fifleen
years later by Horner. The Theis pressure.recovery graph
of ground-water hydrology is known as the Horner pressure
build-up graph in petroleum engineering. Horner did intro-
duce the impartant concept of estimating the mean formation
pressure which would be obtained in an enclosed reservoir
system at an infinite shut-in time.

In 1937, Muskat introduced a graphical method for deter-
mining the ultimate static formation pressure from bottom-

hole pressure-transient data. Mfﬁmm
' o:h]!ﬁz-_

During the 1940's there were many classic studies, 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 engincering hydrau-
lics, in 1950. Because the readership of this paper is apt
10 be familiar with publications in ground-water hydrology
in the geophysical, geological, and civil engineering litera-
tures, the main emphasis in this paper will be on publications
in the specific area of petroleum engineering. Also notable
in the 1940’s was a publication by Elkins in 1946, which
presented graphs for interference 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 Everdingen and
Hurst study presented applications of the Laplace trans-

_formation for_sqlving transient flow problems in reservoirs. -

The main application stressed was estimation of transient
water influx (water recharge) into oil reservoirs. However,
the authors did discuss applications 10 pressure-transient
analysis for individua! wells during presentation of the
material in the late 1940°s. 1t is clear that many rescarchers
were investigating quantitative analysis of pressure transicnt
data in the late 1940°s.

WELL TESTING FROM 1950 TO 1966
In 1950, 1wo separale publications appeared which are

gchetally 1esopnised as providiog he fundsmentad Bz Ink
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madern well test snalvsing These ncluded tw paper by
Honer, and the paper by Miller, Dyves, amd -Hutclimson,
The Miller, Dyves, Hiudclunson sindy indicated that statie
pressures during pressure biald-up shoald be goaphed sersas
the Jogarithm of the shut-in e, O the other hand, (e
Harner stindy indicited that statse build-up pressiee shoedd
be graphed versos the Joganthoe of o tome satio invobhing
the sty of the producing b plus the shut-in time, divided
by the shut-i e Hoth graphs were reported o produce
stinizht lines, the sope of winch was inveisely proportional
1 the formation pesmeability by precisely the same relation,
Confusion between the validity of the results of these ftwo
methods remiins o this date. despare the facl that Ramey
and Cohb (39713 showed that the Horner (or Theis) graph
wus penctally the most relhable.

Figure | presents a Miller-Dyves-Hutchinson graph for a
well in the center of o square whose outer boundary is
subject to a foll recharge, that is. constant pressure (Ramey.
Kumar. and Gulani, 1973). Dimensionless build-up pressures
are graphed vs dimensionless shui-in time, The dimensionless
producing time prior to shul-in is shown as a parameter.
The dimensionless groups are defined as follows:

khtp,— p.,)

Poy = m for liquid flow n
‘ {
Po. = % forflow of steamor gas  (2)
* 0.3604 kt
tp= m - (&3]
- 0.3604 kr -
tp, = m =_r,,(r..‘/A.) _ . @

Identification of symbols and units is presented in Table
1. A delta symbol before the symbol { for time indicates
a period of time At after the producing period of time 1.
Graphs similar 1o Fipure 1 may be found for many different
well drainage shapes, for wells located at almos! any position
within the shape. and with any combination of closed or
recharge boundaries on the shape. See Ramey, Kumar, and
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Table 1. Nomenclature,

Symbol " Meaning

eifective permeability. 1o lfowing phase darmes *
net formation thickness, m

specific volume at standard conditions, cc/gm
production tate, 1ons /hr {1000 kg /hr)
formation volume {aclor, reservoir volumes/std
volume
viscosily of llowing fluid, centipoise
molecular-weight, gm/gm-mole
real gas law deviation factor (pv = ZnRT)
“gm moles
84.78 (cu cm-kg/cm?}/ imoles-*K)
absclute formation temperalure, °K
dimensionless pressure
dimensionless time : '
porosity, {raction of bulk volume
total system effective tsolhermal compressibility,
{kg/em?)~"
radial distance from a constanl rale well, m
r, = well radius, m

drainage area, m?

<
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t = time, hr
m = slope of semi-log graph, tkg/cm?)/log cycle for
: liquid; tkg/cm?)? /log cycle for gases
s = skin effect, dimensionless
Apy, = seeEq 10
- FE = flow efficiency, see Eq. 1
p° = Horner's false pressure at {t + At /Ar =1 )
Cp = dimensionless storage conslant, 'see Eqs. 13 and 14
C = wellbore storage, tons/(kg/cm?) See Eq. 13
C' = wellbore storage, tons /(kg/cm?)? See Eq. 14
x, = half length of side of square enclosing a vemcany

fractured well, see Fig. 11, m

vertical fracture length from center of well to tip of
fracture, m

r, = horizontal fracture radius, m

p = volumetric average pressure within dramage
region resulting from constant-rate production for
atime ! .

= dimensionless radius, r/r,,

. isothermal compressibility of gas, (kg/cm4)~!

X
|

..
nD
(N

bottom hofe, well

surface

static (zero surface production rate)
flowing

radial dimension

vertical dimension

dimensioniess

fracture '

based on drainage area A

initial

at one hour on suml-lul., straight line* o its extension

-

2’-..)-..0" -, W

3 ’ I3
pressure, kg /cm 3 D

Gaulati, 1973, The parallel staight lines in the lower lelt-hand
portion of Figure | possess o slope inversely proportional

te the cffective permeability to the flowing phase. or 10

the totid mobility (A, ) for alt phases flawing in the cise

of multiphase flow (Matthews and Russell, 1967), The

relitionship between the slope and the permeahility is:

f”].l

mh

Y T
e for Steam or gises {6y
mh M/\ 1

h =-0.5258 - < for fiyuids %)

The \Inpn ar has unils of pu s e per Iu,. cyele for figunhs,
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and pressure squarcd per log cycle for steam. Figure |
may also be used 1o find both the mean pre“urc p and
the recharge pressure p,.

Figure 2 is a general Horner graph for a well in theé center
of a constant pressure square (full recharge). An lnl'mlu:ly
long shut-in would cause a time ratio of unity, and a
dimensionless buildup pressure pp, of zero because the wel
would return to the initial pressure p; on the recharge
boundary. The parallel lines on the lower right-hand portion”
of Figure 2 bear the same relationship between slope and
permeability as given previously by Egs. (5) and {6). The
build-up lines appear to move to the nght as producing
“time prior (0 shut<in increases. Thr stallc*prtssurc within- -
the drainage region at the shut-in time can also be found
from the dashed line.

Figure 3 presents a Horncr -type graph for a well in a
closed square—a depletion case. One distinct difference’
from the previous figure is that the fines appear 10 move,
downwards, rather than to the right, THSTBERAVIGINE
characleristhc il &rance Thelween s c‘lo&e& ‘ﬁi’iﬂ'ﬂwarfiﬂrﬁﬂ
shapos IR BT TEnScan BbE Adent Hied A rowEg s el
PreSSUTERr IS rentlests N With 1o nger producIngdlmespLaR
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Figure 2. Horner graph for a well in the center of a constant-
pressure square.
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- WERAGE Another imporint use of Figmes 2 and 3 s
estintation of the porosity., 1T the initial pressure pis Lnnwn.
fickd values of p1,, ‘..‘m he calentued from:

PP

= ¥}
o T

Because the time ratio for the field dataaind the dimeasionless
time ratios are the same, field data cun be gruphed an either
Figures 2 or 3 {or other appropriate fl!.llﬂ.‘\ for other shapes)
and the value of the dimensionless producing time, 1,
read as a parameter. From Eq. (4, & ¢, A can be calculaled
because k should be Known from the clopu of the normal.
build-up graph. In the event thit the thickness. &, is not
known, then & ¢, lA may be calculated—the reservoir pore
volume-compressibility product.

Figure 4 presents a Muskat praph for the ciase of a well

in the center of a constant-pressure square. The slopes of

the parallel straight lines are related to the porosity of the

system, while the pressure intercepts may be related 1o
the effective permeability of the flowing phase. This inter-
< esting build-up graph can ofien be prepared with very little
knowledge of reservoir conditions. However it should be
used with care with full knowledge of the pitfalls involved
in the graph, The same can be said of all of the common
build-up graphs. Recent studies show it is possible to
investigate each type of graph thoroughly by empirical
methods and to clearly define the regions of usefulness
of each graph (Ramey and Cobb, 1971; Kumar and Ramey,
1974). )
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Figure 4.  Muskat graph for a well in the center of a constant-
pressure square, '

The preceding incthods have been applicd 10 geathermad
welbdata wath soecess (Ramey, 19760 Rimiey and Griogarien,
1750 and Hoaelii en abo. 1978), Figure § presents o Horner
baild-up graph for g geothermal sicam well at The Gevsers,
The proper semi-log stanight fine is shown by the solid fine.
Table 2 presents other pertinent dada for this transient test.
R D3 FTE AT e Pt T IRSTRL B F S 1 s Y Al PN e 9B BT v B8 -

- SRR hoR RO S IR TR Sen R LAt Sy Sys

Tuble 3 presents ather information for this well test. Forlu-
mitely, new methads are now availible 1o aid selection of
the proper straight line, as will be discus<ed inalater section.,

In the-15-year period from 1950 through 1965, many
important  busic  papers  in pressure-transient  analysis
appeared in the petroleum engineering literature, Nuotuble
are publications by Van Everdigen (1953) and Hurst (1953),
concerningthe concept of the skin effect and the quantitative
effect of welbore damage on the performance of a well:
the classic study by Matthews. Brons. and Hazebroek in
1954, concerning determination 'of mean pressure for closed
rescrvoir systems: Perrine's review of pressure build-up
analysis in 1956, which presented the first sound analysis
of multiphase-flow pressure-iransient analysis; and in 1959,
Martin presented the theoretical foundation for Perrine’s
method for multiphase flow.,

Let us consider just a fcw of lhese f:ndlngs in more

10% o'

Figure 5. Horner bLildup graph for Geysers Steam Well A,

Table 2. Pressure buiidup data for Steam Well A.

Symbal . Value
q = 26 tons/hr .

- t = 12240 he” - LT oo
r, = 0122 m te o
‘wo= 0.0226 cenlipaise .
¢, = 0.032 kg/cm?)"!

Z = 0.84
T = 515%

M = 18 gm/gm mole

m = 262 (kg/cm?)? flog cycle
Pt = 260 .
p.l = 1037
p*? = 1245

Total depit is 663 m; open hale below 110 m.
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_ Figure 6. Home; buildup graph for Geysers Steam Well B.

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

kh(p, - p,,)

A —————————— + s
0.4568v, qBp Pov

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_, at the instant of shut-in and a pressure
obtained from the semi-log straight line during build-up at
on¢ hour of shut-in time; p,,.. This pressure must be read
on the straight line or its extension. The proper relationship

forgddatowsis

2

' Pin’ = P :
s= 151 | ————-log,, + 0.0387 ] (9)
m ) 1

ner

THhE pressinreidisp. msed ByAHX skinef{ectig

Ap i = 0.87 ms (10)
The prcssurc dr0p across the skin is usually used to compute

the ﬂow-cfflmcncy & of The well- F@

®

Table 3. Pressure buildup data for Steam Well B,
Symbol Value
q = 26.71ons/hr
t = 540hr
r(, = 0122 m
. =" 0.02 centipoise
¢, = compr~sitnhiy of steam, 0.054 g fom?) !
Z = 0.884
T EEENN
A= 1B Gimam mohke
m 9.3 thpfemd e flog oycle
Pn? = 9 thgiom®)d
P, = A
p *l = 4347

p,ov 21y L)../tnl
Toal depthow 2605 5; open bole Telow W™ m
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P* = Pu— APuin
p* "'Pq

FE =

37

For liquid flow, Eq. (9) is slightly modmcd thc prcssurcs
are not squared.

The dimensionless skin effect has the followmg inter-

pretation, The value of s will be posmvc if the well is

(ll)

damaged, zero if neither damaged nor stimulated, -and =~

negative if the well is stimulated. The flow efficiency is

the ratio of the actual flow. rate per unit pressure drop
(productivity index) to an ideal flow rate per unit pressure
-drop neglecting the pressure loss across the skin.

The effect of the skin can be seen in the carly pornon )

of a pressure build-up test. If a well is stimulated and has
a negative skin cffect, the early portion of the build-up

will appear as shown for the Steam Well A case on Figiire .

j__'l‘hc 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 below as
indicated in the right-hand portion of Figure 7 for Steam
Well C case. Another important phenomenon can cause
2 build-up to have the same early shape as the damaged
curve for Figure 7. This effect is known variously as wellbore

storage, annulus unloading, and afterflow. The cause of -

the cffect is that the sand-face fluid flow rate does not
respond instantaneously to changes caused at the welihead.
If a well is suddenly opened at a constant rate, the first
production results from expansion or depletion of wellbore
fluids (annulus untoading). If a well is suddenly shut in
at the surface, fluid continues to pass through the sand
face at the botiom hole as if nothing had happened {(after-
flow). Both effects are a result of the wellbore storage
volume. Because the wellbore storage effect causes the same
appearance as a damaged wellbore in the early build-up
data, it is possible to mistake a storage effect for wellbore
damage. An example of such an-effect for a steam well
was presented by Ramey (1970) and reanalyzed by Ramey
and Grmgarlen (19‘75) at thls same symposmm '

Expmplcs are parual pcnclranon of the formauon cementing
casing in place and gun perforating, 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, 1o name a few. ThEREMIEDIfETXermed. .
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FeeEtmnsetfosdk. Maoy published studies are availuble

which can he psed 1o estimaie the ander of mapnitude of
“such pactdosskin effeets (Brany and Marting, [ Thris,
006, Ramey, 19035 Gringarten, Ramey, and Raghavan,
1975).

1.e1 us now consider the classic study by Maathew s, Brons,
and Hazebroek in 1954, One important conlribution wis,
aogeneridization of Horner's method for derermination of
the ullimate static formation pressore from o build-up to
include many rectangukir shapes with wells in vartous
positions within the shape. They presented figures similar
to that of Figure &, Figure 8 upplies 1o the case of o well
inthe center of a constant pressure squiire. Horner suggested
extending the semi-log straight line o a time ratio of unity,
and calling this extrapolated pressure a “false™ pressure
p*. Figure 8 presents a method for correcting the false
pressure p* to-either p, or ji for the constant pressure
square case. Another important contribution of the Mut-
thews, Brons, and Hazebroek study was a method for
dividing closed reservoirs into per-well drainage shupes,
Ramey, Kumar, and Gulati (1973) presented a monograph
dealing with the recharged 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 contains

the answer to two important problems: fluid reinjection, .

and generation of constant-pressure outer boundaries.

We now turn to consideration of other important studies
in the 1950°s. A number of important papers hegan to appear
in the carly 1950's in the area of transient flow of ideal
gases through a porous medium. In regard to practical
applications, the papers by Aronofsky and Jenkins {1953),
Bruce (1953), and Tracy (1956}, are important. Both the
Aronofsky and Jenkins, and Bruce et al. studies were aimed
at the same problems, that is, the transient flow of ideal
gases through porous media. Each study produced a classic
result. The Argnofsky and Jenkins study is notable because
of the introduction of the concept of the transient drainage
radius for flow:of gases. The Bruce, et al. study is notable
for introduction of the concept of alternating direction
implicit finite difference calculations, It is clear that one
study or the other would have been stopped had both groups
been funqtiouing within the same research laboratory.

The Aronofsky and Jenkins work inspired a number of '
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Figure B, - Matthews-Brons-Hazebroek graph for a well in the
center ol a conslant-pressure square.
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Figure 9. Inlinite array to generate a well in the center of
a constant pressure square, or a developed five-spot injection
production pattern. , '
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studies of the effect of pressure variation of fluid and rock'
properties. See Al-Hussainy, Ramey, and Crawford (1966).
A "'real gas potential”’ was introduced which coupled fluid
viscosity and density variation with pressure with stress-
sensitive permeability. THERNONCEPIhASPHIEATOCENNCEIED

fofiliquid sflowasuccestfilly. It appears that dependence -
of ftuid and rock properties on pressure can usuall\ be

. handled practically.

By the mid-1960’s, the details of - Wcll test ana]ysns
apparently were thoroughly investigated, This led the Society.
of Petroleum Eng:neers of the AIME 16 commission the
preparation of a monograph on the subject, “Pressure

- Build-Up and Flow Tests in Wells," by Matthews and

Russell, The result was published in 1966. To underscore .
the importance of this subject. the Society of Petroleum
Engineers also commissioned the production of a Reprint
Series Manual No. 9 titled. **Pressure Analysis Methods.” -
The Matthews and Russell monograph was the first in a

" series of monographs intended to aid a program of self-

education by members of the Society of Petroleum Engi- '
neers. '

MODERN PRESSURE ANALYSIS

A study of wellbore storage (Ramey, 1965) and the skin -
effect began to bear interesting fruit by the end of the
decade (Ramey, 1970; Agarwal, Al-Hussainy, and Ramey,
1970). A renewed inierest in using log-log type curves 1o
study the early pressure data prior to the onset of the usual
semi-log straight line led 10 a number of important findings. . .
Figure 10 is a Iog-log type curve for pressurés measured
in a well produced at constant rate with a skin effect. “The
unit slope straight lines emanating from the lower left portion

_of the graph represent pressures controlled allogether by

wellbore storage. In effect, there is no flow through the
sand face during times when the unit slope is evident. Then
there is a transition to the fial, zero wellbore storage lines
passing across the graph. When the transition lines reach
the flat portion. the correct semi-log straight line starts for
these cases, because the flat lines are semi-log straight for .
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PRESSURE TRANSIENT ANALYSIS FOR GEOTHERMAL WELLS

100
od ’ 5420
* e
T o el -

10 e ?{41//— P ’;5%;:”
~ 0
2 S0 A =

. U-ﬂ /
JCH)Y: ’
&l &
. "pum' &
oslzZstore |/~ - - 5
102 10° 108 107

Y )
Figure 10 povs tpfor a well with storage and a skin effect.

times of ‘about 5, The time'_of start of the semi-log straight
line can be expressed (Ramey, Kumar, and Gulati, 1973):

ty=Cp(60 +3.55) (12)
where:
CBv
Cp=——r— forhqunds (13)
~ de)hc r.

c 27 C'ZT " . (14

= —————— for gases,
P Mo her?

Tn the 1970 study, it was recommended that type-curve
matching be used to obtain permeability and skin effect
by means of Figure 10. TREGEROWIBE i cveaH0-Porh Gre
&é‘d"’maiﬁ‘e T EmA O A [CRIN G A BoU e p prokF-

WAy SHECTon JSh R ture & OB AT TS T here
THE LSO ATESMILBE Y RIghtlineZhegin® This procedure
plus genera! diagnostic uses make Figure (0 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 pressures prior 10 the onset of the
semi-log straight line. An acidized well with an annular zone
of high permeability near the weil could hive the same
negative skin effect as a fractured well with a large. vertical
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Figure 12. p_ o/ hy vs tyy for a constant-flux, circular hori-
zontal fracture in the center of the interval,

fracture. But it was likely that these two cases would not
have the same early time behavior. Likewise, it was not .
likely that wells with the same skin effect, but vertical. or
horizontal fractures, would exhibit the same early time
behavior. To answer these speculations, studies of arinular
skin regions (Wattenbarger and Ramey, 1970}, and fractured -
wells (Gringarten, Ramey, and Raghavan, 1974) were made.
Figures 11 and 12 present log-log type curves for vertlcnl .
and horizontal fractures.

Figure !1 presents the producing 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 almost any position within any
sort of drainage shape. The left-hand side of this: curve
is a straight line of slope 1/2. This period represents linear
flow normal to the surface of the fracture. Later, the fracture
behaves like a circular wcbl with a radius half the distance
from the center to the lop of the fracture, x,/2. This sort
of log-log type curve reveals the presence of fractures and
can be used in matching whether a semi-log straight line
can be found or not. Permeability may be found from the

pressure match (Ramey and Gringarten, 1975), the fracture -

length X, from the time maich, und the drainage area, or
a minimum estimate of the drainuge wrea may be found
from the parameter x, /%, .

Figure 12 presents a log-log type curve for a single
borizontal fracture located at the center of the interval,
The lefi-hand portion of the lowest line on the graph s
also Bnear and of slope 172, This represents vertical flow
norntil to the fracture surface. Beciuse there is o vertical

flow componcent, 1t 15 necessary o speeifly both the radial
and vertical p‘.rnu :hnlmc

IS S Y HET DS S i
3 FMAKTAUIHEE. The dimension-
less time for the horizontal I'r.ulun: is bised upon the radius

r,.

Figure 13 presents o log-log type cirve for the build-up
dati of Steam Well A (see Fig. 5) Almost two log eyeles
of hufl-slope Fine ure evident. One iwportant use of such
a graph is 10 locate the start of the correct semi-log straight
line, Wattynbarger and Ramey (1970) noticed that the start
of the semi-log stiight line corresponded roughly 1o o
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Figure 13.

pressure difference about. twice that at the 1op of the
half-slope log-log line. This rule, the double-delta-p rule,
is shown by ‘the arrows on Figure 13. This ‘can be used
to select the proper stralghl line when several are indicated
as shown on Figure 6.

The wellbore storage Whas been in use for 10
years, the fracture type curves for 4 years. ‘Extensive field
experience has been gained in gas and oil reservoirs and
in several geothermal reservoirs. THEVERTBHAETAITROMR.
POWEH P Enas S AETICE R e s PhEsbIR B nrs vi)
swanigebehaviorofdif[erentfractured EYsters. One natural
gas reservoir was found to have fracture porosity only.
Hydraulic fracturing produced only propped, high-conduc-

tivity storage volume, not a single planar fracture. In other.

fractured systems, widely spaced trending fractures were
evident in pressures measured in a producing well but

apparently caused only simple anisotropy in interference

testing. THIFDIFER MiEH HopEforSimplotntori crenCON ot AL
HrEebhermalBysiente. By interference testing is meant the
sort of test wherein one well is producing and the résulting
. pressure drop is measured in a distant well. THERSUIECTNAY
bkmmtchcdﬁmth‘somcwpmpnal lutignsuch

mn " I Figure
14 (also known as Lord Kelvin's point source, lhe Theis
solunon and soon).

CONCLUDING REMARKS

In the preceding, 1 have focused on the positive aspects ‘

of pressure-transient analysis. The result may be misfeading.
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Figure 14. pg.vs tp/r;? for the continuous line .source

solution (Theis solution).

v
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Table 4, Pressoee nnddup data tor Steanm Well
Syl Valiwe
g = X3t /hr
P = 5524w
r, = 012'm
= 002225 g
o, = O kg fom?)=!
Z = 084
T = A15°K
Al = 18 pm /gm nwle
m = 210 thgfem?)? flog cycle
Pt = 1047 thptem?)?
pod = 262
"2 o= 1333
5 = 1260 talter 15 months shat in)

Tatal depth 1120 m: open hole below 155 m.

Préssure-transient analysis may not always be practical. One
common problem in both oil and geothermal reservoirs may
be called the thick sand problem. For thick sands, the product
of permeability-thickness may be so great that the semi-log
straight line has a negligible or undetectable value at practical
producing rates. This likelihood is evident from Eqs. (3)
or (6). Even in this case, important resuolts may be obtained
by an experienced, sophisticated analyst under fortunate
CIrcumstanccs

smﬁmmm Thc presence of a boﬂmg hqund

interface in a vapor-dommaled system would be evident '

as a constant-pressure interface, This interface would be
horizontal, rather than vertical as is assumed in most of
the available solutions. Generally, production of new solu-
tions is not difficult, and usually does ‘not require large
amounts of computer time. Analytical solutions.are usually
much better than finite-difference solutions for- short-time
results, .

5 L ] - ~ o 5.

ﬁacmm It can be said that rcsults appear reason-
abte. It is certain that continued work in this area will lead
10 development of valid modeils which can be used to analyze
pressure-time data from geothermal reservoirs and produce
information not available from any other source. One impor-
tant weapon in this study will be the development of new
pressure- and temperature-sensing tools. Several new pres-
surc-measuring devices are currently being used in oil wells
to measure pressutes to almost 7 x 10~% kg/em?. It is
certain that similar instruments will become available for
geothermal applications in the near future. \Vhﬁ'ﬁﬁm
tﬂ"‘aaay*m'bemm“‘am\a

*
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ABSTRACT

Since the successful initial flashing.on July

2, 1976, HGP-A has undergone five flash discharge
tests with the longest one lasting 42 days, Pro-
duction records including wellhead pressure and
temperature, production rate and steam quality were
kept for drawdown analysis. After two of the dis-
charge tests, Kuster pressure bombs were lowered to
the bottom repea;edly to record pressure data for
bu11dup analysis.

Initial analyses of the drawdown and buildup
tests indicate that the Kapoho Geothermal Reser-
voir, where HGP-Aiis located, seems to be in a
t1ght formation with poss1b1e severe mud damage in
the well. The reservoir 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
were performed with the traditional single-phase
petroleum reservoir engineering techn1que5 modi-
fied when necessary.

INTRODUCT ION

The experimental well, HGP-A, drilled under
the auspices of the Hawaii Geothermal Project, is.
located on the island of Hawaii near the eastemn
tift of Kilauea volcano. Drilling was completed
to a depth of 6150 feet (1966 m) in April 1976,
The well 1s cased to 2230 feet (630 m) below the
wellhead, which is approxlmatcly 600 fect (183 m)
above sea level. A slotted liner is placed from
the end of the casing to bottomhole. Cuttings and
core samples obtained during drilling indicate
thit the rcgion is.composed of volcanic basalt
with a profile that contains open fracturce ;ones
scparated by relatively impermeable la\crs.I

ielerences and illustrations at end of paper.

1

i

The well has undergone five flash discharge
tests since an initial flashing on July 2, 1976.
Figure 'l is a sketch of the equipment and instru-
mentation for the discharge tests. As shown,_the
method involves basically 'the James technique? for
measuring total mass flow with twin cyclone sepa- - .
rators for separation of steam and water, A 907
V-notch weir is used to measure the liquid flow
rate, permitting steam quality and specific
enthalpy to be calculated. A recovery tube’ is.
mounted on the wellhead to permit temperature and
pressure profiles to be obtained and water samples
to be gathered during quiescent and’ dlscharge
perlods

Since the temperature of the reservoir in
general exceeds 300°C (572°F) with a maximm
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,

DOWNHOLE FLOW CHARACTERISTICS

: )

During January and March 1977, the flow tests
consisted of a series of discharges in which the
flow was throttled by placing orifice plates of
various sizes in the discharge line. The results
are summarized in Table 1. Pressure and temper-
ature profiles taken during the throttled {low
tests are shown in Figures 2 and 3. These pro-
files indicate that the fluid in the wellbore is
at saturation conditions with a mixture of liquid
and vapor flowing up to the wellhead. Since the
steam quality at the wellhead is high and no
steam/water interface is found in the wellbore,
the conclusion is that flashing occurs in the
formation rather than in the wellbore.

Examination of Figure Z shows that the
pressure profiles are essentially three constant
slope lines mecting at the junction of the casing
and the slotted liner and at approximately 4300
fecet (1311 m). These constant pressure gradient
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lines indicate that the major production zones may
be near the bottomhole and in the vicinity of 4300
feet (1311 m), .

ESSURE TRANSTENT TESTS

while data sufficient to assess a produc1b1e
geothermal field can be obtained only from a number
of properly-spaced wells, some limited reservoir
information can be obta1ned from a single geothermal
well by ut111:1ng the theory developed for oil and -
gas fields.® These standard petroleum engincering
techniques, howevur, assume single phase flew, while
the flow in HGP-A is definitely two-phase, so that
. caution is required in interpreting the results of
these analyses.

PRESSURE DRAWDOWN ANALYSIS

Wellhead pressure vs, time plotted on log-log
scales for type-curve matching and on semi-log
sca... .or a pressure drawdown analysis are shown
in Figures 4 and 5, respectively. The initial
pressure was obtained from Figure 6. These data
can be used in a pressure drawdown analysis to
obtain information about the geothermal reservoir
and the following observations can be made:

1. The analysis is based on.a constant pro-
duction rate during the discharge, and this
condition was impossible to achieve. In order to
apply the theory, -a normalized pressure was
obtained by dividing the measured pressure by the
concomitant production rate,

2. There was some overpressure at the well-

" d prior to the start of the test. Consequently,
opening the valve took some effort and about Z to
3 minutes were needed to open the valve completely.
Thus there is an uncertainty of that amount in the
determination of zero time.

3. The theory is for bottomhole pressure
whereas the data in Figures 4 and S are for well-
head pressure, Thus the assumption must be made
that-wellhead pressure is proportional to downhole
pressure and the proportionality factor remains
canstant throughout the test.

" Within these restrictions and assumptions,
somz information can be obtained.” To normalize the
pressure with respect to production the pressure
relation canl be written as:

Pi-p
i~ Puf _ 162.6uB
a kR (logl0 t 4+

logm ——-———2- 3.23 + 0. 875)

¢uC

The left side of equation (1) is a linear
P p
* function of logjgt so that a plot of wi Vs,

log gt will yield a straight line with a slope m,
p51} bl/day/cycle, where

Im] =

162,6uB )

and this equation can be used to calculate the
permgability-thickness, kh.

(1) -

I

4 LF

Equation (1) can also be used to calculate
the skin effect factor, s. Letting pyy, be the
value of p,¢ for t=1 hour on the correct semi- log
straight line, equation (1) can be rearranged to
yield,

Pi"Plhr
s = 115 {—3— - log _“”2* .23} (3)
‘ | m] ¢uCtr

By using (3), the pressure drop due to the skln ‘
effect can be calculated from

ap .
—=2 = 0,87 |n|s (8)
q

and the flow efficiency
Pi " Pyp - P ‘
FE = g : (5)

P; = Pug
q

With the assumptions made previously, a log-

P; - P
log type-curve plot of 2 wi vs. t for the draw-
down test i§ shown in Figuge 4, The two unit-sliope
lines shown verify the existence of wellbore stor-
age effects. From the end of the second straight
_line, it appears that the semi-log straight line or
the radial flow period started at about 1§ hours
after the test was begun.
. . . Py " Pyf

Figure 5 is a semi-log graph of — Vs,
logypt. An analysis of the plotted datashows that
the permeabllxty thickness

kﬁ . 162.6(24 hr/day)(0.09 cp)(l 5 res bbl/std bbl)
(350 lb/bbl)(l 11 x 107 ps1/1b/hr/cyc1e)

="1356 ma-£¢ (0.408m” - m)

i

and if the thickness of the producing layer is
assumed to be h = 1000 ft (305 m) then the
permeab111ty

k=1.4md (1.38 x 10" 3un?)

The skin effect factor

: -3
s = f1s | 8231072
1.11x10
log 1.4 + 323
10 ' -6)(8.755\
(0.03) 0.09) (8x10 )(-53-)
- -0.86

The small negative skin effect factor suggests

that skin damage is not present. Therefore, the
flow effitlcncy of the well is approx1matc1y 1, or-
the well is discharging as much as it is able to
produce, -
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. Figure 7 shows the total mass flow rate vs,
time in the drawdown test., Note Yhat the flow rate
did not change significantly aftef the initial five
or six hours of flow, lowever ifewe neglect the
fact that the flow is not constary and plot the
wellhead pressure vs. time as in Figure 8 we would
have obtained a slope ‘

[m[ =11 psi/cyclez(?ﬁ kPa/cycle)

" Assuming q = 86.00 Kib/hr (10.8 kg/s), one would
- have obtained

W o 162.6(86,000 1b/hr) (24 hr/day) .
{350 15/651)

(0.09 cp) (1.5 res bbl/std bbl)
' {11 psi/cycle]

= 11,200 nd-ft (3.37m? - m)

which is one order of magﬁitude greater than the-
normalized value, : .

PRESSURE BUILDUP ANALYSIS

Following the December discharge, a pressure
buildup test was conducted, with bottomhole pres-
sure being measured using two Kuster KPG pressure
elements and recorders in tandem to ensure that
pressure data were acquired in spite of equipment
malfunction because of the high temperature.

Figure 9 is a log-log type curve of the difference
between bottomhole pressures during static (no
flow) and flow conditions. It shows two distinct
wellbore storage effects; the top of the second
wellbore storage interval is indicated by the arrow
A. Arrow B indicates the onset of the radial flow
period, roughly 70 hours after the well is shut in.
From these curves, the product of permeability and
production zone thickness (kh) is calculated to be
approximately 880 millidarcy-feet (0.265umZ - m},
with the pressure drop across theé mud-damaged skin
of the well being 560 psi (3861 kPa).

Bottorhole pressure measurements made after
HGP-A was shut in following the January test
produced data and plots similar to those for the
December test. However, close examination of the
data shows that two consecutive straight-line
approximations may be made to the Hormer plot
(Figure 10). Interpretation of this occurrence is
thdt there are at least two different production
layers in the wellbore with different kh values,
The same effect is also present in the December
data, but until it was repreduced in the January
test, little credence was given to it. The results
of these analyses are sumarized in Table 2,

N

1 44

From the above analyses, it appears that the
Kapoho Geothermal Reserveir, where HGP-A is
located, has a fair}y tight formation with a
permeability thickness of approximately 1000 )
millidarcy-feet (0,301ym* - 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 bottomhole and ancther at approxi-

DISCUSSTON

“mately 4300 ft (1311 m) from'the wellhead. The

buildup analyses show that HGP-A may have severe
skin damage. - ‘

As stated before, one cannot- cbtain the
characteristics of the Kapoho Geothermal Reservoir
with only one producing well, Thus the above
conclusions are preliminary and present the best
estimates at this time. It is also evident that
pressure buildup analyses are more reliable than
the pressure drawdown analyses.
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NOMENCLATURE

Pi = initial pressure, psi (kPa) .ﬂ7 :
Pyf. = flowing pressure, psi (kPa) -
P.h = wellhead pressure, psi (kPa) by
P, = shut in pressure, psi {kPa) R
q = preduction rate, std bhl/day (m3/day) l
. ¥ = viscosity, cp (Pa-s) .
B = formation volune fachr, res vol/std vol.
k = permeability, md (um¢) : .
h = formation thickness, ft (m)
t = time, hr {(hr)
. ¢ = fractional porosity
C; = total system effective isothermal com-
" 7 pressibility, psi-! (kpa~ly- . -
. Ty = well radius, ft (m) :
s = skin effect factor
' 1
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. TABLE 1

. . PRELIMINARY THROTTLED FLOW DATA
Orifice Total Mass Steam Wellhezd

Size Flow Rate Flow Rate Quality Pressure Temp,
{Inches) (mm) {Kib/hr) (ke/s) (K1b/hr) (kg/s) 1 psig) (kPa) *f) {*c
.8 (203} 101 Q2.7 64 .1 64 sl (352) 295 {164)
) (152) 99 (12.5) 65 (8.2) 6 54 {372) 300 (167)
4 {102) 93 {(11.7) 57 (r.2) 64 100 (989) 334 (188)
3 {76) .8 (1L.2) 54 (6.8) 60 165 (1138) 377 {207)
PRV YY) B (10.8) ' 48 (6.1) 57 237 (1634) 401 (223)
] (51 81 {10.2) 43 (5.4) 53 293 (2020) 419 (233)
1-3/4  (45) 76 (9.6) . (+.9) 52 375 (2585) 439 (244)

TABLE 2

CRPARISON OF PRESSURE DRAWDOWN AND BUILDUP TESTS

* Constant '
Production Decenber Buildup January Buiildup
Drawdown One layer Two Laver Two Layer
Permeability thickness, kh, md-ft (wa® - m}) 1356 (0.408) | 880 (0.265) 1853 (0.467) 1089 (0.328)
Apparent skin factor, s R -0.86 4.3 14.8 ’ 4.3
Pressure drop across skin, psi (kPa) - 561 [3868) 1098 (7570) 575 (3964)

Flow efficiency 1 0.45 0.38 0.60

» WATER TEMPERATURE
WATER HEIGHT
(LQuID FLOW RATE)
WIRE LINE TO TWIN
COWNHOLE CYCLONE
GAGES AND SAMPLER ™~
SAMPLER

LIP PRESSURE :
(TOTAL MASS FLOW RATE

CALOR IMETER
(STEAM FRACTION)

ORIFICE PLATES

P GLOBE VALVE

b (F) WELLHEAD PRESSURE
AL @) AND TEMPERATURE

Fig. 1 - Flow test equipment and instrumentation,
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Normalized Wellhead Prassure pai/kib/hr
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HGP-A PRESSURE ODRAWDOWN DURING FLOW TEST
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ABSTRACT

A new diffusivity equation for two~phase (1iquid
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-
duction. Solutions of the diffusivity equation for a
continuous line source are presented; the solutions
imply that the plot of bottomhole pressure versus
logjpt (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 1imited number of computer
simulated drawdown histories shows excellent agreement.

INTRODUCTION

well tests are routinely conducted to diagnose the
well's condition and to estimate formation properties,
Analysis of well test data may be made to yield
quantitative information regarding (1).formation
permeability, storativity and porosity, (2) the pre-
sence of barriers and leaky boundaries, (3) the condi-
tion of the well (i.e., damaged or stimulated), (4)
the presence of major fractures close to the well,
{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
cump]etion, testing involves producing the reservoir
using a temporary plumbing system (e.g., Drill Stem
Testing); and the estimates obtained for the formation
parameters are not very accurate. After completion,
testing.is usually performed in the hydraulic mode.
hydraulic testing, one or more wells are produced at
controlled rates and changes in pressure within the
producing well itself or nearby observation wells
{interference tests) are monitored.

and

In

A major concern of well testing is the interpre-
tation of pressure transient data. Much of the exjst-
-{ing literature (see Matthews and Russell! and Ramey< for
reviews) deals with isothermal single- phase (water/oil}

nd isothermal two-phase (o1l with gas in.solution,
free gas) systems. There is, in general, a lack of a

References and 11Tustrations at end of paper.

In petroleum eng1neering and groundwater hydrologyinto a two-phase system as a result of fluid production.

| have at r = ry

methodology for the analysis of nonisothermal reser-
voir systems, either single or two-phase {iiquid ~
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 {LEQUID WATER/STEAM) FLON IN GEOTHERMAL
" SYSTEMS

We consider a fully penetrating well located in an
infinite reservoir of thickness H, We will neglect any
variations in either formation or fluid properties in .
the vertical direction (this is a comman assumption in
pressure transient analysis) The geothermal system may
either be two-phase prior to production, or may evolve

In the latter case, a boiling front will propagate out-
wards from the wellbore. The boiling front may be
treated as a constant pressure boundary {p=saturation
presiure corresponding to the local reservoir tempera-
ture),

For the sake of simplicity, let us consider a
reservoir which is fnitially two-phase everywhere.
Furthermore, it is convenient to assume that the pres-
sure (and hence tempe?ature) is uniform throughout the
system. In radial geometry, the pressure response is
governed by the foltowing diffusivity equation (see
Appendix for a derivatlon of equation {1)):

(k/v)T 2
8Pl '
oy [ arz} N 1}

12p,
r oar

op |
at

We are interested in solutions of equation (1) for the
case of flow into a centrally located well’at a con-
stant mass rate of production M, Mathematically, we

L3 L M .

arl . - 2n v
| r=r., T.

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

| 51
:‘lg ?—"(k/\l)-]—-..-.-....

—P— = (3)

Tho “Tine source" boundary condition yields identical

esults (from a practical v1ew§oint) with those obtained
wlrh the ortg1na1,cond1t1on. We also require that
initially (t=0) the reservoir is at a uniform pressure
pi, and that at r== (for all t) we have

1im
oo

p{r.t} = (4)

The solution for equation (1) subject to the boHnd-
ary conditions (3) and ?4) can be written as follows

2 ¢pC
T
nlr, t) = p Ei {- r (5)
i 47H ik?v’ at (E?v]T
Equation (5} implies that the pressure at the well-
bottom p,(t) is
M r¢p
pw(t) =Pt A ik?viT dt lk/vf (6)

For [4t (k/v)T/¢r2 p C1] > 100, equatlon (6) yields the
approximate solutjon:

W t (k)

(t) = 1.16 M 1 T

Py P 21H !E?va %% ¢'r‘Zp cT
W

+ 0.351 } e e e e e e e e e (7)

Equation (7) implies that a plot of p, versus
Togigt should be a straight 11ne. Llet m be the slope
of this straight line; then we have

.15 #
Tll'ﬂ'

(kfv)y =

Substituting from equation (8) into equation (7), we
cbtain for compress1b111ty Cr

- 0.351] .

¢r'p

—(_Ef_); Anti 10910

PROPAGATING FLASH-FRONT

~p it
%q . [P1‘$w( ) (9)

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 case. In this instance,
the 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
Joverned by .

BP (k/v)T 1 B ap'
#-{m—]i;w[rs—&]=0 ...'.. (]0)

gion (j=2), we have:
[(k/v)T]Z = kpg/ul
P2 TPy

(8)|

erEfJEIZbndf?IthdIeu£¥E§E%n§553§?.358¥§1 al hage
gign;,i;gsgectjve]y} e definitions for the various
quantities in equation (10) for the two-phase region

(J =1) have already been given. In the single- phase re-

I

(), ((1-9)/¢) C + C¢

Note that with the above definitfons, equation (10) (in
the single-phase region) reduces to the usual dif-
fusivity equation for the isothermal flow of a 11qu1d
of small and constant compressibility.

We will assume that the reservoir is initially at
a uniform pressure p{ and temperature Ti. We willy
furthermore, require the fluid flow to be isothermal
in the single-phase region (r > R); in practice, this
1mpl1es no severe restriction as temperature changes
in single-phase flow are usually very small. The
boundary conditions at the wellbore and at infinity
are:

. ap t
Tim 1 _ M
0 r-a—r-.-—- - 5o /\J T R (ﬂa)

=p_i '-----.A- (]]b)

4' : ' ! (VI -
In addition to the boundary conditions {11}, we need to
satisfy continuity conditions on mass flow and pres-

sure at the flash-front (r=R)., Hathematically, we
have at r=R:

| [(k/f’)T %ﬁ-]] =

Py =9 = pg (T})

To develop a solution for equations (10) subject
to the boundary conditions (11) and (12}, we note that
these equations are similar to the equations for melt-
ing and freezing w1th cylindrical symmetry presented by
Carslaw and Jaeger.d" The solution for the present case
can, therefore, be obtained by following the genera)
approach of Carslaw and Jaeger. We have thus:

(ko) g{-]z ... G2)

(12b)

I I N T )

M

. 0<r<R: p = Pg + K7 T £

(— . [;E,—v{—] ) Ei (4], . (13a)

Ps = Py
>R: p=op; +
’ e ltkro)rsocy |/ [tk ootyly) (

- l,_2 o0 CT )
* B "ﬁrm);z).

T R

(13b})




0%

/

[(k/v}y]
T2 B (% Ckvdpenty [ ek /00

n i%ﬁ exp (-Az) e e e e e e e (13d)
H l

Equation {13a) yields the following expression for,

well-bottom pressure‘pw(t)

P (t) = p * 3;g~t1;737;3T3

- i (-Az):] e e

(14)

- 8 € 0w

{ For 4t [(k/v)T]11r2[¢pCTj] > 100, equation (14) can be

approximated as on]ows:

2
- ___M Ei!-x )
pw(t’) Ps - Z7H vith

1,15 1 %‘09 [t [(“/“)rli]

[

+ 0.3511 e 4 1))

Equation {15), Vike equation (7), implies that a plot
of p, versus logjgt should be a straight line and that
[{k/v)}T)y is given by equation (8).

NUMERICAL RESULTS

In order to test the validity of the preceding

| theory, the Systems, Science and Software (S%) reser-

voir simulator MUSHRM® was exercised in one-dimensional
radial configuration to generate a series of drawdown
histories.
lated using a 50 zone {4r] = Arz’= ... = &ry) = Im
(3.281 feet); aryo = 1.2 Ar1), &ry3 = 1.2 4112, ...,
argg = 1.2 Argg)} radial grid.

The reservoir rock is assumed to be a sandstone

with the following properties (unless otherwise indi--
ated): . :

: 3, ,3 3

PR ® 2.65 107 kg/m” (165.4 1bm/ft”)

¢ = 0.2

AVl of the cases described below were simu-|
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where €, =0 Mpa-! (0 psi-1) .
' . = 20
] 1Y R = ZA l¢p s t W e e e e s (lac) c = -! kJ/kg K (0.239 Btu/]bm OF)
E; ] . R :
) k =0.] umz {~ 0.1 darcy)
and A is the root of
- Szr = 0.3
p = p ' = |
5 i Sgr 0.05.

Relative permeabilities Ry and Ry are represented by
the Corey equations and the mixture (rock-1iquid-vapor)
thermal gonductivity is approximated by Budiansky's
formula.® The mass withdrawal rate is assumed to be
0.14 kg/s.m (0.094 Tbm/s.ft.).

In the numerical examples discussed here, the ef-
fect of mass withdrawal is represented by a volumetric
sink term in the well-block (radial extent r = C to
r = Ar). For purposes of comparison with the analyti-
cal results presented earlier, it is necessary to de-
fine an equivalent radius ry at which the calculated
well-block pressure is equal to the actual flowing
pressure due to a continuous line source/sink.

In the numerical simulation of reservoir behavior,
it is often necessary to employ well-blocks (i.e., a
grid block containing a well) with dimensions much .
larger than the wellbore radius. HNaturally, the pres-
sure calculated for the well-block will be, in general,
different. from the actual flowing bottomhole pressure.
Van Poolen, et al.® stated that the calculated pressure
for a well-bTock should be the average pressure in the
portion 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 th actual flowing pressure at a radius ry, '

r R® 2n (R/r.)
Enr—"=-———2——-2—0—-12-....... (162)
0 R - 1p
where rg is_the actual well radius and R is the radius

of the grid block.

For R »>> ry, equation (16a) simpli-
fies to : : .

v, T Rexp (-1/2) L. (16b)

P T T T ST S )

~ 0.6065 R

Equations {16a) and (i6b), strictly speaking, hold
only for a well located in the center of a radial grid
btock. - For rectangular grid blocks (with dimensions.
Ax, Ay}, equation ?16b) is usually replaced by the fol-
Towing expression

"w

vax Ay

_ 0.6065
/r

(17)

L L T T S T S

Assuming Ax = Ay, equatfon (17) yields
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I“w .
E; = 0.342.

Peaceman’/ examined the grid 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 (Ax = Ay) and concluded that the
weli-block pressure should be equal to the actual flow-
ing pressure at a radius of 0,2 Ax (and not at the
radius given by equation (17}).

In an attempt to evalvate the significance of
Peageman's resylts for numerical simulation, Garg, et
al.Y analyzed the numerical solution of steady incom-
pressible single-phase flow into a single well located
in both radial and rectangular grid blocks. It 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 ny/R = 0.5615 'in the 1imit N + = , where N
denotes the number of grid blocks.

Garg, et al.8 also compared the numerical solution
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 Russelll), It was concluded that the
equivalent radius (i.,e., the radius at which the
actual flowing pressure 1s equal to the calculated
well-block pressure} is approximated by 0.56 R, In
this work, we will, therefore, assume that ny in
transient single-phase flow (and also approximately in
transient two-phase flow) is given by 0.56 R,

v F ; w‘r:'ﬁ'iﬂif'% was pro-

& constant rate, As can be seen, the drawdown
data closely fit a straight 1ine; furthermore, the
values of (k/v)T computed from the slope of the
straight line are in excellent agreement with the
actual values in the well-blocks {see Tables 1-5 for
the actual values), Note that the actual values
{Tables 1-5} vary over a range; this variation is the
result of slow changes (except at very early times not
considered in drawing the straight 1ine) in steam
saturation in the computational well-block as a result
of continued production. Figure 3 (drawdown history c)
and Table 3 present an especially interesting case; in
this case the liquid, initially immobile, becomes
mobile for t > ~ 2 109 due to condensation in the
well-block. The condensation is caused by a drop in
pressure (and hence temperature); in drawing the
straight line the pressure data for t > ~ 2 105s was
ignored. If the computation had been carried for times
sufficiently greater than t > 2 109s, one would see
another straight line segment {with a different slope).

Table 6 compares the compressibility C1 values
inferred from the slope of the straight line and
equation (9) with the actual values. The agreement is
quite good for Cases b, ¢ and d.. In Cases a and e,
the inferred values are quite a hit Targer than the
actual values; this disagreement is not really surpris-
ing in view of the extremely large changes in (k/v)T

t very early times (see Tables 1 and 5?. Large values
of (k/v)T at very early times lead to relatively small
pressure drops compired to those implied by the
straight 1ine. Staied somewhat differently, at early
times, equation (7) with constant {k/v)T cannot be
uszd to calculate the well-block pressure in Cases a
and e. o .

| 1ine agrees quite well with the actual range of values.

|yield additicnal information regarding relative perme-

ST e Geerated. by MIMATEIT TIES S Eamp e e
tmﬁgiiﬁa;z%mmﬁmgﬁ(&&ﬁ 59&@%& D
hie Y~ Eﬁi‘

< ”
3

23 In_the casg shown {7 3
3rEiToropagatingsoutward from the wellbore at t ~ 03
it takes, however a finite time for conditions F?

stabilize in the two-phase region., For t > 5107s

the -data lie on a straight line; and the kinema;ic
mobility calculated from the slope of this straight

o

Eig%gg‘l_presents a more interesting case; in ghis
fnstance the liquid water does not start flashing 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 adequately
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 dataj
once again the computed value of (k/v)T is in good.
agreement with the actual range of values., We have
also examined the numerical solutfons (Figures 6 and 7)
for flash-front velocities; the flash-front position,
as a function of time_is given by {within numericai
precision) R(t) = A t1/2 where A is constant. The
latter observation is in agreement with equation (13c).

CONCLUBING REMARKS Co (

The analytical solutions for two-phase flow dis- -
cussed in the preceding sections provide a potentially
powerful tool for the analysis of pressure transient’
data from multiphase geotherma) systems, Determination
of the total kinematic mobility only requires the mea-
surement of mass flow rate M and the bottomhole pres-
sures py. The mass flow rate M can be measured at the
well-head provided there is no loss of the produced
fluid to the non-producing formations as the fluid
travels through the wellbore to the well-head. Practi-
cal techniques exist for measuring the needed varijables.
It should be noted that the present analysis dogés not
require separate measurements for liquid and vapor
phase mass flow rates, Such data, if available, may be
combined with the analysis of the preceding sections to

abilities, etc.

NOMENCLATURE
C; = isothermal 1iquid compressibility
Cm = formation compressibility
Cp = heat capacity of the rock matrix _
.G = total compressibility, equation (A.12b)
h = enthalpy of liquid/vapor mixture
= (1-Q) hy « Q hy
hg(hg) = 1iquid (vapor) enthalpy
hgz = heat of vaporization = hg - hl
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hﬁ = enthalpy of rock matrix 2. Ramey, H. J., Jdr.: "Pressure Transient Analysis
for Geothermal Wells", Proceedings Second United
H = formation thickness Nations Symposium on the Development and Use of
™~ Geothermal Resources, San Francisco, California,
k = absolute permeability Volume 3 (May 1975}, 1749-1757.
KR = therma) conductivity of the rock grain 3. Mue]ler T. D. and Witherspoon, P. A.: "Pressure
Interference Effects within Reservoirs and
m = slope of p, versus log,,t straight line Aquifers®, Journal of Petroleum Technology {April
1965) , 471-474. -
M = mass production rate
. : 4. Carslaw, H. S. and Jaeger, J. C.: Conduction of
p = pressure Heat in Solids, Oxford University Press, London,
: ' © 2nd Edltton (T959),
Py initial reservoir pressure :
o . 5. Garg, S. K., Pritchett, J. W., Rice, M. H.
ps(Ti) = saturation pressure at 7 = T and Riney, T. D.: “U.S. Gulf Coast Geopressured
: s Geothermal Reservoir Simulation”, Systems, Science
P, = well-bottom pressure and Software, La Jolla, California, Repcrt SSS R-
77-3147 (1977)
Q = steam quality = § p /e
6. Van Pooien H. K., Breitenbach, E. A. and Thurnau,
r = radius D. H.: "Treatment of Ind1v1dua1 Wells and Grids
' in Reservo1r Modeling", Journal of Petroleunm
Yy = wellbore radius Technology (December 1968), 341-346.
' - {
R(t) = instantaneous position of the flash-front|{7. Peaceman, D. W.: “Interpretation of Well-Block
¥ : Pressures in Numerical Reservoir Simulation", paper
Rz(R ) = relative liquid (vapor) permeability SPE 6893 presented at Society of Petroleum
g : . :
‘ : Engineers 52nd Annual Fall Meeting, Denver,
S = vapor volume fraction Colorado, October 9-12, 1977.
r(Sg,,.) = residual liquid (vapor) saturation 8. Garg, S. K., Pritchett, J. W., Brownell, D. H., Jr.
o ' . and Riney, T. D.: ."U.S. Gulf Coast Geopressured
. t = time Geothermal Reservoir Simulation - Year 2", Systems,-
Science and Software, La Jolla, California, Report
(k/v)g = kipematic mobi]ity for the vapor = 555- R 78-3635 (1978).
k Rgpg/"g 9. Donaldson, I. G.: “The Flow of Steam Water Mix-
= e . tures through Permeable Beds: A Simple Simulation .
(k/v)g k‘fFFatfc mobility for the ]iQU1d of & Natural Undisturbed Hydrothermal Region", New
k Ryo, /i, Zealand Journal of Scxence Volume 11 (1968), 3-
' 23,
(k/u}T = total kinematic mobility =
(k/v), + (k/v} 10. Mercer, J. W., Jr., Faust, C. and Pinder, G. F.:
) g ;ﬁ:other$31 Reservo;r SimuAagion"ﬁ PEoceﬁdingstNS§/
= id . N Conference on Research for the Development o
ug(ug) liquid (vapor) dynamic viscosity Geothermal Energy Resources, Jet Propulsion
= mi P : fry o Laboratory/California Institute of Technology,
p = mixture (Tiquid and vapor) density Pasadena, California (1974), 256-267. .
{1-5) Py * Spg o
P . 11. Brownell, D. H., Jr., Garg, S. K. and Pritchett, J.
pl(pg) = liquid (vapor) density W.: “Governing Equations for Geothermal Reser- -
; : : voirs", Water Resources Research, Volume 13 (1977),
Pp = rock grain density 929-934,
¢ = porosity 12. Garg, 5. K. and Pritchett, J, ¥.: *“On Pressure-
Work, Viscous Dissipation and the Energy Balance
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APPENDIX: DERIVATION OF DIFFUSIVITY EQUATION FOR TWO-
PHAS UID WATER/STE FLOW IN POROUS MEDIA

The balance equations for two-phase flow in porous
media have previously been discussed by Donaldson,®
Mercer, et al.,!0 Brownell, et al.l! and Garg and
Pritchett,1Z For the present application, the most
general form of the balance laws will not be required.
In particular, we will assume that (1) the rock poros-
ity depends only upon the fluid pressure, (2) the rock
matrix, the 1iquid 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 is governed by
Darcy's law. The second assumption implies that we
need consider only the mixture {rock, liquid, vapor)
energy balance.

With these assumptions, the balance equations for
mass and enerqgy in radial geometry can be written as
follows]

Mass {Liquid and Vapor)

13

3 : . )
ﬁ(w)-;ﬁw[ﬂmhsﬂ-o ce. (A
Energy (Rock, Liquid and Vapor)
3 [(1-0)pghg + goh - ¢p] - L 2= [rL(kru) b,
3p | _
+ (k/v)gh ] 2 =0 ... (A2)

The first term in equation (A.1)} can be.expanded .
and rewritten in the following form:

3 —l 8p\y 3P .
(5,8
ah)p at
On noting that®
3 . (. 3p
ot (1-¢) cm’at e e e e s e e e (A.B)
we obtain
I
3(gp) . oy, e, ) ie) ap
il iR L ) “m ot * o \ap), Bt
1 (20} 3h
+5 (ah)p T e e e e e e e (A

We will now proceed to express 3h/3t in terms of
ah/ar, 3p/at and 3p/ar.

For geothermal applications, it wiil suffice to
assume that

L

T . C e (A.5a)

", % 5 ®

“r

where T is the common local temperature of the rock
matrix and the pore fluids,
two-phase regime), temperature T is’a unique function
of fluid pressure p. ;

(A.5b)

s & %+ & = = & & @

T = T(p) c e

Combining equations (A.5a) and (A.5b) and differentiat-
ing w.r.t. t, we have

. ah ‘
R _
i (A.6)

]

83
2l

R

Substituting for 3/dt (¢p) from equation (A.1},
for 3¢/3t from equation (A.3), and for 3hg/at from
equation (A.6) into equation (A.2), we obtain:

/

[-(1-0) Copghg * (10) ppep 55 - ¢ - (1-0) Cpl -

x 2P

3h _
TR T [(k/V)th + (k/U)ghg
lLa,
r ar

- (kg

¢ (kuIghy = (k)gh] ¢ (e SEE. oo (A)

We next noteithat in practical geothermal applica-|

tions, the last two terms in the brackets on the left
hand side of equatien (A.7) (¢ and {1-¢) Cyp) are
1iable to be negligible compared to the first two
terms. Also, we have

h1 -hs= f thz

. R {A.8)
hg =h = (1-Q)h,,
Substitution of equation (A.8) in equation (A.7)
yields:
ah _ ] ldr]a
(11¢) 3t " (1'¢)pRhR [Cm T dp] 'a"%
| .
(k/v) 15
_olla_{,2p N
*+hey (k/v}y {TF7CT$ Q] a7 (r ar)
k/v)
ap Ja_ (k/v)g
*ar {ar [hgn (k/v)T ( kiv I Q)]
+ (ki) %2} e (A9)

Combining equations {A.1), (A.4) and {A.9) we obtain:

Under the steam dome (1.e.,

), 0 (2 ——
(r,ar) * ar [or LRIV hy -

l

T
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ol o ) ), (oo e _
Q-8) o 120y L0001 a0y
_ Ji’%” %% ~ (k) [1 “r | ¢ G * 5 (ap)h + ¢ 4 (ah)p PrPR [cm
'- 14T 0 J 1 (2
: (k/v) - "r'_'”/ 1- (ah) h_, [(k/v) /{k/v);
STETIN o RN I R A

+
o

d 1 {3 ' oh
£ {' 3 (kiv)p + 5 (3‘%)‘) (k/v)y 57

Qr

' © f{k/v)
1 ] .
* R (5%)p ar [hgz (k/v)T (ik?v)T

An examination of the numerical solution for equa-
tions (A.1) and {A.2) with a constant rate of mass pro-
duction (e.g., Cases 1-5 discussed elsewhere in. this
paper) reveals the following important points:

{A.10)

1. The total kinematic mobility (k/v)T increases
with ingreasing distance r from the wellbore.

2, In the vicinity of the wellbore, we have

\

, (k/V) 1
kv)y [‘ - 1; (gﬁ‘)p “gz{rmﬁ ’ Q” ¥ 5 (" %E)
|
® *%—,; kvl + 5 (%E)p (krv)y 20
1 {3 3 ‘ (k/v)
Y (ah)p ar hgl:(k/v)T e

]

This strong inequality does not, however, hold
_ for radial distances greater than a few bore-
hole radii.

>

(A1)

L N R T )

3. Both the radial terms in equations {A.10) are
maximum (in an absolute sense) near the well-
bore, and fall off rapidly with increasing
radial distance r. .

4, The radial terms in equatfon (A.10) are of
opposite signs.

We now replace equation (A.10} by the following
41 ffusivity equation:

(A.12a)

§2)=0

g 13 .
0 - )y 15 (r 2

{A.12b)

Note that (k/v)y in equation (A.12a) represents the
value of the total kinematic mobility in the vicinity
of the borehole. The approximations involved in deriv-
ing equation (A.12a) (i.e., (1) neglecting the second
radial term in equation {A.10) and (2) replacing
(k/v)T by its value near the wellbore) are strictly
speaking valid only in the immediate neighborhood of
the borehole. Even though equation (A.12a) is not ex-
pected to apply at large radii, its use should not
cause large errors in the computed response since
pressures change only very slowly at large radial dis-
tances from the borehole,

The diffusivity equation (A.12a) forms the basis
for our analysis of two-phase flow in geothermal sys-
tems. Unlike in single-phase isothermal flow, the
total compressibility Cr in two-phase flow {c.f.,
equation {(A.12b)} has no simple interpretation; con-
sequently its determination from well-tests; in the
absence of data regarding rock thermomechanical proper-
ties and detailed knowledge regarding the thermodynamic
state of the produced fluid, may have only limited
practical utility. .

We shall now briefly consider a geothermal steam

reservoir with an immobile vaporizing liquid phase in
the pores. In this case, we have

(k/9),, = 0, (k) = (k/v)g = kppfug - (A13)

where kg = kRﬂ' Substituting from equation (A.13} into
equatiog (A.12) and rearranging terms, we obtain:

" :
éfz.*_,q_“l_aﬁ.(aa)=
at " gug Crror recf=0 .o (A4
where .
. PG S
G = R W [-1Y
g -

_1(1-¢) 1 {ap\ ,(1-¢)1 {3
&= | ¢ Cn * E'(ap)h+ ) ;E'(Eﬁ)p PRhR [Qn

d (A.15b)

—f—
ey

D”\/ {] ) % (%E)p hoe “'Q)}

We note that equation (A.14) is identical (albeit with
a different definition for the total compressibility)
to the diffusivity equation for isothermal single-phase
reservoir systems; this fact provides the fundamental -
justification for the application of classical single-
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phase procedures to determine the steam-phase perme-

ability of a geothermal steam reservoir with an im-

gor1zing liquid phase (see, e.g., Moench and
].

mobile va
Atkinson!

(

TABLE 1

ACTUAL (k/v)j (i = 2, g, T) AND VAPOR SATURATION (S) VALUES

IN THE WELL-BLOCK FOR SIMULATED DRAWDOWN HISTORY (a)

Vapor '
Time saturation 108 (krv), 108 (kvdg  10° (xyv)y
S {s) H s ) 5
0 0.050 79.85 0 79.85
0.576 104 0.163 37.26 0.22 37.48
0.1296 10° 0.169 35.43 0.26 © 35.69
0.3456  10° 0.175 34.00 0.29 34.29
0.7056  10° 0.178 332 0.31 33.43
0.14256 106\ 0.181 32.36 0.33 32.69
0.35856 10° 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); (1 = 2, g, T) AND VAPOR SATURATION (S) VALUES
IN THE WELL-BLOCK FOR SIMULATED DRAWDOWN HISTORY ®)
Yapor ‘
Time Saturation 108 (k/v), 108 (k/v)g 108 (k/v)y
s (S} s 5 s
0 0.350 6.71 3.48 10.19
0.504 104 0.400 3.59 4,90 _B.4§
0.1224 105 0.402 3.49 4.90 .8.39.
0.3384 105 0.404 3.41 4.88 ‘8,29
0.6984  10° 0.404 3.39 4.84 8.23
0.14184 106 0.405 3.37 4.79 8.16
0.35784 106 0.405 3.3 4.74 8.08
0.7178¢ 105 0.406 3.30 4.7 8.01
' 0.10058 107 0.406 3.29 4.69 7.98



. TABLE 3 58

ACTUAL (k/v)¢ (1 = 2, g, T) AND VAPOR SATURATION (S) VALUES
JIN THE WELL-BLOCK FOR SIMULATED DRAWDOWN HISTORY (c)

.

, - ¢, Japor 8 40 8 8
Time Saturation 10 (k/v)g_ 10 (k/\:)g 10 (k/v)T

5 {5} 5 s : _ 5

0 0.702 0 23,02 23.02
0.432 10t 0.731 0 22.26 22.26
0.1152  10° 0.734 0 22.13 22.13
0.3312 1% 0.7 0 21.99 - 21.99
0.6312 105 0.729 0.  21.89 21,89
0.14112 % 108 0.714 0 21.80 21.80
0.35n12 10® . o0.662* 0% - 19.12¢ 19.12%
0.71712 108 0.624 0.02 16.58 16.60
0.100512 10’ 0.623 0.02 16.53 16.55
mtly mobile

.
TABLE 4

ACTUAL (k/\))i {i = 2, g, T) AND VAPOR SATURATION (S) VALUES
IN THE WELL-BLOCK FOR STMULATED DRAWDOWN HISTORY {d)

Vapor .8 8 8
Time Saturation 10 (k/v)z 107 (k/v) o - 10 (k/v)T
s . (s) s s 9 s
0 0.160 35,38 0.10 35,48
0.720 10 0.298 10.84 0.96 11.80
0.144  10° 0.301 10.47 0.97 11.44
0.30 10%-  0.305 10.02 0.99 11.01
0.720  10° 0.308 9,68 1.01, 10.69
o0.148 106 0.309 9.58 1.00 . 10.58
0.30 10°  0.312 9.27 .00 10.27
0.720  10° 0.314 9,00 1.01 10.01
0.1008 107

0.315 8.87 1.01 9.88



" TABLE §
ACTUAL (k/v)y (1 = &, g, T) AND VAPOR SATURATION (S} VALUES
IN THE WELL-BLOCK FOR SIMULATED DRANDOWN HISTORY (e)

09

TABLE 6

COMPARISON OF ACTUAL tcTaCt) AND INFERRED (Cfinf) COMPRESSIBILITIES

W;por ] .} ] CTact cTiqf
Time Sutu;atiun 107 {kfv)y, W0 (k/v)g 10 ik/u)r | I | Mpa-l
H 5 Drawdow e - -
* c:se " 3 {1 zpﬂ") {10 21:51") cTirn'mmct
0 0.050 74.49 0 74.49 p :
4 a 0.14256 10 1.80 6.83 3.9
0.720 10 0.235 19.21 0.45 19.66 : (1.29) (€.70)
0.144  10° 0.241 18.50 0.47 18,97 N o1ate6 105 0,286 0,308 .07
.30 0% g6 11.62 0.50 18.12 (0.187) (o 211) _
0.720  10° 0.250 16.94 0.53 17.47 c 0.6912 10° 0.309 0.999 1.29
o.144 108 0.254 16.42 0.54 16.96 . (0.213) {0.275)
. 1.46
0.360 10° 0.256 16.01 0.5 16.57 g 0.144 30 :-9:) (:.?n‘n
; . .3 .
0.720 108 0.259 15.56 0.57 16.13 6 (
7 ‘ e 0044 10 3.7% 8.7% 2.3
p.j008 10 0.26} 15,35 0.5 15.93 (2.59) (6.05)

B.60-

8.55|-
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ABSTRACT

This paper deals with the application of well-
castablished 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 chosen, A two-rate test may permit obtain-
ing data while reducing interruption of power gen-
eration, “Two~rate techniques have been applied
successfully to both oil and gas reservoirs; however,
no data have been published to date--to the authors’
knowledge=--on the application of this method to
iiquid-dominated geothermal reserveoirs, Data from
one test ruh on a well in the Cerro Prieto Geother-
mal Field are shown, The field data were inter-
preted by means of four different models. Three of
the models produced results that agreed with each
other, the fourth one produced data scatter,

INTRODUCTION

the Cerro Prieto Geothermal Field is located
about 30 kilometers south of Mexicali, Baja Califor-
nia. As shown in Figure 1, this field is situated
at the southern end of the Salton-Mexicall trough,
which includes other thermal anomalies of great
ILnterest, such asﬂHéber and East Mesa, The reser-
voir 1s a liquid-dominated system having a cap rock
made of impervious plastic clays., This cap acts as
a seal, keeping the hot water trapped and preventing
the dissipation of heat to the surface, Figure 2
shows a schematic geological cross section of the
reservoir drawvn in an East-West direction.l The
parmegble layers comsist of alternating shale and
sandetone layers resting on a highly fractured gra-
nitle basement. Basement rocks were encountered in
oue of the wells at a depth of approximately 2500
meters., The thickness of the cap rock varies,
according to the location of the wells, from 700
up to almost 1000 meters in the portion of .the field
already drilled,

The first exploratory well in the area was
drilled in 1961, and in 1964, four more exploratory

Rc€erences and illustrations at end of paper.

.applications.

¢
wells were drilled. After an extensive field-test
program, the Comisifn Federal de Electricidad

started the construction of a 75-MW geothermal power
plant in 1968, The plant was located in the Mexi- ~
cali valley and named for the Cerrc Prieto volcamo.
This plant started commerclal operation in April
1973, and has been in operation since that date,

The turbines operate on steam from 14 wells, The
geothermal fluid is obtained as a water-vapor mixture,
because flashing takes place at some depth inside .
the wellbore. The separated hot brine is disposed

of in an evaporation pond; however, plans are being
made to evaluate the feasibility of reinjecting at
least part of the spent liquid. : -

Although well testing and pressure transient
analysis techniques have been widely applied by
petroleum engineers to gas and oll reservoirs (to
find medn formation pressure, skin factor, and average
permeability and porosity), the application of the
same techniques to geothermal reservoirs encounters
problems that are not commonly found in petroleum
In hot~water wells,” two-phase flow
and heat transfer influence the pressure response
when the wells are shut-in., In addition to this,
gathering of the data is difficulct because of the
high temperatures involved., Bottom-hole temperatures
in the range of 300 to 320 °C are common in the Cerro
Prieto Fleld, Until recently, there were no bottom=~
hole pressure measuring devices that could withstand
such temperatures for more than three hours, Another
problem 1s mechanical damage due to extreme buffeting:
by the high production rates of boiling geothermal
fluids, Rates in excess of 24,000 B/D are commomn.

Considering these facts, it was decided .that the
best choice for obtaining pressure-time data by means
of standard bourdon-tube type pressure bombs would
be short-time duration drawdown tests. These tests
could be run by changing the flow rate to scme pre-
determined value after the well was stabilized at a
given constant rate for some time. This type of test
is known in petroleum technology as a "two-rate"
flow test., It was first proposed by Ruasell™ in
1962. Further improvements in this technique.were
introduced by Selim® and Odeh and Jones.® Two-rate
flow tests had been applied extensively in both gas
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and o0il reservoirs; however, no data have been pub-
1ished to date on an application 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 data were analyzed as a variable-rate
drawdown case acgording to the Odeh and Jones

method,

TWO-RATE FLOW TEST

In praparation for the test, the well was sta-
pilized for a period of approximately 48 hours at a
constant rate of 111 tons/hour. The flow rate was
measured several times during this stabilization
period. A pressure bomb was ‘lowered into the well,
meaguring the bettom-hole pressure for approximately
20 wminutes prior to the rate change, 1in order to
have a dependable value for the flowlng pressure
prior to the change in rate.

The producing rate was changed to a value of
6.1 tons/hour. A record as continuous as possible
was kept of water and steam preduction, and changes
in wellhead pressure.

Flgure 3 shows the mass-flow rate and bottom~
le¢ pressure during the test. After stabllized
.. ttuns were evident from wellhead measurements,
the flow rate was. increased to a value as close to
the inirial flow rate as possible, following the pro-
cedure suggested by Selim,

INTERPRETATION OF THE DATA

The data obtained from this test were inter-
preted by means of the models suggested by Rusgsell,
Selimd and Odeh and Jones (two-rate tests® and draw-
down variable ratq7). The results obtained from the
application of these models are as follows.

t
Russell's4 Model

The interpretation equatlon as presented by

Russell 1s as follows:
162,6qZBu
en TR T TR Log — ~ 3.23 + 0.87 s}’
puer,,

¥

162. 6q,Bu AL
e Rog

S At' 1
Equation 1 48 in standard oll field units. The
nowenclature is preaented at the end of the paper,
Changing these units into metric”geothermal units and

expressing the flow rates in terms of mass rates, Eq.
1 can be written as: ‘

P = Pj = 527.4 7

w,V_ Bu
2 8¢ (Eog
¢ucrw

kh

+ 0.891 + 0.87 s)

w.v_Bu y w
- 527.6 —=8C gop £HAEL L 2 e att) (@)
kh At 1

+

+ 2 iog At ') (1)

From Eq. 2 it 1s_evident that by graphing Pyg V8-

v
Log (tZﬁf ) + w2 Log Ac'

be obtained whose slope is given by:

a straight line should

wlvEcBu
mR.H 527.4 T . (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 detalls of the

_calculations are shown in the appendix.

The equation for the skin factor in geothermal
units 1s given by the following expression: .

‘ W, Pyyp=P .
8 = 1.151 3 _i 1hr wf _ Log k 7 O.SQQ
‘ : 172 Ty puer,
, - )

The average reservoir pressure in the volume drained
by the well was obtained by means of the Matthews,
et al.,” method. r '

SELIM MODIFICATION5 OF RUSSELL'S MODEL

Selim cbserved that the results obtained from |
a two-rate test were sensitive 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 1t had prior to the test once the well had B
reached stable conditions. The pressures and flow
rates should be measured until new stabilized conm- y
ditions are reached. )

) . - e

The equation originally proposed by Selim'ié;g

162.6q B ; e X
Poe ™ Py - —iF (%og. 5= =3.23 +,o.a?i)

pucr, .
(gl)t+ﬂt'+ﬁt"
162.6q23u 9, ‘
- kh 203 At"_
a3 '
+ - tog ot” _ (5)

2

Equation 5 is expressed in standard oilfield
units. Changing these units Into metrie geothermal
units and expressing the flow rates in terms of
masa, this equation can be expressed as:

. b, - s27.4 “Dec™ . + 0.89
Pug = Py . kh og 7 831
dUcr

r

: Bi
+ 0,87 s) - 527.4 —QE%E——
wl - .. v
I (;—jt+ﬂt{+&t" y
Log g T+ -‘;3- fog A"
. 2

6
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From Eq. 6 it 1s evident that graphing p,; Ve

W,
(F_) tMthtll
Log --—Z-—A?“——-—- + ;3- fog At"] a straight line
2

is obtained whose slope is

527.4 w,v_ By
27scC
msn..._.__lm___._. (7)

Figure 5 showa the graph obtained by plotting
the data according to Eq. 6. .

Selim5 showed that the slope calcylated by
means of Russell's method and that calculated using
the modification he suggested should hold the fol-
lowing relationship:

Lo ; (8)

Equation 8 represents an additional constraint
that the straight line portions of Eqs, 2 and 6
mist satlefy, It can be used to select the appro-
priate straight line portion in the event that
several straight sectlons are present due to scatter
of the field data. Three straight line segments
are evident in Fig. 5. The one labelled number 2
satlisfies Eq. B and was considered to be the cor-
rect one. Results were kh was 1,905 md-m. Details
of the calculations are included in the appendix.

7

. ODEH _AND JONES' VARIABLE DRAWDOWN MODEL

The field data obtained during tha tranaient
conditions after the change in rate were analyzed
ag a variable drawdown case having w, and w, as
the Initial and final flow rates. The reault of
this analysis is shown in Fig. 6 and the calcula-
tions are included in che appendix. The kh product
obtained from this method was 1,990 md-m and agreed
well with those determined by the methods mentioned
before. The interpretation equation in oilfield
units given in the original paper is as follows: -

L2y L . 162.6Bu nxl fﬂ. fog (c -t,)
qn kh i=() qn t

-3.228 + 0.87 s + leg

(9)
¢ucr§

Writing this equation In metric geothermal
units and expressing the flow rate in terms of mass,
this equation can be written as follows:

Dsmp V. By fo-1 Aw
1 Ywf 8C 1
- = 527.4 I —= fog (t_-t,)
L . kh 120 Y n 1
+ 0.8926 + 0,876 + Log —= - (10)
Puery

Therefore, by graphing

n-1 Awi :
(py-p ) vs. [ 7 fog (t -t,) ,
. 1=0 “n
& straight line is obtained whose slope is given
by .the following equation:

vscBu ' s
By = 527.4 (1)

ODEH AND JONES® TWo-RATE MODEL

This method 1s similar to the one described
before, except that it includes second differences
of the flow rates as shown by Eq, 13 below, 'The
field data were analyzed according to Eq. 12 be-
low. Figure 7 shows the graph obtained by plotting
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 models des- -~
ceribed before. The calculations are included in
the appendix. : '

The original e.quation7 in oilfield units is as
follows:

v
i

Ps| P :
“flt “f|c=0 _162.6Buf 1
Aqn kh A

nil b
Adg, fLog (t -t
10 i ‘_n 5

+ fog - 3.23 + 0,87 s) _—
buer, - .
{12)
where:'

Bay = 95~ 9y
Bhqy = Bqyyy - Bay | (13)
Aqo =0 ) '
8, =9, - g,

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

P ci “P '
wf!t w£|t=0 vscnu 1 ncl
._.._.-_._..__wn = 527.4 h ————-Awn Lo

8hw, fog (t -t,)

+ Rog + 0.878 + 0.891
Puer

N . : (14)
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e

where

Aw1 =y - W

w Ay

Adwy 141

- Aw
i 15)

Auo = 0

Awn =W, -y

Graphing:

- p : -
wi n-1
t t=0 1 z
- vs. AAw fog (t ~-t,) ,
Awn v, n i=0 1

Puf

a straight line is obtained whose slope is given by:

(16)

BasT

CONCLUSTONS

The equatione reported to describe two-trate
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 obtained frog the application of the
models of Russell,” Selim,” gnd Odeh and Jones
drawdown variable-rate case. However, scatter
of the data was observed when the two-rate Odeh and
Jones  technique was used. Other conclusions reached
include the following.

Two-rate flow tests can be used for calcu-
lating basic geothermal resetvoir param-
eters,

1,

Russell’s model and the modification by
Selim seem to produce better results
than tge technique proposed by Cdeh and
Jones. However, th9 Odeh and Jones
variable-rate method’ gave results com-
parable to those of Russell and Selim.
3. Two-rate flow teste for geothermal wells
can be carried out with standard bourdon-
tube type presgure instriments at tewpera-
turea as high as 315°C. One reason for
this result is chat it appears possible

to conduct a test in a period of time as
short as 3 hours. It is not koown whether
this is a general observation, and the
main criterion of succesa used herein was
reasonableness of the results, However,
the interpretive equations and example
calculations should be useful for two-rate
tests of any duration. .

/

NCOMENCLATURE

brine formation volume factor, (volume, ,

reservolr conditions/volume, standard

conditions) 2.-1

cy= total fluid compressibility, (Kg/ce”)™
formation net thickness, m

permeability, md :

{ m = s&ope of a straight line
f., - m:gq;;nsjra;g~intérval§m;n\gdehland\Jongs

pressure, Kg/cm
= initial’ pressure, Kg/cm 9
f-flowing bottow-hole pressure, Kg/cmw

= flowing ‘bottom-hole prgssure 1 hr after
"thé rate change, Kg/em )
g2 vo}pqetric flow rate, bbl/day
rw.é wellbore ‘radfds us, cm
\ 8 = skin factor, dimensionless
: t = producing time to instant of rate change,

hrs
‘t' = producing time measured from firs: rate -
change, hrs

t}lJ/nizgﬂgiﬂg J}mg_gméhured/frcm—sécond_ra;e

s
\v= mags 16w rate, ‘ton/hr

tjfdéixﬁsapt1gn/p_;amg;as\inNOdeh\gnthonﬂa /

GREEK SYMBOLS:

W = viscosity, cp
- a-gpeclfic vo
¢ = porosity, fraction

wf = flowing conditions
. - ‘_—n"————-l-'_"-—_.-—-'-.‘—-.

SUBSCRIPTS
change. ‘
ange
. X% cpodith !
\' T ff;'i {tial coﬁﬁltion }
| i "QJF 4 refersnto-Qdah and Jones fyo-rate podel
‘_ o Sgir uZ to OdehMeM drquﬁwﬁ
v ) M mie-il Wi ’
S Rp= -refers to Russell’s model
S ﬁfgftnia{a”tonSeLtmLS'medel
.~ "se = standard conditions
R ¥ = wellbore
\‘.
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APPENDIX - TWO-RATE FLOW CALCULATIONS

The test data are shown on Flg. 1 and a listing
i1s given in Table 1. The data were interpreted
by four methods. A brief description of the
interpretation follows.

Russell'a4 Model

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

’ w.,V_ By

: 1 8sc
3.71% 527.4' kh
527.4 wlvBcBu

kh = 3,719

kh

- 527.4 (111) (1.043) (1.185) (0.1017)
- g

= 1,946 md-n
The skin factor 1s obtained from Eq. 4:

111 60.5-54.9
Lwl[up%J 3.719

108( 36

=]
]

.8 = 5,28
Selim'ss Model

,From Fig.'S, three straight lines are obtained
whose slopes are as follows:

M, = +~ 5.5

51
Mgy = - 2.3
‘ms3 = - 2.0

According to the restriction lmposed by Eq. 8
in the rext, the ratios for the straight line porx-
tions are:

"R 3.719

E;; « 55 = 0.68
R, 3.719

= S5 = 162

52

~0.891
(o.zn)(0.1017)(119x10'6)(o.27)) ]

il;_ a —-——-——3&739 = 2.0
ms3 .

The ratio of the flow rates is:

o 5 S
v, 66.1 -

1.68

Therefore, the second straight lime portion
{the one having a slope of 2.3} 1s the correct
one,

From BEq. 7 in the test:

wzvacBu

2.3 = 527.4 h

527.4 S§67l) (1,043) (1.185) (0;1017)

kh =

kh = 1,905 md-n

/ .
Odeh and Jones7 Variable Drawdown Model

From Fig..6, the slope of the straight line

is 0.0333.

From Eq. 11 in the text:

527.4 vscBu

0.0333 = T
L 527.4 (1.043) (1.,185) (0.1017)

kh 0.0333

kh'= 1,990 md-m

Odeh_and Jone96 Two-Rate Model

. From Fig. 8, the slope of the straight 1ine N
is 0.0228.
From Eq. 16 in the text:

527.4 vscﬂu

0.0228 = T
o 527.4 (1.043)(1.185)(0.1017)

. kh 0.0228

« 2,860 wd-m




0t 67

TABLE 1

TWO-RATE FLOW TEST DATA

Time
Ellapsed o
since t Mass
Total Rate Wellhead Bottom~Hole Flow
Time  Changeé Pressure Pressure Rate

- (min) (min) psi k_g/cm2 psi ké/cm2 (£§Eb

0 432 30.4  779.9 54,9 111.0

15 432 779.9 54,9 ' 111.0
16 1 432 30.4  779.9 54.9 101.4 .
18 3 510 35,9  822.2 57.9  86.0
19 ¢ 4 520 36.6 ' 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
23 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 59.0 - -
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  B42.6 59.3 -~ -
34 19 518 36.5  842.6 59.3 - -
35. 20 518 36.5  B42.6 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 - 828.0 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 '801.7 56.5 114.7
43 28 432 30.4  B800.3 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 3L.2  793.0° 55.8 115.3
47 32 442 31,1  787.2 55,4 - -
48 - 7 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 Geothermal Field.
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PRESSURE TRANSIENT TESTING AT CERRO PRIETO GEOTHERMAL
FIELD.

1. RIVERA R*., F. SAMANIEGO Vt., and R. C. SCHROEDER%

. *Comision Federal de Electricidad, Mexicali, Baja California, México, tInstituto de Investigaciones Electricas, México,
D.F., México and tLawrence Berkeley Laboratory, Berkeley, CA, U.5.4.

Abstract—The Cerro Pricto geothermal reservoir may be classified as a liquid-dominated system whose
initial temperature and pressure conditions place it-in the liquid-saturated region. In this ficld commercial
power production began in 1973 and has continued since that date.

Because of the inherent problems in applying pressure build-up tests to wells producing two-phase
fluids, it was decided to use variable flow tests of short duration known as two-rate tests, In these tests a
variation in the well flow rates can be used to interpret the transient pressure response in order to
determine reservoir parameters such as permeability, well-bore damage and mean reservoir pressure in
the wetl drainage area, Some examples will illustrate the application of this technique.

Pressure drawdown tests have been planned in some of the wells in the field. On the other hand, a well
interference test has been made in the southern part of the ficld using M-9), M-91, M-50 and M-51 as
production wells and M-101 as an observation well. The interpretation of this test using curve-matching
procedures is illustrated.’

In the future, several of these tests are planncd which will take advantage of the wells being drilled in
new areas of the field,

NOMENCLATURE

brine formation volume factor, (volume, reservoir conditions/volume, standard conditions).
total fluid compressibility (kg/cm?)™"

formation net thickness, m’

permeability, md

slope of a straight line

pressure, kg/cm?

initial pressure, kg/cm?

flowing boitom-hole pressure, kg/cm?

flowing bottom-hole pressure | hr after the rate change, kg/cm?

volumetric flow rate, bbl/day

RBTVVIDVITOR
F&7 b

r radial distance, m

r. wellbore radius, cm

5 skin factor, dimensionless

t producing time o instant of rate change, h
Ar' producing time measured from first rate change, h
Vv specific volume, em’/g

W mass flow rate, t/h

H viscosity, cp

' porosity, fraction

Subscripts

D dimensionless

i initial condition

M matching

R refers 10 Russell’s model

sc standard conditions

W, wellbore !

wf flowing conditions.

INTRODUCTION

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

*Present address: Division de Estudios de Post-grade de la Facultad de Ingenieria, UNAM, México 20, D.F., México.
189
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reservoir connectivity, which is important because the number of wells in a reservoir usually
increases, causing mutual interference of wells. Another 1mportam datum obtained from this
test is reservoir porosity, which cannot be obtamed from a single-well test (Matthews and
Russell, 1967; Ramey ef al., 1973).

Modern transient pressure analysis techniques have been basically developed in the fields of

petroleum engineering and hydrogeology. Its use on geothermal reservoirs has been shown to be

possible (Ramey, 1975; Barelli et al., 1975; Ramey and Gringarten, 1975; Rivera and Ramey,
1977; Witherspoon er af., 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 ef a/.(1975), and by Ramey and Gringarten (1975); Rivera
and Ramey {1977) have presented field results of two-rate flow tests; and Witherspoon et 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 involved in this test,In addition, a brief descnpnon 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 south of Mexicali, Baja

California. This field is located at the southern end of the Salton-Mexicali trough, which -

includes other geothermal anomalies such as Heber and East Mesa, It is a liquid-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 fractured granitic basement.

Comisién Federal de Electricidad started the construction of a 75 MW geothermal power
plant in 1968, This plant started commercial operation in April 1973, and has been in operation
since that date. The geothermal fluid is obtained as a water —steam mixture, with flashing of
the brine taking place at some 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 least part of the
spent liquid (Rivera ef af., 1978).

?

- TWO-RATE FLOW TESTS

Among the transient pressure analysis techniques available for obtaining reservoir basic
parameters (Earlougher, 1977; Matthews and Russell, 1967; Ramey, 1973) the technique known
as ‘two-rate flow test’ was selectea (Rivera and Ramey, 1977). Basically, these tests are
performed by changing the flow rate to some predetermined value after the well was stabilized
at a given constant rate for some time, N

The interpretation equations (Rivera and Ramey, 1977) are as follows:

P,= P -5274 Wy Vie B 1 (log + 0-891 + 0-87 s5)
kh buc r,t
W, V, ! . .
! kh‘B“ (og - ;?’ + l:;’ log Ar") : (1)
From Equation (1) it is evident that by plotting
f+ A’

W
P, vslog —T“- + ';_!_;;" log Ar’
[

-5274
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a stralght line should be obtained whose slope is given by:

W, V. B p o 72 . @)
mp = 527 4 h . Y
The equation for the skin factor is given by the following expression:
WI Plllr "’ow k N -
= 1-151 Iog*—-———-— - 0891 (3)
d . W, - W, mg pucr;

. 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
have shown the development of good straight line sections.
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Fig. 1, Two-rate flow test for well M-2]A.

INTERFERENCE TEST

" An interference test is a multiple-well technique which has the advantage of investigating

more reservoir than a single-well test. Because of this fact, it was decided to run an interference
test in the southern portion of the Cerro Prieto Geothermal Field. This portion of the field has
not as yet been exploited and several 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, 51, 90 and 91) and the transient pressure behavior at the observation well (M-101).

The test was performed 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
carly 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. 5 shows the results obtained from this analysis. The match-point
obtamed is as follows

For '

(AP = 1 psi, (Pp)y = 1-8 X 1077,
(s = 100 days, (:Dz ) = 063,

24 M

where the dimensionless variables are defined as follows:

: "k h AP
— . —4——--—————_-— '
. Pp = 1-5388 x..IO Yy 4
Gt .. ke
o = 0-0008366 dner , 5)

Table ! shows the pressure interference data Table 2 below shows the values of the variables in

equations (4) and (5).

- Actually, it is possible to obtain two good matches of the data points with the type curve. The
-match shown in Fig. 5 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 before,
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Fig. 5. Type curve malch of an interference test, active wells M-90, M-91, M-50, and M-51.
Observation well M-101, Cerro Pricto geothermal field,

Table |.  Pressure interference dala

Total 1ime {dayy) Well pressure ag 1000 f1 (psi)  Pressure deop (psi) Folal time (days) Well pressure ar 1000 [t {psi} Pressure drop (psi)
1 400-50 1] 27-04 397-40 310
10-42 40043 0048 Fiarl ) 39715 338
11l 400-38 012 28-47% 39690 }a)
11-81 A00-12 018 - 2917 196-90 390
12-30 40023 trd3 2986 19640 410
13- 144 40017 0-13 U586 396-25 44
£3-09 400- 10 0-40 329 39610 4-3
14-58 400-00 0-50 194 39595 455
15-28 1999 060 3264 39545 4-65
15-97% 199-82 064 331 395-7% 4-75
1667 3949-70 [1H:[H] RERM] 39563 485
17-36 Iwa2 0-88 N 398-55 495
1B-06 199:-52 D98 3542 39840 5-00
18-15 39930 1110 Jo: 1 395-55 493
19-44 19915 115 3681 39570 480
20014 19932 i-18 37-50 395-30 4-70
20-B3 159-2% 125 w9 395:90 4-60
21-32% 399-20 1430 38-89 396-04) 450
23.22 39910 1-40 Iu58 396-10 4-10
22-92 39900 1:50 40-28 39620 430
21-61 39890 1-60 40-97 19625 425
43 EEL ] 1-80 4167 196-3% 4135
25-00 39840 2-10 42:36 196-45 405
25-89 39819 1-40 4306 196-55 395
26-39 397-73 275 4375 194660 390

* Well M-9I producing. All others shut-in.

T Well M-51 starts production, .
+ Well M-91 shut-in.

§ Well M-90 sturts production.

1 Well M-50 sturts production.
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Table 2, Values used in calculations of capacity (kh) and storativity { ¢ c,h).

w = Average low rale = 1B5- (I/h)

Vee = 1043 (em'/g) .
B = §-1B5 {res. volsst, val) . 76
p o= 01007 cp

r= |55 m i

Table 3.  Summary of results obtained from match points.

Data poinls maiched (kh) {md - m} ' {peyh) {m/(kg/cm ) * k(md) ¢
All drawdown 18684 0-0210 38 13

' Only well M91 53728 001946 54 16
Averuge 46206 00203 4% 17

* In calculating & and ¢ a net pay thickness of 1000 m was assumed; well log data should be considered in order to
determine a more realistic value of A.
+ A value of 119 x 1678 (kg/cm’)" was considered for ¢,.

A more rigorous mathematical analysis 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

The main purpose of this study has been to present the results of the 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.

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

2. ltis convenient to plan in advance a more adequate schedule of production for the active
. wells involved in an interference test, in order. to provide a convenient way to analyze the resuits
obtained 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
interfefence 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.

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

L3
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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
fres field by means of the implementation of
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 presented on constant
injection, falloff, two-rate and variable
rate testing., Interference testing is now
being conducted on a small portion of the
field. :

INTRODUCTION

After the discovery of a geothermal
field has been confirmed by successfully
drilling one or more wells, the reservoir
engineer has to obtain as much information
out of them as possible. This information
i5 needed in order to perform a proper
evaluation of the field, before the utility
company can proceed with the construction
of an electric power generating facility.

Among those geothermal fields under-
going exploration in Mexico, Los Azufres is
the one 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 shown in Figure 1, this
field is situated on the E-W oriented
nev-volcanic axis, It is a highly fractured
system, located on neo-quaternary velcanic
deposits overlying a basement which is
believed to be made of limestone. The lower
part of the igneous deposits is constituted
by microgranular andesites which are over-
laid at places by ryolites and pyroclastics.

References and 11lustrations 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 areaare

sited near the known major faults, The

teason behind this may of selecting loca-
tions is that because of the tightness of
igneous rocks, the 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 order 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 Module and Tejamani-
les Module, among them the latter is under
intensive drilling development (See Fig. 2}.

Figure 3 shows a typical temperature
survey and well completion of this field.
Wells are drilled using low density bentonitig
mud from surface up to the top.of the reser-
voir and with water from that depth down-
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
through the field, This scction shows a
correlution of the production zone based
upon calculated static bottom-hole temper-
atures whose range is from 270 to about298C,

WELL TESTING PROGRAM

As it was stated before, 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
published in the 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 iby 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 test is performed.

Injection tests?: 29 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 the most appropriate
zone for completion of the well; in addi-
tion they 'can be used in order 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 several typesof tests avail-
able in the literature, those known as
injection, multiple-rate injection and
falloff tests have been employed in this
field. Results cobtained from typical
injection and falloff tests are described
below. For more detailed description of
these tests the reader should refer to Refer
ence 3. .

Several temperature surveys are carried
out in order to determine temperature
distribution before any injection test is
performed. Injection rates commonly used
in this field are 4528, 10870 and 13580
bbl/day. The usual procedure is to run an
injection test at any of the rates mentioned
above for a period of 3 to 4 hours, record-
ing changes in bottom-hole pressure by meansg
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

ch
i

7
data.

When results 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 technigues already report-
ed in the literature ' 2 Results of «a
test conducted in well A-2 are shown in Figs.
5 thru 8.

First, a log-log plot of bottom-hole
pressure difference versus either injection
or shut-in time is tried in order 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 the usual
definition *!:

. 3 & 1
Pb = 13T.2q3F p (1)
+ . 0.0002637kt (2)

$pu €17,

Figs. 5 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 1. Calculations 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 Cp has been made in
order to reduce uncertainty in the match.

From experience of application of in-
jection tests in this field?, it has been
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. 5 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, analysis
of the data by these methods is performed.
Figs. 7 and 8 show data from injection and
falloff tests respectively. Techniques for
this type of analysis are well known and the
pasic equatrions are as follows':

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

Pyg = Pypp * M 108 t (3)

and the skin factor is as follows:

3
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s= 1.1513 |RIAL=pL 1og(¥—li§—-)

LITTE
+ 3.2275 ' (4)
where:
Pihp=Py*m [}og (¢uckr )-3;2275
N 0.868595] tow (5)
m = (6)

-162.6qBy

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

= ® o
P, = P* -m log(t + At) (7}
Bt _
A plot of p,g vs log {tp + At) should
show a straight line whose slope m is given
by the following expression:

(8)

m = 162,6qBu

and the skin factor is given by the follow<
ing equation:

s= 1.1513|p,p_-p.r [at=0) - logc _a
[lhr Hf{m ) ¢ﬁt¥r=w
+ 3.227;] (9)

Calculation of these tests are illus-
trated in the Appendix, Table 2 shows a
comparison of the results obtained by using
both type-curve and standard semilog tech-
niques., As it can be observed from this ta-
ble, results from both methods are in good
agreement, Generally speaking, results ob-
tained from semilog methods should be pre-

fered to those obtained from graphical procedures.
MULTIPLE RATE TESTS.

After the wells have produced some
time, multiple-rate production tests %%
have been applied to check values of (kh/u)
obtained by means of injection and falloff
tests. Thus far, the application of these
techniques have proven to be successfull.
For well A-2, the value of (kh/u) obtained
from a multiple-rate test is 86510 md-ft,
whgch is in the range of those reported in
table 2.

Application of two-rate flow tests® to
wells with low (kh/u) values, producing
fluid in a two-phase flow regime from the
bottom .0f the hole up to the surface, have
shown scatter of the data, making the inter
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, A-6, A-7

and A-8 are involved in this test, Basic
information is expected to be obtained which
will help in selecting well spacing and the
most convenient well grid orientation in this
z0N€.

CONCLUSIONS

Prom results of tests described in this
paper, the following conclusions can be
reached: .

1.- Constant rate, injection tests fall-
off tests have proven to be success-
ful in obtaining geothermal reser-
voir parameters in Los Azufres

Field,

2.- Short term injection tests seem to
be adecuate in providing a quick
and teasonable good estimate of
basic parameters in geothermal res-
ervoirs located on igneous rocks,
whose main production takes place
through fractures,

3.- Standard pressure transient analysis
techniques seem to find application
in liquid-dominated geothermal sys-
tems similar to Los Azufres Field.

NOMENCLATURE

B = brine formation volume factor, (vol-
ume, reservoir conditions/velume,
standard conditions).

Cp= dimensionless wellbore storage
coefficient,

c¢= Total compressibility, (psi)‘1

- h = formation net thickness, ft.

k = permeability, md.

m = slope of a straight line,

p = pressure, psi.

pi= imitial pressure, psi.

Pwf=flowing bottom-hole pressure, psi,

Pipr=flowing bottom-hole pressure al
Thr, psi.

Pus=static bottom-hole pressure, psi.

= dimensionless pressure.

volumetric flow rate, bbl/day.

T, wellbore radius, ft.

skin factor, dimensionless,

t = time, hrs,
tp= injection time, hrs.
at= shut-in time, hrs,

GREEK SYMBOLS

g = viscosity, cp.
¢ = porosity, fraction.
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INJECTIVITY TESTS.

A. Injection test.

5). Type-curve procedure.

From Fig. 5, the match point is as
follows:

For (t)w=100 min, (tD)M=8.4x10“,
For (Ap)y=10 psi, (pD)Mﬂl.ZB

From eq. (1) in the text:

s2 ~2

kh _ M
= 141.2 qB EpTy 141, 2(4528)(1)—7——
- md-ft
81857(—-?15-—)

. From eq.(2) in the text:

pc ¢h= 0.0002637 kh
12 o (tpM
- 0.0002637 (g 437, !667
= 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

From Fig.7 it is evident from the change in
slope,that a barrier is located close to the
wellbore which is corroborated by geologic
evidence (see Figs. 2 and 4). Distance to
this barrier is as follows:

L= 0.2 AfEB( ) ex = 0.01217

\/105814(-1—-—9—19?-07,-) (vrgge)= 192 £
B. Falloff test.

a). Type - curve procedure,

From Fig, 6, the match point is given
by:

For (t)y=100 min; (tD)M=6.4x105,
For (AP)M=10psi, {pD)M=1.4

From eq. (1} in the text:

5= -1

kh

Xh.1a1.2(4528) (1) 152 agsosﬂ.(“dc;‘)

From eq(2) in the text:

0,0002637 1.667 b
éceh= W(SQSOQ)w2.87X1U

(ft)

psi

b). Semilog analysis.
From Fig. 8 : m = 7,1 psi/cycle
From eq.(8) in the text:

5h=162.6(4528)[11_103705gmd-ft)
u 7.1 cp

From eq.{9) in the text:

7.1 108 [('03705)62‘.‘8’;?{672)

3.22751 = -1.3




- Table 1 ‘ ,_{' 2323,

Data from injection and fallof
tests in well A-2. qinj=4528 bbl/

day.
INJECTION FALLOFF Iable 2 . _
, C Summary of results obtained apply-
Time Pwf Time Pws : ing Type-curve and semilog tech-
(min} (psi) {min) (psi) giques. Injection rate =4528 bbl(
ay.
0 818.5 1 848.2 . -
1 825.7 3 847.3 ‘ : kh/u c.h s
2 827.9 4 832.3 a (nd-ft)/cp Tt/psi
4 830.0 5 827.2 INJECTION
6 831.5 6 821.3 - }
8 8§32.3 7 819.,2 Type-curve 81837 1,99x10°% .2
10 833.0 8 819.2 i .
12 833.0 9 819.2 - Semilog 105814 -2.7
14 833.7 10 817.6 .
16 833.7 12 B17.6 - FALLOFF
18 835.1 22 815.5 )
28  837.9 32 813.4 - Type-curve 89509 2.87x107*% -1
38 840.2 42 812.0 ‘ o
48 840.9 52 811.2 "Semilog 103705 -1.3
58 841.6 62 809.7 2
68 843.1 72 809.7
78 845.,3 80 809.7
a8 846.7
98 B48,2
108 848.2 _ -
118 848.9
128 848.9 - - . -
138 848.9 )
148 847.% -
210 B847.9

LOS AZUFRES————7

v, .
A : * .
[} F\ " e

Fig. 1 - Locatfon on Los Azufres geothermal field.
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Pressure Buildup Analysis of Geothermal Stcam
Wells With a Parallelepiped Model

Michael J. Econom:des * SPE, Smnford U
David Ogbe, Stanford U, .
Frank A. Miller, SPE, Stanford U.

Heber Cinco-Ley, SPE, U. of Mexico

Eric .. Fehlberg, Shell Oit Co. |

Summary

Geothermal well testing, a discipline thal evolvcd from

conventional oil and gas well testing, often requires
special considerations. The geometry of the reservoir
and those characteristics frequently found in geothermal
systems engendered the idea of a parallelepiped model
with interpenetrating fractures. Such geometry can be
described mathematically using Green's and source
functions. Equations of reservoir pressure behavior then
can be developed. for both drawdown and buildup tests.
Graphs dcscribing dimensionless pressure as a function
of time and various rescrv0|r parameters are provided in
this paper. The' general method used is (ypc—curvc
matching.

l'n(roductlon

There are three major types of gcothermal resources: (1)
vapor-dominated (dry-stcam) such as in The Geysers
(CA) or in Tuscany of central Italy, (2) two-phase such
as’'in New Zealand, and (3) hot-water, found in several
locations. The most useful, in terms of power produc-
tion, are the vapor-dominated reservoirs. They are also
the most rare. e

A number of geothermal reservoirs exhibit transient
pressure behavior that indicates large, highly conductive
fractures. The size of these. reservoirs is controlled by
faults and overlying impermcable rocks. A constant-

pressure boundary, presumably boxlmg water, often is

observed.

A parallelepiped model conccptually could approx-
imate such a configuration, A model with closed, no-
flow boundaries on five sides and-a constant-pressure
boundary on the bottom was described by Cinco-Ley er
al.! The fracture system was s:mulated as a reclangular-
shaped source, 1

“Now with U of Alaska. .
. . Hy
0145.2136/82/0004.8886500.25 :
Copynght 1982 Society of Petioleum Enginears oIA.lME
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The concept is limited to vapor-dominated reservoirs.
Both geologic evidence und production historics have
precluded the use of radial models in both The Geysers
and Larderello, Italy. Hence, the parallelepiped model,
with the included fracture and subformation boiling
front, is intended to analyze pressure trunsient behavi ior
in dry-steam geothermal wells.

Model Description

The model assumes constant-flow-rate production in an
anisotropic, homogeneous reservoir. If the flow rate
vanes, an influence function such as that described by
Economides et al.? can be used in the subsequent type-
curve mutching. The rescrvoir described by the model
contains a slightly compressible fluid of constant viscosi- .
ty p.and compressibility ¢, an assumption totally inade-
quate in the case of geothermal stcam. Yet the shorncom-
ings can be overcome if the pscudopressure function
m(p) is used. The real-pas pseudopressure was discussed
by Al-Hussainy and Ramey.? All of these as-\umptmns
normally are used in geothermal well festing, irrespec-
tive of the model. Although the solution can be modified
to incorporate fracture(s} anywhere in the reservoir, a
vertical, partially penetrating fracture has been used. The
fracture is in the center of a parallelepiped reservoir of
square horizontal cross section.

From source and Green's functions, as presented by
Gringanien and Ramey,* an expression for dimensionless
pressure drop at any point in the resenvoir was

developed:

PD(ID‘)’D LD De Y De vhblthasz :rD_xf)

o
Vr by 5'04 1
8 hp) Ax
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!
where the dimensionless terms in the equations are de-
fined as follows. :

C 1 hinl - nl |
pp= 1.291x10? ﬁ{w(f_f_!’_“f.)_. (3a)

ZTgp
kot '
Ppg= 0.3604=—"—0. .. (3b)
eTTTops S A
Xp= i ............................ (3¢)
.!’f .
k
Fo= Al R 3d)
X " ky
k
ip= j" U (3e)
Xf ky
X
KD ™ o ey (30
xr .
. ’ k
¥p.= Ye e (3g)
. .I'f k}.
h k,
hp= —~J—— .o (3h)
.l’f kz
- h k '
Chp= N (3i)
Xy k,
F k .
Ip= L = I R EETEETE (3)
xs k, - .

Eq. 1 was found better for calculating dimensionless
pressure drop at small values of time. while Eq. 2 was
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better at larger values of time. Using these equations,
Cinco-Ley et al.' developed w number of solutions of
drawdown testing for different vilues of xp with the
dimensionless thickness kg us u parameter.

By the principle of superposition, type curves were
developed for pressure buildup testing. The principle of
superposition has been used extensively in pressure tran-
sient apalysis, both in the simulation of closed boun-
daries through the usc of image wells (superposition in
spacc) and, more impontantly, in the calculation of the
pressure response following shut-ins or flow-rate fluc-
tuations (supupusilinn in time).-

The superposition principle as .lpphcd here can be ex-
pn.sqed as follows.

Ppltpp +A1D) obencd

EPD('pD +Ar>D) drawdown — P p{A1p) buildup: - -(4)

The equation denotes that the observed dimensionless
pressure drop (and its proportional real pressure drop) is
cqual to the pressure drop caused by drawdown, pre-
sumed to continue following shut-in, mmus the pressure
drop cvaluated at Ar. ‘

From the solution for drawdown from Eqgs. 1 and 2,
solutions for buildup may be developed from Eq. 4.

The solutions are significantly more numerous than
those for drawdown since the duration of flowing time
before shut-in presents an additional and significant
parameter. Of all parameters considered, the fracture
penetration xp,” had the lcast effect on the pressure
response. To avoid the presentation of a great number of
type curves, only those with xp, =2 are published here.
Figs. | through 5 show alog-log graphof pp/hp vs. tpy
with the production f,p as a parameter. The curves are
for a dimensionless fracture penctration ratio of 2:1,
while the values of ‘the dimensionless formation
thickness vary from 2:1t0 20:1. :

L
anmple
Pressure buildup data were recorded for a steam well

{Well D-7) in Shell Oil Co.’s leases in The Geysers. .
Shut-in bottomho]e pressures were calculntcd and a plot

of log (p s — P ,,f) [measured in (kg!cm )2] vs. time ap-
pears in Fig. 6. A type-curve match with one of the
curves developed for this work obtams the followmg

points,.
Pis ~ply=1150 (kg/em?)2.
Pplhp=4.1,
Ar=10" hours.
Alpg=5.5.

1, =7.5hours,
tp> =400.

Pertinent reservoir parameters appear ir_i'Tablc 1.
APRIL 1982 P
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TABLE 1=-\YELL D-7 [ESERVON DATA

Flow rate g, 1on/h 52.5
Viscosity p {(average), cp 3.0185
Gazs doviation factor 2 0.87
Compressibility ¢y, kg/cin? 0.046
Porosily {cstimated) 0.05
Reservoir temperature T, K 494
Molacular weight M 18
Flowing pressure p ¢, kglcm? 38

From the definition of dimenstonless pressure,

1.291x 102 (18)(k, k) %
4.1 = e e

(0.87) (3194) (32.3) (0.0165)

k.
~E(1150)
ky

(k;k).) " X300 darcy-m. ool (5)

From the definition of dimncnsionless time,

_ 0.3604 k,(0.1)
(0.05) (0.0165) (0.046) x,?
k

X
. = e 6)
> _ (
From Egs. 5and 6,

kokyk,=0.189darcy®. ... ... ..l (N

With k /x,? =579 %103 and 1,=7.5 hours, we can
calculate 1,5 =412, which agrees well with the obl.uncd
match.

The practical result so far is that impornant reservoir
paramelers, such as the directional permeabilitics and the
length of the fracture, have been related through simple

. relationships. The permeabilities refer 10 the matrix, and

full anisotropy is allowed by the results of Egs. 5, 6, and
7. If isotropy were assumed and, hence, k=k, =k, =k,,
then k=0.574 darcy (from Eq. 7) and Xy= 99 m (from
Eq 6). Finally, the length of the reservoir is 198 m,

since xp =2 and x p =x/xy. '

All these findings are significant, since not only the
permeability but also the arcal extent of the reservoir
were calculated. The longevity of the ficld, future drill-
ing programs, and location of future wells are related
directly to the reservoir permeability and the extent of
the drainage area of the tested well.

Geothermal formations have been known to cxhibit
anisotropy. In the case of Well D-7, a study on
anisotropy can be done. '

From the definition of the dimensionless thickness,

hp=—

and since i, =10, a graph such as the one in Fig. 7 can
be constructed.
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One can assmine a re wonable xp and b, obtain the
k k. ratio, and, using Bys. 5 and 6, ealculute all
permicabilities. ‘Then, Eq. 7 can be used as a check. The

u-uhs of this caleulation are xp=20 m, =300 m,

L =2.32 d.mn_s, k,=5.21 d:lrcics, and k,=0.0156
d ey,

The calculation can be rcpcalcd for any sct of fracture
fengths and reservoir thicknesses. Geologic evidence und
{uture drilling pru&,r.uns aclually may limit the iteration
to just the reservoir thickness since lhe fraclun_ miy be
measured. ) :

Lunclusmns SN '

1. The paraliclepiped model séems 1o be a reasonuble
interpretation of dry-steam resérvoir behavior,

2. Buildup and drawdown data can be analyzed with
the model, although the analysis is more cumbersome
with buildup data because of the presence of an addi-
tional purameter; ¢

3. The method prowdt.s s1gmﬁcant mfommmn other-
wis¢ unavailable from such cslabllshed techniques as
Horner.

4. Shell’'s Well D 7 appcdrs to be analyzcd adequately
by use of the purallelepiped model.

Nomenclature

¢ = isothermal '.ompn.smblluy,
: em¥/kg (psi').

h = formulion lhlckness,' m (ft)
hy = fracture height,'m (ft)
k = pcrmeability, darcy
m(p) = real gas pseidopressure
M = molecutar weight, g/gmol.
p = pressure, kg/cm? (Ibmlsq in.)
Pi- = initial pressure, kg/cm’ (lbmlsq in. )
Pw = Towing boitomhole | pressure
kg/cm? (Ibm/sq in.) -
4 q = mass flow rate,  ton/h (lbm/hr)
§ = source funcuon e
t = time, hours - -
L = producnon time ber’orc shut-in, hours
Ar = time since shut-in, houis
T = rescrvoir tcmperalurc K
. x = .distance in x dlrecnon m (ft)
x. = boundary location i in x direction,
,mfty . sl
xy = half-fracture lcngth m (ft)
'y = distance in y direction, m (ft) -
Ye = boundary locann in y direction,

-m (ft}

APRIL 1982
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distee wy o divection, m(ft)

z s
zp = clevation of fuctiie nidpint, e ()
Z,: = Hus deviatien fucior, dllu\d_\ll’-]]th
fo = viscosity, mPa-s (o)
¢ = pomsity, fraction
Subscripts
D = dimensionless
e = cxiemal
[ = fracture
i = initial
p == production
wellbore

W=
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Internal Flows in Geothermal Wells:
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Abstract

Geothermal wells exhibit a variety of intemal flow ef-
fects caused by the flow of water, steam, or both be-
‘tween distinet permeable zones tupped by the well.
These intenal flow effects are described and it is shown
héw they may be recognized from downhole pressure
and temperature profiles.

Pressure transients measured at depths other than that
of the well's primary permeable zone can be corrupted
by such flows. The cffects of such flows on injection and
discharge wransients are discussed.

Introduction o

Two types of flow can occur in wells in geothermal
reservoirs: (1) interzonal flow in which fluid enters the
well at one depth, Nows up or down the wellbore, and
exits ut & second depth, and (2) iniemal convection m
which fluid circulates within the wellbore. The first 1s
mare common.

A geotherma! wellbore is a long, vertical or near-
vertical pipe penetrating a reservoir of heated fluid. Most
geothermal reservoirs consist of fractured rocks, and a
well draws its fluid supply from one or a few fractures
(also called “*penneable zones,'’ *‘aquifers,” “*produc-
tive horizons,” or *‘feedpoinis’’). Normally no attempt
is made to isolute individual feedpoints from one
another, so multiple feeds are ofien éxposed to the well
over a vertical dnstdnce of 3,000 to 6,000 fi (1000 to
2000 m).
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Over the depth of open hole the well is exposed to the
reservoir, which may contain waters of  different
lemperatures or steam/water mixtures, In addition, the
reservoir pressure distribution is not static' because the
natural throughflow of the reservoir causes a nonstatic
distribution of fluid. In Wairakei, New Zealand, the pre-
exploitation veniical pressure gradient was, for example,
about 7% above hydrosiatic (for the temperatures
involved), !

The very high permeabilities encountered in good
geothermal wells [permeability- thlckness of the order of
3 to 300 darcy-fi (] to 100 darcy'm)]? mean that com-
paratively small pressure differences from buoyancy ef-
fects or from the nonsiatic reservoir profile may cause
substantial flows within a wellbore. If a well has more
than one significant feedpoint, it is impossible for it to
attain both thermal and pressure equilibrium with the
reservoir, and fluid will flow between the permeable
zones. Such flow up or down the wellbore distonts
temperature profiles, s0 measured downhole data reflect
not reservoir temperatures but the physics of heat and
mass transfer within the wellbore. Pressure pmﬁles
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 fuid-filled wellbore still represents an effective
means of vertical heat transport by convective circulation
within it. Internal flow up or. down the wellbore or con-
vection within the wellbore are by far the dominamt
features influencing measurements in geothermal wells
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Fig. 1—Temperalure and {low logs for Well NG9 at Ngawha,
New Zealand (adapted from Rel. 23).

in New Zcalund. For this reason, downhole profiles re-
quire careful interpretation.?” Tt is a rare well that,
throughout the length of open hole, reaches a convincing
static equilibrium with reservoir lemperatures.

We now consider the different types of intemal flows
and the measurements that identify them. Unless other-
wise specified, the discussion refers only to unexploited,
liquid-dominated reservoirs. It also is assumed that the
reservoir is fractured, although the same wellbore effects
have been observed at Cerro Prieto, Mexico. & The flows
concemed range from small (up 10 a few pound-mass per

2 second}, which only affect the fluid profiles in the
weltbore itself, to very large [more than 200 Ibm/sec
(100 kg/s)], which may form a significant part of the
mass transfer within the reservolir.

Downflow in the Wellhore
Most easily recognized is the downflow of liquid water
in the wellbore, With the well shut in, water enlers at an
upper feedpoini, descends the wellbore, and is injected
back into the reservoir at a lower permeable zone. The
temperature profile within the section of the wellbore in-
volved is controlled by wellbore heat transfer to the
downflowing water.® Geothermal wells, in reservoirs
permeable enough to be exploitable, have high flow rales
by petroleum well standards. It is possible for the
downflow to be so large that temperature is (essentially)
isothermal in the interzonal flow section of the well. In
the.shut-in well, this temperature will be close to that of
the water entering at the maid feedpoint, It need not be a
low temperature. In many situations it is liule differcnt
from temperatures found in deeper feedpoints in the
same or other wells in the reservdir, P

Fig. |1 shows an example, Well NG9 in Npawha, New
Zealand, in which both temperature and flow rale have

FEBRUARY |953

30C T L{ " e K ' ' i
' ' ©  Shut well
\ c\o " Flowing well
L0 —_‘E‘.E%_- JdlI Reservoir —
N
!
. -] e IU"!I
suef- \ \ \l”ll! b
e |
; LA
£ sonpe | ’
& L Cosing \z\o o\ h‘l
l\o T
: li\ !
200 z "\J i
4
1 1 1 4
1 800 o e w0 260

Temperature {C}

Fig. 2—Downhole temperatures maasured in Well WK47,
Wairakei, 1968-69.

been measured in the wellbore. Here, with the well shut
in, isothermal conditions are found over the 2,200- to
3,200-ft (670- 10 970-m) section of the wellbore. The
meusured downflow in this section is 9 lbm/sec (4 kg/s).
Also shown in this figure is a temperature profile
meusured during cold-water injection into the same well,
The wellbore is not filled with the cold injection water.
At the upper feedpoint, hot water still enters the well,
and it is the mixtere that flows down to the lower
permeable zones. There are wells in New Zealand in
which such a downflow always has been present, and
consequently reservoir temperatures are  unknown

_beneath the inflow point. The problem is prevalent in the

Ngawha field, and Well NG9 (Fig. 1) recently was
worked pver with a double completion to obtain **clean™
temperatures and production from its lower zone.

In some wells it is possible to use the downflow
regime to determine the reservoir pressure at the main

feed zone. The inflow to the well from this feed must de- -

pend on the reservoir/well pressure difference at the feed
level. By comparing simultaneous pressure and
temperature profiles measured at different rates of injec-
tion of waler inlo the well, it is possible to determine the
pressure at the feed level at which no inflow occurs. This
must be the reservgir pressure at this level.

The well with a small downflow is more difficult to
recognize. In this case, wellbore heat transfer results in a
nonzero temperature gradient in the downflowing water.
Such minor downflows 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 field—where this effect is now common. Some
measured static downhole profiles in Well WK47 are
shown under shut-in and discharge conditions. The latter
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curve ties in with reservoir temperatures established by

use of data from different wells in the neighborhood that

are (in part) uncarrupted by intemal flow effects, These

discharge temperatures are higher than the shut-in ones,

indicating water of higher temperature entering the well,
. presumably from the deeper feedpoint,

Upﬂow.\_i'n the Wellbore

An upflow of liquid water in the wellbore has
characterisiics simitar to those of 4 downflow. Thus it
miy not be possible to distinguish an upflow from a
downflow with shut-in temperature profiles alone. If
downhole flows cunnot
temperature measurement during injection can be used to
clarify the situation. 2

A different effect is introduced if the rising water boils
as it ascends the wellbore. Liquid water enters at the
lower feedpoint and rises up the wellbore until it boils.
From that level up, steam bubbles move up with the
water. Provided that the upflow is small, the pressure
gradient remains near hydrostatic. At the upper
permeable zone, water is injected into the formation.
The steam bubbles upward into the casing, heating the
water in this section of the well and causing a small
downflow of condensate. Residual gas in the steam ac-
cumulates within the casing. This mechanism creates the
very high wellhead pressures from gas that can occur
even in reservoirs of low gas content. The upper pan of
the well acts as a distillation plant. The gas column
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Fig. 4—Warm-up and stable \emperature 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 large enough, isothermal conditions will
apply in the liquid-filled interzonal-flow section of the
wellbore. Above the boiling level, however, saturation
conditions must apply, and the temperature thus will
decrease as the fluid moves up the well.

The stable downhole temperature profiles measured in
many wells are of this form. In Fig. 4, the siable
temperature profile for Well WK24 at Wairakei is

.shown, along with other profiles obtained during warm-

up and the reservoir temperature profile that these warm-
up curves imply (by extrapolation at different levels).
[The higher temperaiures at 2,000 fi (600 m) derive from
other data.} The final ilemperature profile in the shut-in
well is smooth, featuring approximately isothermal con-
ditions at depth and boiling point conditions at shallower
levels. The cooler temperatures of the reservoir above
1,300 ft (400 m) are obscured totally because of the
flow-established conditions in the well. The contrast be-
tween reservoir and wellbore temperatures also is found
when comparisons are made between temperatures
measured during drlling (i.e., stable bottomhole
temperatures) and in the completed hole—e.g., at
Wairakei Well WK10° and at Yellowstone Well Y4.1°

I the {fluid entering the well is boiling, the isothermal
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Fig. S—Temperalure profiles measured in Well WK21,
Wairakei, in 1953 showing conditions during and at
the end of warm-up and after sleam buildup at the
wellhead,

section of the temperature profile is absent. In this case
the well has a boiling-point profile—it appears to contain
a column of water at boiling poinl. An example, for Well
WK21 at Wairakei, is illustrated in Fig. 5. This well in-
itially warmed to the boiling-point profile illustrated.
Separation of the sieam and waler in the well casing
ultimately resulted in the second profile (marked **steam

“at wellhead™’) shown. The timing of measurements thus
also may play a role in interpretation,

More vigorous upflow in the wellbore can result in the
steam/waler 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
columny rather 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 ‘‘intemal 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 reservoir pressure profile in the
vicinity of this well in 1966 when it was in an intenal
discharge mode. By 1971, drawdown in this reservoir,
because of exiensive test discharge of wells in this field,
had resulted in the inversion of this flow. The later well
and reservoir pressures and well temperatures are plotted
for comparison.

Another well that shows an intemal discharge is Well
Y-13 at Yellowstone. There, staged measurements show
the contrast between the reservoir and downhole pressure
profiles.'® Because the inemal discharge permits
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Broadlands under upftow conditions (before produc- .
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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 all these situations, the upflow in the well controls
the downhole 1emperature profile. The only opportunity
to observe reservoir temperatures is thus during warm-

up, before the upflow becomes established.

Correlation of Downhole and
Reservoir Pressures

In a single well with one dominant feedpoint, downhole
pressure approximates reservoir pressure at the depth of
the feedpoint only. Comparison of pressures in different.
wells permits construction of a reservoir pressure pro-
file.! 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 pressure gradient
disposes wells to intemal 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. At
Wairakei and Broadlands, nearly all early productive
wells showed upflows.
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Exploitation will alter the pressure distribution in the
reservoir, and internal flow can change. This can create
" marked changes in downhole pressure and temperature,
which reflect not changes in reservoir values but changes
in the internal flow in the well. Fig. 6 (discussed earlier)
shows the effects from a reversal of flow in Well BR2 at
Broadlands that have been brought about by exploitation.

Given sufficient downhole data, it is possible to
“estimate quantitatively the magnitude of internal flows,

-together with the reservoir pressure and injectivi-
ty/productivity of each permeable zone.''!? For a well

- with a substantial intemal flow, such an analysis is the
only way to estimate the undisturbed reservoir pressure
at cach feed zone.

Although most internal flows are small and conse-
quently difficult to identify, some are not. Analyses have
found substantial internal discharges in several wells in
different New Zealand fields. The internal 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 also have been
camied out. Downflows at Ngawha are typically up to
80,000 Tbm/hr (10 kg/s). '3 At Wairakei, with a dis-

172

&)

\V"

pressure

reservoir

warming

b
¥ depth

Fig. 8—Definition of a pressure pivot at the feedpoint during

well warm-up {ditferences from hydrostalic are -

exaggerated).

turbed reservoir pressure profile, a downflow of 650,000

Ibm/hr (80 kg/s) was measured in Well WK107.™
Convection Cells

Convection cells have been identified with a flowmeter -

in injection wells and in shut-in wells.'® They appear to
be influenced strongly by the geometry of the drilled
hole and of the liner, '3 and they probably are controlied
to a'degree in sections of the well where the hole is larger
than gauge. A convection cell often will terminate at a
break in geometry or at a feed zone. An extreme case is
iltustrated in Fig. 7. This convection cell pattern ‘was
observed in Well KA27 at Kawerau. The salid and slot-
ted casing sections are indicated, along with an estimate
of the shape of the actual dnlled hole. f

Identification of Permeable Zones

For the discussion of transient analysis, it is important 1o
be able to identify the location of the major feed of the
well—i.e., at what depth the well intersects the dominant
permeability. Permeable zones in a well can be recog-
nized by dniling losses/entries; petrology (hydrothermal
alteration); a zone cooled by injection; an endpoint of in-
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terzanal flow during warm-up;,a zone warming abnor-
mally rapidly; flowmeter logs, if available; and the level
of phase change. *5-0

Sometimes one zone clearly dominaies; at other times
it may be difficult to decide. A method that can identify
the dominant zone conclusively, if it produces a unique
result, is the pressure pivot. This is illustraied in general
terms in Fig. 8 and for a specific well, Well KA16 at
Kawerau, in Fig. 9. After drilling and any subsequent
cold-waler injection, the wellbore contains cold water.
Once any transient pressure effects of drilling and injec-
tion have died away, the downhole pressure equates to
reservoir pressure at or near the dominant feed. In the

nime span involved for these wransients to die out, the .

water temperzture 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 gradient, however, must reflect the
increase in temperature through the associated density
* decrease. The pressure profiles pivot about the reservoir
pressure at the feedpoint, simultaneously identifying the
feedpoint and its reservoir pressure. Note that for Well
KA16 (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,

If there are two significant feed zones, the pivot ap-
pears at a point between them that is a mean of the two
depths weighted by their injectivities/productiviries.
Where there are multiple feeds, intermediate ones may
be hidden, and the pivot point may reflect the inflows
and outflows of the extreme points alone,

An extreme case of the pressure pivot is in a vapor
system. '8'8 Downhole pressure profiles with the well
contzining cold water, and containing steam, have sharp-
ly contrasting gradients. The feedpoint thus cun be de-
fined clearly.
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Exploited Reservoirs ' S
An exploited reservoir differs from an unexploited one in
that the reservoir pressure profile may be far from static,
and two-phase mixtures of any steam/water ratio can be -
produced. Presence of fluids of higher enthalpy can
make a reservoir more prone 1o internal discharge in the
wells. Such internal discharges were, for example, quite
common in Wairakei wells between 1959 and 1965. '

Usually, after some exploitation, a steam zone forms
near the top of the reservoir. Corre_spondingly,' wells
often adopt a steam-cap profile—the welibore contains a
column of liquid beneath a column of steam. The steam
in the well may or may not comespond to a coherent
steam column in the reservoir, Fig. 10 shows the stable
downhole pressure profiles measured in a group of wells
at Wairakei during 197174 and the reservoir profile as
identified by comparison between many wells.?®
Pressures in the water columns of the wells agree with -/
the reservoir pressures. In the steam zone, agreement is
found only at the 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 equitibrate against
reservoir pressure at two depths: one in steam and one in
waler. Within each fluid column in the well, interzonal
fiow cun occur. o

Pressure Transients

The theory of pressure-transient analysis is based on
flow in a horizontal aquifer and on the pressure changes
at wellface that result from withdrawal from or injection
into that aquifer. The pressure change analyzed .is the
downhole pressure at.the weli's producing depth.The
pressure af some other depth can be used conveniently,
provided that there is a constant pressure difference be-
tween that depth and the feed depth.
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Unrecognized flow effects result in a varying pressure
difference between other points in the well and the feed-
point. Often this results in a transient measured away
from the feedpoint being so peculiar that it must be ig-
fored. Less often, an apparently good result may be ac-,
cepted as valid when it is not. In all cases, the problem
can be recogmzed if downhole temperature or pressure
profiles are measured during, before, or after the tran-
sient test to see whether inconsistencies exist. In prac-
tice, it is best 10 avoid such problems in geothermal wells
by measuring all transients at the well's primary feed
depth. Measurcments at other depths, such as bot-
tomhole or casing shoe, can be misteading.
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Fig. 12—Fallofi of the pressure change during an injection test
in Well KA22, Kawerau (afier Ref. 23).

-

time plays a role in setting the pressure. If one zone hasa

much larger permeability, the pressure at that level will
Be set by the injection conditions. A good transient

should be obtained at that depth. If both inflow and

" The flow effects on pressure-transient data can be

regarded as extreme cases of humping, complemenied
by thermal effects and multiple entries. With suitable
theory, 2! analysis may be possible someday.

Different problems and effects may occur in injection
and discharge tests. For example, an injection test in a
well may prove 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. Under injec-
tion, fluid may enter the well from the formation at the
upper feedpoint, and mixed water of intermediate
lemperature may flow down the well. At a change of in-
. jection rate, the inflow rate also will change (and will
continue to change}). Water of different temperature
begins to fill the wellbore beneath the upper feed (Fig.
11), and a water colurnn of a dcnsily that changes with

174

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
much 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 comrect
response, but this is followed by a reversal and oscilla-
tions. Fig. 12 shows a transient measured in Well KA22
at Kawerau.?3 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
over which the interzonal flow effects are negligible. If a

: scmllog straight line develops during this period, it gives

the correct result. This period, however, can be as shon
as I minute.

A discharge test in Well KA22 gave no problems,
because dunng discharge and recovery the wellbore at all
times contains a column of 482°F (250°C) water be-
tween the two feed zones.

The interzonal flow problém under injection. typ:cally '

causes humping or osmllalory response. At times this
can be so severe that the first measurable response is a
he f th ng sign.2?* Thi bl
pressure change of the wrong sign. is problem
also may be recognized from downhole temperature pro-
files showing interzonal flow "during injection, in the
well as it warms up, or when it is fully wanmed up.

Discharge Tests

Problems under discharge also arise from varying den-
sities, but here they are associated with flashing in the

SOCIETY OF PETROLEUM ENGINEERS JOURNAL



pressure

+

4 depth flowing )

Fig. 13—Downhole pressure profiles during recovery after a
discharge test, illusirating the effect of collapse of
two-phase conditions in the welibore,

wellbore. Fig. 13 shows a simple illustration of how the
pressure may change in such a well upon shut-in, The
well, during discharge, has a two-phase columin in the
wellbore. The pnmary feed is above bottomhole,
although some fluid must enter lower down to maintain
the flashing column. Upon shui-in, a two-phase column
persists for some period in the well. 2 Then, however, it
collapses to form a water column with steam {or gas)
above. From that time on, the pressure difference from
bottomhole to feedpaint will be constant. The misleading
pressures at the wrang level occur this time in the early
period. Fig. 14 shows a Homer plot of pressure recovery
in a well at feedpoint and a1 bottomhole. Late-time
semilog slopes must agree, so both histories give the
same permeability-thickness. The pressure change afier,
say, 1 hour is larger a1 bottomhole than at feedpoint, so
the bottomhole data averestimate skin.

A less common problem occurs in wells with an inter-
nal discharge. In these, a two-phase column is always
present. Pressure changes at bottomhole are always
larger than at feedpoint, approximately by a constant
ratio. In this case both permeability-thickness and
storativity (porosity/compressibility/thickness) will be
underestimated.

Setting the gauge in the well at levels below that of the
pnmary feed for a discharge transient thus risks
underestimating reservoir permeability. The problem is
recognized by checking pressure profiles (or carrying out
calculations) for two-phase fluid in the wellbore.

Conclusions

Intemnal flows in wellbores in geothermal reservoirs do
exist and need to be recognized. Careful analyses of
downhole pressure and temperature data can give infor-
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mation  about. these flows and about reservoir
characieristics relaling to the permeable zones tapped by
lhe well, In many siuations, such analyses are the only
mecans of obtaining information regdrdmg thesc reservoir
characteristics.

Changing density of the fluid in the wellbore dunng
pressure-transient tests (both injection and discharge)
resulting from imemal flows in the wellbore and/or
variation in the two-phase nature-of the fluid can result in
misleading or meaningless test data. Most problems in
such testing can be overcome by ensuring that the

. pressure transients are measured at the well’s primary

feed level,
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Chapter 7

Quantifying Reservoir Properties

7.1. INTRODUCTION

In Chapter 2 we dealt with the conceptualization of the geothermal
reservoir and the qualitative inferences that can be made from the natural
state of the field, In this chapter we po a stage further and treat the large-
sciate measurements that can be made to quantify additional reservoir
parameters. This idea!ly leads to a reservoir model that may serve us a
hasis for projections of fture performance of the reservoir under exploi-
tation. We would like such predictions to contain sufficient detail to in-
clude, possibly, even the changes in mass flow, ¢enthalpy, and wellthead
pressure of cach well and the changes taking place in various parts of the
reserveir that control the surfuce performance. In practice, such detail
and precision is unlikely since some reservoir properties cannot be deter-
mined prior to actual exploitation. Recharge, the rate of influx of make-up
fluid to the reservoir, is probably the most important such property.

For this discussion it is assumed that sufficient single well tests and
analyses have been done throughout the reservoir to define the properties
of the well and the neighboring reservoir. Here we discuss the measure-
ment and estimation of the reservoir properties on a more extensive scale.
Such properties ¢an only be determined vsing data from many wells,
either as a unit to get field seale information or intercomparatively to
assess Joeal and regiona! inhomogeneities. We depend primarily on two
types of tests: those bised on the sistained discharge of a group of wells,
amd those seeking interference effects between groups of wetls, In both
cases the tntent iy to disturb the reservoir over some substantial arei and
therehy determine some average teservoir properties for that section of
the reservorr.

A protonged and substantid discharge from several wells is intended to
remove sufticient Muid 1o make i measurabie chirntee in that zone of the
reservoir. e chanee it taies place nmay show tap any anomalous reser-

voir hetavior as wo'tas indicitines eenerabtrenils, A standard interference
resr, utitizing sufficicity peectse strumentation to allow measurement
of smul! sressure Chanues, Can rive (s trtnsmissivity and storativity over

@
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a large area. Again, anomalous areas and inhomogeneities can be noted.
Chemical and other changes in discharge from wells affected by reinjec-

. tion provide an alternative type of “interference’’ test. Injection 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 carried out and/or
the information that may be obtained. Environmental restraints, for ex-
ample, may preclude long-term discharge tests in many areas. Field draw-
down data may not become avaifable until the surface plant has been in
operation for some years. '

The nature of the reservoir and its surroundings is also important. For
example, contrast a homogeneously permeable low-temperature {liquid)
reservoir with a fractured high-temperature (two-phase) one. In the
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 related
unambiguously to the reservoir rock. Such a field can be well defined by a
thorough program of pressure tests on single wells supplemented with
some sclected interference tests. In the two-phase rescrvoir any pressure
changes move out slowly, making it almost impossible to measure perme-
ability on any field or zona! scale. Even when the pressure change infor-
mation is available the fractured nature of the system limits its usefulness.
There may be no clear indication of the thickness of any aquifer in a -
transmissivity evaluation. In this situation a sustained well discharge is
the only tes! that can indicate the long-term changes in well performance,
i.e., we cannot predict, we can only measure.

The nature of the reservoir can also determine the time scale necessury
for any test. A well near a boundary, for example, cannot show the
presence of that boundary unless the test runs long enough for the pres-
sure change to propagate out to the boundary and back to the well, Nor
can any recharge effects be seen unless measurements ure made over
times on the order of the characteristic time + of the reservoir (sce Sec-
tions 3.4 and 7.4.3). A large flow rate is not a substitute tor a long time.
The time period is essential for the duta to exist; the size of the flow rate
merely controls the magnitude of any change.

Geothermal reservoirs are, in general, complex, and complexity musl
mean uncertainties in our conceptualizations of these reservoirs and our

_interpretations of the measurement data. Even with these uncertaintics

useful resufts may still be obtained. If recharge, for example, s unknown,

. a-worst case miy be assumed—that of no recharge. Any rechurge to the

reservoir must then mean 4 lesser drawdown. It may nut be possible ta

_ predict pressure and enthalpy changes in a two-phase field. One can,
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however, predict which wells (the shallow feeding ones) will go dry if a
steam zone does form. No good theory of a fractured reservoir currently
exists. Tracer tests provide a way to detect in a short time any fast return
from injection wells,

2. INFERENCE FROM FLUID DISTRIBUTION

7.2.1. Introduction

In almost all decisions regarding reservoir behavior, it is convenient to
assume some specific property as being representative: a mean pressure
or tempc_raluré. for example, or a mean chloride content. For changes in
such ficld propertics-local variations may not be-that important—lumped
parameter modefs are then successful.

In actual reservoirs there will be a marked variation in some properties
over the field, and these properties will generally not change us a unit. The
amount and rate of change will vary with position in both the vertical and

horizonta! directions. Having coltected reservoir data (pressure, tempera-
ture, chemistry, permeahility), the first task is o correlate or plot it”

against relevant variables (distance, depth, time). From such plots it
should be cleur what controls the distribution of observed results, For
example, Figure 7.1 demonstrates that depth is essentially the only pa-
rimieter controlling pressure at Kawerau, In other fields areal variation is
important. Not only pressure changes are important: temperatures, or
cnthalpy if two-phase conditions occur, are equally so. In gussy fields gas
content ¢an be truced with time or position or by changes in chloride or
sttive content. Examples of all of these occur in the fields discussed in
Chanter ¥,

The parameler most sensitive to any alteration in flow and to exploita-
tion in general s pressure. Inan unexploited reservoir the vertical pres-
sure gradient is normally close to that of a static column of water or steam
at the reservoir temperature. Horizontal pressure gradicnts are normally
smail, Once the field s exploited this pressure pattern may ¢hange mark-
edly, and ity this change that we look for in our interference and long-
1CrM PCSCIVOIT Tests. ‘

The changes in vertical pressure distribution at Wairaked are shown in
Figure 816 ay is an ideaization of the pressuresind fluid distribution into
vanor. and  liguid-deminated  zones atter a transition period. The
Hroudliands example tustrated the development of subhydrostatic gradi-
en's in the reservoir, In each woe, by correlating data between wells we
are able to simplify the it into o single presstire—depth profile for the
reservoir at-ciach time.
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Fluid chemistry and temperatures in lquid regions respond much more
slowly to flow changes than does pressure. Chemical changes, being fluid
tagged, only show up when the different fluid reaches the production or i
test wells. Temperature changes may be even slower, since the movement |
of heat between rock and fluid buffers the effect. Chemical changes are of
greates! importance in situations where the entry of cold waiter or return
of reinjected water is possible. Tracer tests are a variant 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 cither, both horizontal and structural effects in the reservoir must
be unimportant or ignored. Few real systems are that neat. In particular,
the uniform upflow model may be applicable only partly in some systems
and not at all in others,

Kawerau, New Zealand, may be approximated overall with the uniform
upflow model, although lateral flow is also present. Here we describe the
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fluid profile in the Kawerau reservoir and the implications that can be
drawn from this and the associated pressure profile.

The pressure and temperature profiles for Kawerau are illustrated in
Figs. 7.1 and 7.2, respectively. This field has been exploited at a tow level
sincer the mid-1950s, but there have been no detectable, systematic
chanees in pressure (Dench, 1962 Smith, 1970; Donaldson and Grant,
198 L, The ilustrated pressure profile therefore represents both the cur-
vent field ste and its undisturbed condition, The temperatures are inter-
nreted reservoir temperatures from measurements in wells before sub-
stantial dischurge. A

The meessure profile is alse well defined, since wells of an unusually
wide ranee of depth have been drilled. Pressures it feedpoints of these
we'ls lave then been used to build up these profiles, The pressures exceed
@ hydrosttic column wt BPD by 7%.

Yrom the excess pressure eradient itis possible to calculate the vertical

permeahility &, by application of Darey®s law. The natural discharge of

i el was given by Thompson (1962) as 20-70 MW. At the deep tem-
perature of 290°C this is 1V = 15255 keds of water. If the arca of upflow is
ALand assoming &, = 1,

LA ydl

v vz

kA
- u.y) =~ (.07 pug),
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which gives k,A = (3.5 — 12) md-km?. The field area is 6-8 km?, so that
the vertical permeability is estimated as | 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. It is to be noted that here the
excess pressure showing in the profile is due to a fairly uniform excess
pressure gradient rather than to any fixed absolute pressure difference. At
all depths the pressure exceeds hydrostatic, the absolute excess increas-
ing as we go decper. This excess pressure must therefore be due to the
resistance of the reservoir to the upward mass movement at all levels.
There is no indication of any specific capping or higher resistance layer.

The absence of any capping structure at Kawerau has been proposed as
a reason for this reservoir’s history of cold water intrusion into producing
wells. The water is apparently surface groundwater, making it tempting to
associate the inflow with the absence of an obvious structural restraint
such as a capping layer. It must be noted that Wairakei had nearly identi-
cal initial pressures to Kawerau and is also regarded as having no cap.
Even with the significant drawdown that has occurred in Wairakei, pro-
portionately much less cold inflow has been observed there.

The temperature distribution in the Kawerau reservoir falls signifi-

cantly below BPD and hence further below saturation for actual pres-
sures. In addition to the BPD curve Fig. 7.2 also shows the boiling tem-
perature, assuming that the upflow consists, at depth, of water at 290°C
containing [.29 carbon dioxide (using the method of Appendix 2). Dis-

charges from deeper feeding wells have a similar amount of gas. It can be

seen that maximum temperatures are close to this revised builing curve.
(The lower temperature and the gas content increase the water density

_above BPD and so would decrease the excess pressure gradient and in-

crease k,.) Discharge enthalpies of newly drilled wells are sometimes at
that for downhole liquid and sometimes higher, with excess enthalpy
being more common and larger in shallow wells.

Thus, the fluid distribution in the high-temperature parts of Kaweraw is
close to that of a uniform vertical upflow of wuter and curbon dioxide,

7.2.3. Vapor System

An estimate of vertical permeability in one part of u vapor system has
been given by Hite and Fehlberg (1976). Figure 7.3 shows the temperature
profiles obtained during the drilling of two wells into part of The Geysers.
In both there is o lincar increase in temperature with depth through the
caprock and a much lesser increase below. Using the upper temperature
gradient and available thermal conductivitics, Hite and Fehiberg osti-
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Fig. 7.3, Temperature profiles in two webls wt The Geysers, before encountering produc-
tion. (From Hite and Fehlberg, 19760 '

mated the vertical heat flux through the caprock. They then assumed this
1o be the convective heat flux up through the steam zone due to the upflow
o steum .md downflow of (an cqual mass of) condensate. From the neces-
sary M ows and available pressure data they were able to estimate the
probable vertical PLTmthlhl!L\ For the two wells, both drilled in an
anproduective purt of the reservoir, they obtained values of 0.2 md and 0.5

ul, re \T\LLH\ eiv.

7.3. INTERFERENCE TESTING

As we harve pointed out, there are two ways of testing the behavior of o
stenitichnt scetion of i geothermal reser voir. One is to watch for the tong-
term changes that may occur while the reservorr as i whole is being
exrioited. The other is to_attempt to measure the effect of discharge of u
et well, or group of wells, on some other neighboring {ohservation)
wes, Both are, in effect, interference tests in that withdrawal of fuid

Lo aome wc!lx affectls pressures in othurs In practice, the term “inter-
ference test™” is primarily applied to the latter situation, and for ground-
warerand vil and gas reservoirs the theory and methods for amitlysis of the
test itz are readifv avaitable, This is probably the most important test
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available for defining the propemes of a reservoir over an extensive dis-
tance. :

In an interference test we measure the drawdown at an observation well
(or an array of observation wells) caused by the discharge of other wells
tapping the reservoir. Thus, the time-changing drawdown at the observa-
tion well due to some specific production pattern (areal as well as time) is
experimentally known. The result could be extrapolated if that were of
specific value. More vaiuable is the information that we can extract from
this data about the reservoir in the area between the production and
observation wells.

If the test gives results that conform to those for a homogeneous aqui-
fer, i.e., if the drawdown in the observation well follows the line-source
solution, a transmissivity and storativity may be determined for the aqui-
fer. The transmissivity may be interpreted as a representative aquifer

- value. The storativity § = b/t may be further interpreted: assuming that

the aquifer is confined and contains anly liquid water, ¢, = ¢,—a value
that may be obtained directly from a table of water properties. The
porosity—thickness ¢/ of the water-filled aquifer that was disturbed by the
interference test can then be.obtained. The test demonstrates the exis-
tence of as much water as fills the thickness &4 of an aquifer of known
transmissivity. If the transmissivity is high enough the ability 1o 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 extract it.

This fluid reserve estimation has been carried over directly from petro-
leum and groundwater applications. Its use in geothermal reservoirs can
be risky. The major problem is the dependence of the storativity on the
compressibility of the fluid. Because the compressibility of liquid waler is
so small, even a small amount of vapor in the aquifer wil! result in a much
greater storativity (Bodvarsson, 1979). Such boiling fluid need not be
apparent it the production depth, it need only be somewhere in the uqui-
fer. For this reason a large storativity in a high-temperature reservoir
should not be immediately interpreted as meaning a thick high-porosity
aguifer. The possibility of contact with more compressible fluid should
always be considered. One example of difficulty in interpreting storativity
is the Svartsengi reservoir in Iceland, discussed later in Section 7.6.

Naterally, in many situations the test will not give a drawdown curve
that matches the solution for the homogencous aquifer. As in petroleum
and groundwater reservoirs, the drawdown in the observation wells may
indicate that the reservoir is laterally bounded.- Some observation wells
may respond strongly, whereas others do so only to a lesser degree or not
at all. In these cases we learn other things aboult the reservoir structyre,
such as its boundaries, its heterogeneous nature, and the exient of the
permeable region tapped in that particulur test.
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7.3.1. Chingshui Geothermal Field, Taiwan

Chingshui geothermal field on the island of Taiwan has been described
by Chiung ¢7 al. 11979} and Lee ¢f al. (1981}, Well tests carried out in thc
area have been discussed by Shen and Chang (1979) and Chiang and
Chang (1979). We shall discuss here the comprehensive interference test
deseribed by Chang and Rumey (1979),

Ficure 7.4b shows the locations of the wells in the field and the is0-
therms af 1500 m depth, The tow temperatures at this depth (measured in
witer-ited wells) indicate single-phase fluid, For the interference test,
we!l 161 was flowed al a nearly steidy rate of 22 kg/s and wellthend
pressures were observed on six other wells. On one of these a pressute
r;xc was recorded due to failure of a pas release pipeline. At the others

L in pressure of 8B0-120 kPa were observed. The transient drawdowns
were mutched to the Theis solution, the™data giving some good and some
noor tits (Fig. 7.4a) The results of these miatches are listed in Table 7.1.
The five observitions give permenbility thicknesses of 2.5-8.8 d-m, i.¢
within a Lactor of 4. This is genert'ly regarded as good agreement for a
geothermal reservoir test, (Tests on a single well, deseribed by Shen and
Chang (1979), give kh = 3.2-5.3 J-m, in the same range as the interference
test,

Ta obtain the porosity-thickness vidues a fluid compressibility of 1.5 X

'y % Py Uwas used, The values of porosity-thickness obtained, 60-200 m,

texchuding the poor results from ST1 sugeest an extensive aquifer.
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TABLE 7.1
RESULTS OF CHINGSHUI INTERFERENCE TEST*

Well
Matchpoint 4 5 9 12 14
Pp(at AP = 70 kPa) 0.90 0.26 0.80 0.90 0.44
tolrd (at t = 100 hr) 1.20 1.55 .07 1.67 0.70
Distance {(m) 300 65 300 200 250
kh (d-m) 8.8 25 7.8 8.8 4.3
$h (m) 160 790 60 a 120 200

* From Chang and Ramey (|979.).

7.3.2. Baca, New Mexico

Baca geothermal field is located in the Valles Caldera in New Mexico.
Another part of this sume caldera—one virtually impermeable to water at
depth—is being used for the Hot-Dry-Rock geothermal experiment. That
section of the caldera at Baca contains a liquid-dominated reservoir al
temperatures of 250°C and above (Dondanville, 1978; Atkinson, 1980;
Grant and Garg, 1981). The interference test discussed here is described
by Hartz (1976}, Prior o that test, individual wells had been tested and
these had shown permeability-thicknesses in the range 0.7-2.7 d-m. The
aim of the interference test was to determine reservoir transmissivity and
storativity and to prove or disprove the continuity of the reservoir fruc-

" ture system.

The field layout is iftustrated in Fig. 7.5b. Wells Baca-6, 1, and 13 were
used as producers; Baca-5A, 12, and 14 as injectors; and Baca-4, 10, 15,
and 16 as observation wells. Calculations made before the test, using the
aquifer properties determined from the single well tests, mdicated that a
measurable response should occur within 90 days. The test ran for 300
days.

Pressures were measured weekly in observation wells using conven-
tional Kuster pauges, Stops of 30-60 min at observation depths were used
to ensure equilibrium between tool and well, The same instrument was
used for repeat measurements. Only Baca-10 showed a response; the
other three observations wells exhibited no measurable pressure trend.

The pressure trend in Baca- 10 (Fig. 7.5a) was initially obscured by the
scatter in the data, Considerable improvement was achieved by the instal-
tation of a gus purge pressuremonitor. The quality of the-two data periods
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- Fig. TS, liac;; interference test. (a}- Response of Baca-10. (From Hanz, I§76.) (b) Fietd

map. {(From Atkinson, 1980.)

indicates the importance of being uble to measure the response in an
intertference test, The early date indicates that a response exists; the later
data, with i's finer detail, mikes possible a much more extensive interpre-
aation of the restults. The response of Baca-10 was matched using a homo-
sencous confined fquid aquifer mode! with all production and injection
wells in that aguifer. Using liquid water viscosity and compressibility, a
nermeability thickness of 1B d-m and a porosity thickness of 27 m were
ontained. These values are of the sume order as those obtained in the
sinele well tests, This model was not consistent with the nonresponse of
the other observition wells,

7.3.3. Brady's Hot Sprines, Nevada

In the Buca reservoir test described above, the aim was to determine
continuity of permeability as well as the reservoir parameters. The test at
Brady'™s tor Springs in Nevadi, deseribed by Rudisil! (1978), had the
sime purpose. Howas minde o obtidn information 0 assist in siting a
dismon! well,

This Houid reservoir has temperiatures reaching about 160°C. Hot water
s mroduced for direct use. The favout of the test wells is shown ine Fig,
7.60, and 2 osection showing the interpreted structure 1s shown in g,
“ e Bexis the aroducer, Pressure effects propagated out quickly to both
o eghor TR o) and BT (about 400 my) bat teok much longer to reach
-3 nheut 220wy located roughly halfway between B-1 and B-d), This
Shastrates the E:!'lnmugcnc;ms nature of geothermal reservoirs as mdi-

coted T ospeh tosts,
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Fig. 7.6. Brudy's Hot Springs interference test. (a) Conceptual model of reservoir as
indicated by interference. (b) Field map. (Both from Rudisill, 1978.)

It was intended to use well EE-1 as an 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, however,
EE-1 showed interference with B-8, apparently through a shallow casing
break and some perforations. The risk of a fluid return was considered 00
high and alternative waste fluid disposal arrangements were made,

7.3.4. Brouadlands Interference Tests

A considerable number of interference tests have been carried out at
Broadlands, New Zealand. For a map of the western borefield, showing
all affected wells, see Fig. 6.1, Results of the tests are shown in Table 7.2.
The response of BR2 to BRR&, described in Section 6.3.2; used repeat
Kuster pauge measurements. All other tests used water leve! measure-
ments in wells containing stable water columns. One test used the water
level in Ohaki Pool, the main natura! discharge vent.

The results fall into two groups. The group of wells around BR13 and 23
all gives very consistent results. One of these tests is shown in g, A1.1.
These wells wll feed at depths of 800-1000 m, and reservoir fluid at the
time of the test wasd liguid water. (Discharge enthalpies were sometimes
above liqud water at larger flow rates.) The second group reflects the
interference between shallow-feeding wells, The tests (see Fig, ALK for
an example) show two-phase transmission, and afl show very high truns-
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TARBLE 7.2
BROADLANDS INTERFERENCE TESTS*

(bser- Pro-
vation ducing khfv kh bk

well well (10-* sec + m) (d-m) (10°* m/Pa) Comments
Ohaki %0 H, = 1440 kI/kg,
Ohati BR3 2.2 6l =

Poot T = 260°
aR? BRS8 04 15 35 See Chapter 6

R;? BRR 17 i g 4 Viscosity of 260°
o water used

21-2§ oo 170 Viscosity of 260°

PR o water used
RR22 BR13 8.7 120 0.31 Barrier shown
BR2 BR1Y AR L1i] 0.56 1980
niz fiR19 1115 150-200 0.5 l977.
BRI 114K Injection ys 028 Barrier
A AR &S 90 (.08
;" B B2 x.0 110 (!.It_)
AR HRK23 1 45 0.30 ) )
.I«‘ -'(lﬁ-l m: X! 3.5 $5=45 Gy9-10 Possible barner

- UR2 R, amd 1} feed '
Foed at SO 1000 m depth. Al Lests but one e respomes (o dinch

were used for Bwo-phase o

"N

at sthout 450 m, BRI at 30 m,and Ohaki Pout at 200 m. The other wells all

arge. Fracture refative permeabilities

missivities. Some boundaries are also indicated. Individual well tests gen-
eently indicate much lower trunsmissivities. This could be inlcrprc}cq'als
Jiowine dumuee in the wells. Alternately, the lower transmussivities
coutd indicute thae the interference reffects the largest fractures in the
reservoir, wherens well tests reflect the fracture actually intersected h;« a
wel. Thus, the testing indicates the presence of an aquifer of very high
mermeahiine, with possible permeahitity restrictions near some wells and
ot St margins,

The ncrl'x;rmuncc of the field under exploitation, discussed in Section
LI confurted rartly to this pattern. "the pressure—depth phft:\ show
considerable horizontal uniformity, confirming the high permeabifity. Re-
charee is very noor, indicating that high permuithilily must be hmancd
-:\':.'z':.-w!u:ru around the field. Since the amount of recharge is dclcrn_nncd
e the poorer external permeability, these tests do not give any gtndg to
fetd rcéh;:rgc under exploitation, Individual wells varicd grcul_ly in DL“I"'IO!'-
prance: some tor exampie, HR22 ran down rapidly, which is Fnconsistent
with iower! feedmye from i hﬁ;!ﬂy permeable aguifer, with or withou! skin
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at the well. The interference test thus serves as a partial predictor ol
reservoir petformance under exploitation.

7.3.5; Summary

The preceding examples give some idea of the types of results that may
be obtained from interference tests in liquid conditions, where a pressure
signal can propagate over substantial distances in a short time.
Broadlands shows an example of the response in a two-phase reservoir, It
is seen that the time scales are quite different. A lack of response in the
time scale expected for a liquid system does not necessarily indicate a
lack of connective permeability; it could indicate some two-phase condi-
tions. ' ) S o

The basic results obtained from these interference tests are transmissiv-
ity, storativity, and the pattern of continuity in the reservoir. Transmis-
sivity is usually converted immediately to permeability-thickness by mul-
tiplying by the water viscosity at some appropriate temperature. In
productive reservoirs &4 values of 10 d-m or more are usually obtained,
and some in excess of 100 d-m have been reported. If values much below
10 d-m are obtained in interference tests, the ability to deliver fluid to the
wells may be a restraint on development (Bodvarsson ef al., 1980).

Storativity can be converted to porosity-thickness by dividing by liguid
water compressibility. This porosity-thickness is a value that can then be
checked for consistency with anticipated aquifer thickness or reservoir
depth. A high value of porosity-thickness may indicate the presence of
some vapor in the system rather than a very thick aquifer. For this reason
unless the reservoir temperatures are low and liquid conditions thus guar-
anteed, it is often preferable to stay with storativily and not convert it to a
porosity-thickness that may be incorrect.

Some measure of reservoir continuity is obviously obtained from an
interference test, although difficulties arise if some vapor is present,
Nonctheless, the tests do indicate connections, barriers, and boundariey,
If the wells are not all driffed and cased to similar depths or into one
hydrologic stratum, the tests can also indicate interconnections between
aquifers in the reservoir. Care must be taken to check thatt any connection
found is not within the wells themselves, either through casing breaks or
through external channeling.

7.4. LONG-TERM RESERVOIR TESTS

The only way to find out just how any particular complex reservoir will
behave under exploitation is uctually to exploit it. The dischurge associ-
ated with the exploitution will disturb the reservoir. This disturbance wilt,
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inturn, permit determination of the reservoir parameters reguired, in the
detat! appropriate to that reservoir and that mode of exploitation. This

approach is the one that has been used with currently exploited fields, and .

discussions and models of the well-known fields show up regularly in the
lheruture. In Chapter 8 we discuss these better-known fields that have a
long history of exploitation, Here we consider some examples of more
limited itesting, where, although some results have been obtained, the
interpretation may be incomplete or only some parameter values can be
defined. : '

7.4.1. Kamojang, Indonesia

Well KMI-11 was the first deep well dritled into the Kamojang reser-
voir. The reservoir is vapor dominated (Hochstein, 1976; Grant, 1979a)
and the steam produced is slightly wet, A short-term discharge test of
KMJI-11 gave o permeability thickness of about 35 d-m. ‘

To test long-term behavior, the well was discharged for 450 days at a
constant wettheand pressure of KO0 kP, igare 7.7 shows the flow rate for
part of this time, corrected for the minor fluctuations in welthead pressure
psing the slore of the most recent output test measurements. It is seen
that the low rate declines over the pertod of observation, The flow rate
deetine that would be expected if the wel! tapped an aquifer of il = 35
d-m is plotted on the figure for comparison, Within the limits of measure-
ment scatfer, these curves are comparable.

M ois of interest to determine the volume of the adjacent reservoir af-
fected by this 450-day discharge. I'n terms of the field parameters this

FLOW RATE kg's
N
[+

)
o
2]
.

.

25~

100 200 280
. DAYS OF FLOW

Fir. 7.7, Rundown of we!! KMJ-J T, Kanajang, (Reproduced by permission of the Gove-
erpments gf Tndenesi and New Zealind/Geothermal Energy NZ Lid)

74. Long Term Reservoir Tests 175

volume is
V= mrh, | (7.1)
where the diffusion radius is )
=A== Kope, (7.2)
so
V = swkhildpc,. (7.3)

For vapor-dominated conditions, and the temperatures involved, these
parameters may be specified:

=17 X 1078 Pa - g:
dc = 1.1 x 1076 Pa-t;
kh'=5dm = 3.5 x 10-! 3,

For the test

t = 450 days = 3.9 x 107 s,
Thus

<
Il

m3.5 X 107'1)(3.9 x 107/(17 x 107)}(0.11 x 10-% m
0.2 km?, '

i

This is not a very large volume. If a layer thickness of, say, 300 m is
assumed it implies a cylinder of radius 450 m. Unless channeling is signifi-
cant and other wells thus tap the same unit, no interference with any other
well is 10 be expected, and the test will not glean any information about
reservoir structure at greater distance. Because of the two-phase fluid in
the reservoir, pressure propagation is inherently slow, even in this high
permeability example, One could not, for example, use pressure testy
here as in a liquid water system to detect reservoir boundaries. We can
only wait and monitor production and pressures on an even longer time
scale, i.e., during actual exploitation and operation of the surfuce plant
that will be associated with this field.

7.4.2. Momotombo, Nicaragua

In view of the inability of the extended discharge at Kamojang to define
the reservoir, one might ask just what such a test might achieve. A test at
Momotombuo in Nicuragua is u good example of its usefulness.

The Momotombo reservoir is liquid dominated. Wells have penetrated
a region of upflow where temperatures increase with depth and an eastern
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outflow region with temperature reversals (Dykstra and Adams, 1978;
Lonez et af., TUSO),

The productive capucity of the wcll:, was initially assessed by short-
period testing, i.c.. discharges of up to 30 days. Later it was decided to
run & longer well discharge (Lopez and Eckstein, 1980). Over this dis-
charge period of 6 months, a clear pattern emerged: wells in the upflow
zone rin down moderately: wells to the east of this zone ran down more;
wells to the far cast experienced extreme declines in flow. Examples of
cach are ilustrated in Fig. 7.8. In uddition to the flow decline, all well
discharges increased in dryness.

The rundown here has been explained as being due to the inward ad-
vance of cooler (external) water and consequent silica deposition that
sealed off further recharge. The important result is the discovery of the
rundown, which indicates that only part of the reservoir will sustain pro-
duction for power generation, at least if exploitation is carried out as is

currently planned. This conclusion could not be drawn from the short-’

term test data,

7.4.3. Broadlands

Broadtunds. New Zeuland, is interesting in that wells tapping this reser-
vorr were discharged long-term and then shut in for an equivalently long
period. The reservoir thus sustained both a drawdown and arecovery. An
anatvais of the dutit shows that in this double test we can get some ficld
resa'ts not castly obtained otherwise.

‘The simplest possible model that can be applied to a reservoir to simu-
e suehdrawdown and recovery is the basic model of Section 3.4,

Jdr /
= o+ Py— (7.4)
Y
T VT26 I MT9 ™ MT24 ]
& - ./\¢-\\ |
« v Welthead S i
‘ 1 (- - = FHessUrE \ - I- ,f "
% : Ly pressure i B i
: k% ‘v-\w\\ *' |
————— A i
- . \ - ! . . . i) i . N -
: 107 109 107 10%1 102 0?
TIME FLOWING howrs
fir {ts !

¥ TR, Rundown of three wells in differcat parts of Momotombe field_ ) M1-261n the
rvtow sone., 1918 T the outflow, (o) MT-24 al extreme end of outflow. (AN from lLopez
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Fig. 79. Parameter vanation of simple model fitted to pressure history of Broadlands
reservoir. (From Marshall, 1975; personal communication.}

The ratio T = ¥u/a, is a time constant for the model. In secking a best fit
for the Broadlands data this ratio was varied (keeping maxtmum draw-
down constant) and the results plotted. These curves are shown in Fig.
7.9. It will be noted that for the 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 if there were no recharge. The storage
constant ¥y is determined during this phase of the test.

In contrast, with no withdrawal and no other input of fluid the rccharge
controls the rate of recovery. The time constant 7 is thus defined by this
phase.

It should be noted that, with longer-term withdrawal and greater draw-
down, the recharge begins to play a more significant role. Ultimatealy the
various drawdown curves would therefore separate and a best time con-
stant could then be estimated. The best fit has a value T = 6 years.
Observations over only 3 years cannot define 7.

7.4.4. Tongonan

We now return to Tongonan, a high-temperature reservoir containing a
two-phase zone. For such a reservoir it is desirable to estimate not only
the future mass flow from a well but also the future enthalpy. Both will
change with time, and knowledge of both is needed for proper surfuce
plant design. From experience in other fields we know that the enthalpy is
most likely to increase with time and with flow'rate, but we huve no a
priori idea of how fist or how far. We also know that with exploitation a
steam zone may form at the top of the two-phase zone and shallow wells
may go dry. Again, we have little knowledge as to how big this zone will
be or how gquickly it may form.

To discover just how the enthalpy of a pamcular well may change there
is therefore no good alternative to an actual trial discharge for some
extended time. Such a discharge will not give any inf%;muliun about the
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|g 7.10. Rundown of thrcc wells at Tongonan. (EDC Division of Philippines Nationa!
Oi! Company/Kingston Reynolds Thom and Allurdice, New Zealund, 19813 pcrson.d com-
mumulmn } .

possible future steam zone (a major and extended field discharge would be
needed for that), but it can indicate the well’s own local characteristics.

Ve are attempting to define the loca! reservoir physics where they cannot
vet be predicted.

aure 7.10 shows the discharge history of severul wells. Well 202
Jiows i low-enthalpy well—enthalpy remains constant and mass flow
declines. Well 401 shows o norptal two-phase well—enthalpy rises and
mass flow G'1s with time. Well 304 shows anomalous behavior—enthalpy
falts with time. Such anomalous wells represent a deviation from the trend
expected for wells tapping a flutd-charged fayer with homogeneous char-
acteristics. Possible explanitions are thermid stress cracking, thermal
contruction (Stefansson and Steingrimsson, 1980b), presence of two
zomes in 1he we'l, and entry of cooler water from outside the area. The last
cou'd e serions and so comprise i warning of a potential problem.

For the very long term, i.c., under full exploitation conditions, these
trends cun be taken only as indicators. Anomalous wells may or may not
be used, denendine on outpuat characteristics, their locations, and the
exntiotions of the anomatous behavior. An average trend may be as-
weaed fur ety production wells and this should at teast give basic infor-

soatiom for ntant design,
7.5, COTHERTENTS
7.8.10 The Use ol Tracers
The heterogencous and fractired nature of many ¢ reothermal reservoirs

creates pm" emy for the practical en wineer and also for the lhum?l for
vimnie, tn o his it len'\ to nredict reservoir hehavior from well and

7.5. Other Tests 179

interference tests. In many reservoirs we deliberately drill 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 get rid of the waste water and we would like the benefit of some
pressure maintenance, but we do not want cooling of production wells.

One testing tool that proves useful in such fractured and heterogencous
systems is the chemical or isotopic tracer (Vetter, 1978). Some of these
tracers are natural, i.e., they already occur in the fluid in some part of the
system and the changes in them from one zone to another may be rele-
vant. These changes may give some sort of time scale for the movement
of ﬂu:d ‘from one-location to. another, or they may indicate a mixing of
fluids from different zones or the dilution of thermal waters with cold
groundwaters, For example, the low chloride content of cool groundwater
surrounding a geothermal reservoir may ultimately be the tracer that indi-
cates; that recharge water is reaching the production zone.

Natuml tracers that tag water directly could be of particular interest.
The:ae dre the hydrogen and oxygen isotopes: tritium, deuterium, and
oxygqq 18. The increased tritium in meteoric waters resulting from the -
atontic bomb tests at Bikini Atoll has been used as a time marker for some
hydrologic studies. The presence of tritium in well discharges, as at Lar-
derelh'i (D'Amore et al., 1977), shows recharge of recent groundwater,
Natural tracers have been used at Krafta to indicate the velocity of the
natural flow {Stefansson, 1981).

Introduced tracers are the most common means of trucking inhomoge-
neities in the reservoir. Such tracer studies have become an essential part
of the testing procedure when reinjection into a fractured reservoir is
contemplated. As a too! the introduced tracer indicates, and in some
respects evaluates, a basic physical property of the reservoir: the prefer-
ential nature of the permeability. It should be pointed out, however, that
if the reservoir ts sufficiently heterogencous for marked connections to
show in some places, a poor connection elsewhere in that reservoir does
not necessarily mean (unless there is other supporting evidence) that the
tracer is not getting out to thut arca quickly. A pertinent flow channel may
be only meters away from the observation well and yet may not connect
with it. Consequently, o trucer test in an injector maity only be assumed to
give information relating to connections with existing wells, not to pro-
jected ones in the same arca.

7.5.2, Tracer Tests at Watrakei
i
Three wells at Wairakei (WK8&U, WK101, and WK 107) have developed

cool downflows. Natural reinjection takes place as steam-heated ground-
waters enter these wells at a shallow feedpoint, flow down, and. are in-
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Fig. 7.11. lsotope tracer tests at Wairakei, (From McCabe et al., 1951.)

jected into the reservoir at greater depth. To determine where this water
was gotng, radioactive tracer was released into the downflowing water
(McCabue eraf., 1981). Figure 7.11 shows the results, The pattern of tracer
fow shows strong preferential return, In the test at WK107, returns to
WER2S and WERAR were followed by a fairly uniform return to all wells

sampied afong the Waiora Fault. The tests at WKE0 and WKI10I show a -

creng orientation of Tow wlong the Kutuno fuult, and all show a general
trend of Mow to the southwest, In cach test less than 10% of the tracer was
recovered, so it s not known where most of the injected water went,

17 the medium were homogeneous, no return at all would have oc-
curred. A chemical front shou!ld advance less than 50 m from any well
over the 30 duy detection pertad of the tricer. Thus, the observed returns
indicute strong preferentin! flow paths within the reservoir. There was
also some vertical structure to the returns—the tracer was traveling
downward,

Thix pattern of preferentia! flow paths and marked heterogeneity con-
trasts with the unitormity of the druwdown and the genera! uniformity of
Wairakei behavior. 'n some respects the Wairakei reservoir behaves like
» homaogencous medium; in others 1t does not,

752 The Partin! Shutdown of Watraker, 19681969

Althoueh o long-term disturbance in a reservoir is needed in order to
determine some parameters, such s the recharee, a sudden change in
sote Seid charancteristic can atse given information, A good example of
sttt o chitnpe wats the partiad shutdown of the Wadrakei field in [968, At
that time o temporitry surplus of base generation capacity meant that
b two-thirds of the production welts at Wairakei could be shut down

w wm
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Fig. 7.12. Recovery ol average reservoir pressurc at Wairakei during partial shutdown in
1968. (Ministry of Works and Development, New Zealand, 1981; personal communication.)

for 3 months. The shutdown was not fully representative of average field
response as it was the high enthalpy wells that were kept on flow. All
available 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 Wairakei pres-
sure level. There is an observable recovery in the field pressure. Some
outlying wells also showed fast responses to the shutdown, whereas oth-
ers did not produce any obscrvable response.

In absolute terms the field pressure increased at the rate of about 470
kPafyr during the shutdown. Allowing for the prior falling trend, this is a
change of about 570 kPa/yr, with & mass discharge reduction from 1.9 t/s
to 0.8 t/s, t.e., 1.1 Us.

If we assume that the pressure change is controlled only by the change
in mass flow and ignore the enthalpy changes, this test gives us the reser-
voir storage coefficient

Uwm = (L1 t/s)14.7 x 10° Pa)/(3 x 107 )] = 70 t/Pa.

Note that from this data alone, only ¥y can be computed. A similar test
could be carried out on a new ficld by simultaneously opening u lurge
number of wells. In essence such a test is carricd out when the first power
plant is commissioned.

In terms of the simple mode! of Section 3.4, we have determined one of
the two parameters needed to estimate rescrvoir performance. In the case
of this particulur test the other parameter can also be found by using the
prior history of the ficld. Before the test the reservoir pressure was falling
at the rute of 100 kPa/yr and the mass withdrawal rate was 1.9 t/s. We use
the storage cocefficient just computed and assume that it applies to the
total withdrawal. (Note that the enthalpy is different from that of the
partial shutdown withdrawal.) This rate of fall then implies o net mass loss
of 0.2 Us from the reservoir, and it can therefore be assumed that the
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remainder of the discharge, i.e., 1.7 s, was being replaced in the reser-
voir. The recharge at the time of the test (1968) must have been this
L7 s, ‘

At that time the pressure drop in the reservoir was 2.1 MPa from its
initial vatue. Assuming that this recharge is proportional to the pressure
‘drop. the recharge coefficient is T

a, = (1700 kg/s)(2.1 MPa) = 810 kg/MPa - s.

When compared to the values obtained by analysis of field history (Table
®.2}, these figures show that the 3-month test produced results for a, and
. Y that are about 1355 and 50%, respectively, of the historical results—a
pood match by peothermal standards. The discrepancy is probably due to
real differences in short-term and long-term behavior.

7.6. SVARTSENGI, ICELAND

We tuve chosen 'Svartsengi in Icelund as an example of a reservoir
testing project from which definitive rescelts were obtained. Although
there ure some prablemis in interpretation of some of the parameter vilues
obtained, these interpretations are not important for the particular aspects
of ticld behavior being considered. The analyses are therefore valid for
their purpeses.

The seothermal field of Svartsengi has been described by Thorhallson
TOT) and Georgsson (19R1), 1t is located on the Reykjanes Peninsula,
along an carthquake zone, In that region peothermal areas are associated
with Surface fissure zones. Encrpy from the Svartsengi reservoir is used
for district heating and cogeneration of clectricity, The reservoir history
diseinnsed below was deserthed in detadl by Kparan ef of . (1979), and our
commentary is adanted from their paper, and Kjaran (1981; personal com-
nunicitton,

A mode! of e naterat flow in the earthgquake zone is ilhistrated in Fig.
T3 The Maid tarped in owells ot Svartsengi s o hrine, apparently de-
rived Drom aomixture of seanwater and fresh water concentrated by boiling,
and s at i temnerature of about 2.00°C i the reservoir, The hydrology of
the Reykijanes Peninsafu, including Svartseng:, is modeled conceptoally.
A regionat Now of fresh water from Vake Kleilirvatn to the sea mixes
vl dntresions of scawaler while goining heat as 1t moves through the

sastent, There iy some Toss of steam to sorface activity. The estimated

Neat input into the Svitrtsene reserveds s 300 AT fthermal).
T 197 five wells had been dritled in Svartsengt: of these, two are in
nroduction and one iy used as an observation well, This well, M-S, re-
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Fig. 7.13, Svartsengi field. (a) Regional flow on the Reykjanes peninsuta. (b) brawdown
in observation well H-5, on semilog plet. (Both from Kjuran et 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 10-7 m/Pa.

The response 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 and a storativity of 1.5 x 10-9 m/Pa
is obtained from this relationship.

The drawdown 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 of the trenchat great distance. A model of this form has
been used to match the entire pressure history. In this model the **box™" is
bounded by impermeable walls defired by earthquake activity, With these
bounds the average storativity is reduced to about the value suggested by
the barometric efficiency. This average reflects the stiffer wall structures,

In the analysis by Kjuran ¢f al. (1979) this mode! is used to determine
future pressure drawdown. The future performance of the wells may be
estimated from this expected future drawdown. Because the wells are
subject to deposition where there is flashing in the wellbore, the future
pressures are also wsed to predict likely future scaling depths, On the
basis of this analysis it has been decided to increase the well casing depths
and the casing size in any furthef wells drilied.

This model of the reservoir as a liquid-charged box with a specified
transmissivity and storativily is almost idea! for predictive purposces. It iy
simple and ¢iasy to understand physically, and it matches the reservoir
behavior wi'hs 1 minimum number of parameters, [t is interesting 1o note

that it - sseribe all aspects of the reservoir. For their analysis
Kjar:- .9) utilize the storativity of 1.5 x 10-¢ m/Pa with obvious
good nis storativity is difficult to interpret. It implies either
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an unconfined aquifer of 1.2% porosity or a confined one of porosil-y-
thickness ! km. and both cases ure difficult to explain. The surface dis-
charee of steam. coupled with chemical evidence of boiling and two-phase
.“:uid_cncounlcrcd in one shallow-feeding well, suggests the. existcr}ce of
swo-phase fluid in the reservoir above the 240°C water. As previously
indicated. this wou'd drive up the storativity value. These conceptual
probiems do not influence the predictions mude.

7.7 RAFT RIVER

Raft River in Idaho is a low temperature field with maximlfm tempera-
ture of about 145°C that is being developed for a 5 MW binary power
station (Millar, 1979). The testing of the wells and reservoir is described
wy Allman ef al. (1979) and Spencer and Callan (1980). There are seven
décp (1100-2000 m) wells—lour producers and three injectors.‘ lr] ad_dl-
von there are a number of monitor wells up o 400 m deep and irrigition
wel's un 1o 100 m deep. .

“The deep wells are apen to the sedimentary Salt Lake Forn_wlmn. and
five nenetrite underlying quartz monzonite. Shallow wells in the area
ncncl'z.rutc unconfined aquifers, whercas deeper wells find confined aqui-
fers with increasing overpressure (up to 1 MPiin some of the prot.lucuon
we'ls), Sinee some shallow wells are hot and nearly all show chcmtcal'an‘d
chermal evidence of upward leakage, there is some leakage between aqui-
fare. Tioure 7. 14a shows a mode! of the natural state of this field, imhc-tu-
ine 11ﬂ\\.:t'3§§ng from depth of two chemically distinct waters that mix with
cah 'u?!‘.vr' aud with groundwater (Allen ef al., 1979). _

Sxtensive fests hive been carried out on the wells in order to dctr::rm_tnc
e drawdown in production wells, the wellthead pressure in injection
wells, and hence the pump requirements, at given flow rates, for both.
Thewe 1ests are also used to estimate temperature changes and the cffect
of Cevelopment o shallow aquifers, '

Torerference tosts pive ko= 70 d-m, whereas single-well tests give kh
valites of S220 o (Kunze, 19770 Ahmed e ol 1979; Hanson, 19800).
There s i comples distribution of permeahifity {Allman el e, 1970
wihich meins M pavaterm hehavior does not simple analytical models
feech s nresstre Suildun inoauniforme infinite acuifer). Figure 7.14b
Shoas {'.n:l?mi’.dl:p ofweltead pressure in RRG-0. Experience has sh(')yvn
Do o semilor straight line osoadly develops after about 10 hours. The

: H : e teels hs s Cthe ‘..
contrast between single-wetl and interference tests so shows tlu.j pres
ence of additiona! structure. Long-term injection has shown further
Chpnees: inicctivity increased with time amd welthead pressure fell. Con-
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Fig. 7.14. Raft River low-temperature field. (a) Natura! flow pattern. (From Allen e al..

1974.) (b) Buildup of wellhead pressure during injection into RRGI-6 (From Allman er of.,
1979.)

sequently, the shorter-term transient tests did not predict later well per-
formance (L. L. Mink, 1981; persona! communication),

Detailed interpretation of downhole and other data has defined the
nature of the permeability. Temperature changes during warmup define
producing zones (Kunze, 1977; Stoker er al., 1977). From analysis of
barometric and tidal effects, the porosity of the producing formation has
been found to be low (<5%) in RRGE-1, 2, and 3, but high (14-24%)} in
wells 4, 6, and 7. The first three wells penetrate the Bridpe Fault or the
Narrows Structure, and the low porosity confirms production from fruc-
tured crystalline rock. The latter three wells produce from the Salt Lake
Formation, and the high porosity is consistent with core samples (Han-
son, 1980b), '

In measuring pressure transients it has been found that results are
easily biased by temperature changes in the wellbore. A change of 0.35 K/
hris sufficient to affect pressure data collected at wellhead or bottomhaole
(Allman ¢r al., 1979). In consequence, it is necessary to flow a well at a

Jow rate for 4 week before a discharge test in order to warm it up.

The management of the injection wells has been the object of some
study. 11 is desired to avoid therma! degradation of production water or
chemical degradation of trrigation water by infecting into an aquifer that
does not rapidly communicute with either the producing wells or shallow
wells, Injection wells RRGI-6 and 7 are intermediate depth (F180 m),
Here, formation temperature is too low for production. Interference tests
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between the deep wells and shallow monitor wells show a variety of
responses (Skiba ef af., 1981; Petty and Spencer, 1981}, Observations in
the shallow wells are affected by the pumping of irrigation wells and
_scason;d groundwater changes. Some monitor wells show only these .ef-
fects, whereas two show direct connection to the deep producers, 1t is

cxpected that production will tower water levels in shallow wells in this.

ared. One monitor well responds rapidly to injection, and & pressure-
sensitive vertical fracture is hypothesized.

Spencer and Goldman (1980) describe a numerical model in which a
layered reservoir has some near-vertical zones of high permeability. The
model fits the observed response of the shallow wells to the deeper injec-
tion and production wells, Simulations using this model indicate that long-
term operation “of the field will contaminate Lroundwaler .md alternative
disposal sites are being sought. . :

The testing of the reservoir at Raft River is strikingly snmllar to high-
temneriture fields as regurds some of the problems that confront the
amatysts thermal effects in the wells, vertical communication, and the
ditticulty of characterizing the permeability distribution.

7.8 EAST MESA

7.8.1. Introduction

One purpose of our attempts 1o quantify conceptual models on a reser-
voir scale is to develop areservoir model that may give us some idea 4s to
how that reservoir may hehave once exploitation is underway. Most geo-
thermu! reservoirs are inherently complex and may not behave in so
simple o manner. The reservoir ot East Mesa in California appears to be
onc of the fess complicated examples. It also has the advantage of having
been theroughly tested and 1s therefore an appropriate reservoir for illus-
fratine profection of the behavior of a reat ficld under exploitation. Since
no proaduction has vet tiken phice, the predictions are af] theoretiead, but
both distriiweted-parameter and tomped-parameter simulations have been
carriedd o

Ay con overlies a reservoir of sund and interbedded shales thin
contiais water attemperatires of ap to 200°C. Figure 7150 shows i plin
vivw o7 the field and 7U15h, shows o section through the field. A domed
“eempd srrneture is present. The surface heat flow shows o similar maxi-
mum over the dome, The center of the dome corresponds to the intersec-
o of fHholts,
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Fig. 7.15. East MeQa field. {a} Plan view, with contours showing depth in kiwmeters 1o
thé 170°C isotherm. {After Mosris and Campbell, 1981; copyright © SPE-AIME.} (b) Section
through the reservoir along line shown on (2). (From Riney et.al., 1980b.)

7.8.2 Res-ervoir Parafnclers

Several wells have been drilled, and rock properties such as net sand
thickness, porosity, and (air) permeability have been obtained from core
samples. Values of these properties for a selection of wells, both potentiai
producers and injectors, are given in Table 7.3 for one depth interval
(Morris and Campbell, 1981).

" Numerous well and interference tests have also been performed. Val-
ves of kfi/p. obtained range from 2 X 10°%t0 7.5 x 1072 m*Pua - s, equiva-
lent (for water at 160°C) 10 a permeability-thickness of 3-12 d-m. A
distinct trend in permeability is present, with higher values to the north of
the field. Considerable inhomogeneity is present (McEdwards et al.,
1978). )

From the interpretation of this well and other data, a clear picture
emerges of a reservoir that is confined above and below, of reusonubly
TABLE 73
EAST MEsa RESERVOIR PROPERTIES. 1680-2130 m+

Well

16-29  16-30 3B-30  56-30  S8-30  7H-MORD 74-30 IX-2M

Sand thickness 317 290 41 Y 281 186 w 267
(m) -

Porosity 0.16 0.16 0.21 0.17 0.1} 0.21 (L 1. ni?

& {atr) {md) 41 63 353 64 11 (3 F45 470

« From Morris and Campbell, 1981; cupyright © SPE-AIME.
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homogencots permeability on the reservoir scale, and charged with liquid
water, Vertica!l permeability in the sandstone aquifer is limited by the
presence of shale breaks, but these are not continuous and some vertical
permeability must remain. The shale layers are also thin and so are as-
sumed to remain in thermal equilibrium with the sandstone and the water
in it On the gross scale the medium is thus assumed to be homogeneous.

7.8.3. The Natural State

Two independent simulations of the natural state have been made: by
Goyal and. Kassoy (1978), Kassoy and Goyal (1979}, and Riney er al.
(1979, 1980a,b).- Both simulations employ a similar conceptual model.
Fioure 7.16a shows the model of Riney ¢f ul., including the system ex-
tending 10 the mantle and the subregion that is the réservotr.

'-'i"'m. 7.16h shows the reservoir mode! of Kassoy and Goyal. A perme-

e laver fies between the impermeable cap and the basement layer. The
hter i zfso taken to be impermeable except for the fault permeability
where hot witer rises from greater depth. Fluid flow is up the fault and out
along the aquifer, Heat is convected with the fluid into and out along the
actefer and s lost by conduction through the cap to the surface, produc-
inu the surface heat flow anomudy. The Kassoy and Goyal model is a two-
dimensional vertical section that qualitatively reproduces the pressure
and temneratures found. With this simple model it was possible to explore
trwe sensitivity of the thermal pattern to reservoir parameters.
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‘Riney et al. (1979) described an axisymmetric model that was later
expanded to the three-dimensional model of Riney et al. (1980a.b). The

- upflow js localized along a narrow zone. Using honzontal permeabilities
*found from well tests and allowing other parameters to vary, Riney et al.

{1980b) produced a good match to the surface heat flux and to the isother-
mal cross-section. The vertical permeability was found to 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 pattern is found. There are, however, strong
variations in salinity not consistent with these models, so that it has been
argued that the system is changing (Hoagland and Elders, 1977). The
chemical data provides reservoir mformanon not readlly apparem in pres-
sure or temperature data. . .

7.8.4. Distributed-Parameter Simulation of ExploitaliJon

If we ignore any possible changes in inflow 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. It should be noted that the temperature changes
follow the flow changes as colder water is pulled into the reservoir.
Changes in both flow and temperature have been evaluated using a three-
dimensional numerical simulation of the reservoir by Morris and Camp-
bel!l (1981).

Figure 7.17 shows a section of the simulation model, with the assigned
properties in one node. The small-scale inhomogeneities found in the
testing are ignored in this larger-scale study. Since the permeabilities
obtained from the well tests are less than those measured in the core
samples, core values are scaled by a constant factor to match the well-test
values more closely,

The aquifer in which the geothermal fluid is found continues out beyond
the hot boundaries. The options for the modeler are either to extend the

760

E1370

1680

a 140 md .

Fig. 7.17. Scction of Kast Mess nu- 3 =017 P’°":‘:“"“ Zone
oL . . . . &0° =9 d-m

merical simulution model of Morris and 2130 1
Campbeli (1981, (Copyright ¢ SPE-

ATME.) 2440
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model further out into the cold region (in which event he may still need to
include & source tor additional cold water) or to cut the model off at some
appropriate peint near the boundary of the hot reservoir and allow some
form of pressure-drop-stimulated influx, Morris and Campbe!l (1981) took

the tntter option and allowed an influx over their boundaries proportional

to the drop in pressure from its initial value at these boundaries, -

Under production the wells in this reservoir will be pumped. Each
production well is limited to a drawdown of 3.5 MPa or a discharge of 88
ke/s. Injection wells may have wellhead pressure up to 2.8 MPa and/or a
flow up to 190 kg/s. For the simulation the tota! production was kept at a
level that would maintain a power plant gencrating 64 MW,

The general results of the simulation are shown in Fig. 7.18. The tem-
perature of the water produced gradually falls. To maintain the level of
power generition, increased fluid” producuon and additional wells are
required. The fall in production temperature is one of the important out-
putls of this simulation; the other is the reservoir pressure, which shows
whether or not flow can he maintained from the wells, The initial well
ocanion plan assumed only peripheral injectors, resulting in too great a
' the production zone. Interior injectors were subsequently added.

Other parameter variations were considered. 1t was assumed, for exam-
mie. that there was no hydrologic connection between the reservoir and
the surrounding eolder section of the aguifer. In this event the tempera-
tures Bl more rapidly because the reinjected water is colder than that in
the surrounding zone. The vertical permeability was also changed. At
20 oy tess than the horizontal the peripheral shallow injection could no
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fonger maintain production pressure, indicating that the peripheral injec-
tors would need to be deepened and/or more internal injectors used. The
more intensive use of internal injectors, utilizing the ‘‘five-spot™” pattern
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’information. How-
ever, in order to establish such models and ensure that the results are
meaningful requires a large amount of high-quality data. In this case (East
Mesa simulation) the engineers obtained not only information about
changes in production temperature and reservoir pressure but also an
insight into the effects of different sitings of the injection wells. Some of
the gencral information may be obtainable with the simpler field-scale
lumped-parameter models. These are much cheaper and quicker 10 run
than a full distributed-parameter model, but they are also much more
limited in the information they can produce.

7.8.5. Lumped-Parameter Model

For the East Mesa reservoir a three-zone.Jumped-parameter mode! was
developed by Castanier er af. (1980). There is no allowance for vertical
effects in the aquifer. A central zone contains all producers and internal
injectors, and the fluid in this zone is assumed to be well mixed. Outside
the central zone is an intermediate zone with a radial temperature distri-
bution, and beyond that is an outer zone corresponding to the external
aquifer. This outer zone is assumed to remain at a constant temperature.
As the fluid moves in from the outer zone through the intermediate zone,
the temperatures are swepl in with it. Pressures are computed at each wel!
using solutions for a wellface pressure and average pressure in the inner
Zone.

The results of this lumped-parameter analysis are plotted on Fig. 7.18,
with the results from the distributed-parameter study by Morris and
Cumpbell (1981) piven for comparison. The initial temperature decline is
faster in the lumped-parameter study due to the assumed mixing in the
central zone.

In these two analyses of the East Mesa reservoir an energy reserve or o
recovery fuctor has not been specifically determined. These could have
been estimated from the reservoir data and analyses, but a deciston was
made to go d1rcc!ly to the next stage and attempt to predict how the
reservoir may bBehave under actual exploitation conditions, i.c., while
maintaining an electric power production of 64 MW, Unfortunately, no
production history is available with which to check or improve the model.
However, since the reservoir is reasonably homogencous, botinded above
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and below, and water charged, similarity to groundwater systems pro-
vides considerable tested experience to draw on. The appropriate reserve
estimate for a geothermal rc*:crvcnr is further dlscussed by Morris and
Camphell (1981),

7.9. SUMMARY

The tests described in this chapter complete the information that may
be eathered prior to exploitation. Local properties of the reservoir and
reservoir fluid have been obtained from individual well tests. Analysis or
modelingof the natura! flow in the ficld or system containing the reservoir
provides some reservoir-scale parameters (such as vertical permeability).

Extensive (in both time and distance) testing of the reservoir yields
additional properties. Most important of the tests is the interference test,
wirich, i xsuccessul, measures transmissivity and storativity over an area
of the reservoir and provides possible information about connectedness of
the permcable zones encountered by different wells. IEven with such thor-
ough measurement it can be difficu!t to characterize o reservoir by a single
constant permehility because of discrepancies between single-well and
ivrerference tests, and the imnrovement in injectivity Oflcn observed in

Tona-term and Biph-riate iniection.

Mussive dischuree can yield the storage coefficient of the entire reser-
voir, Profonged dischurge of individual wells, particularly in two-phuse
reservoirs, shows the type of behavior characteristic of long-term flow
and mives o guide to the physical mechanisms important in the reservoir—

toiting, Uitution and cold sweep, druinage, or decompression. Still not

cetermined, in most cases, is the extent of recharge of deeper fluid, or
eroundwater, 10 be expected under exploitation.

Chapter 8

Long-Term Behavior: The Observed
Response of Fields to Exploitation

JUNCVI -

! 8.1. INTRODUCTION
In this chapter we review the changes that have occurred in exploited
geothermal ficlds, as reported in the literature, and the interpretations
now placed upon these changes. The ultimate test of any approach to
explaining geothermal rescrvoir behavior is comparison with observation,
The behavior observed in these fields prov:des a guide to what may occur
elséwhere.

Nine fields are described: two are vapor dommalcd {Larderelio and The
chsers), two are low-temperature fields (Reykjavik and Selfoss), and the
remainder are high-temperature, liguid-dominated fields {Wairakei, Cerro
Prieto, Broadlands, Kawerau, and Ahuachapan). In all cases there is
sufficient history of exploitation to define the character of the reservaoir's
response to exploitation, A considerable varicty of physical mechanisms
is prescented in these nine fields. Seven show substantia! recharge (The
Geysers and Broadlands do not1). In four of the seven the recharge is
identificd as berng cold, at least in part. The reservoir storage mechanism,
where identified, is either two-phase expansion or drainape of a free sur-
face. Single-phase flow is present near some, many, or all wells in each
field, but apparently in no cuse does the response of the reservoir reflect
the expansion of a single phase within sealed boundarics.

Given the variety of respense present in these nine fields, it is likely that
this list is not a complete survey of possible modes of behavior of geother-
mal ficlds. Many more fields are now under exploration and development
around the world, and these will add substantially to the experience of
exploitation in the next decade,

An additional seven power stations on six fields have not been de-
scribed here for lack of published information. These are the stations at
Pauzhetsk, Kumchatka, U.8.5.R., and the six Japanese stations (Otake,
Matsukawa, Onuma, Onikobe, Hatchobaru, and Kakkonda). A moderate
amount of information is availuble about the Japanese plants. Of this the
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Chapter 9

Field Monitoring and Management

9.1. INTRODUCTION

Management of a geotherma! field entails making decisions between
possible courses of action. Such decisions are based on an estimate of or
belief about the results expected. There are lurge decisions (i.e., What
size station?) and small decisions (i.e., Does a well need remedia} work?).

In many practical cases the uncertainties about a geothermal field's
future behavior are so large that any estimate is a guess, although some
guesses will be better than others. This particularly applies to the most
important cheice of all: the design of the power plant. Although the possi-
Me cost of cach choice can be estimated and the ceriteria for choice clearly
‘dentthied, an pecorate batunce of costs and benefits is not possible. The

SARICN TIUN "\v.. fore be discussed in gualitative terms.

\ftera station has been producing over some period, realistic estimates
can be made of the vilue of incremental changes in field exploitation, e.g.,
adding an additional plant or adapting an ¢xisting plant. In these cases
true management is possible. -

The existence of a production history makes analysis of the field much
simpler. Many properties of the reservoir that can be only subjects of
coniecture in the development stages are demonstrated directly once pro-
duction has started. Some pleasant or unplessant surprises may appear,
and their implications will be considered. Given all this, the opportunities
0 munage—1o exercise a choice of action—can be analyzed far more
clearly and accurately,

The possible management choices that may arise are as follows:

1. Whether or not to expand generation
2. Where 1o site infill wells as the field runs down
3 Which wells to leave idle if there is a4 surplus ‘
. Whether or not to shut some wells that are proving deleterious (i.e.,
c!oqe mjectors). .

5. Whether or-not to modify station, well, or plpchne design for eco-
ROMIC reusons.

.h

_Inaddition to these dccisions, more work milsl ‘be put into monitoring
the performance of the wells and of the surface equipment, This is neces-

"4

4
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sary in order to detect irregularities that may signal the need for repair
work, or to measure the trend of declining performance and so anticipate
the need for additional wells, or a 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 get out of hand.

9.2. MEASUREMENTS

'9.2.1. Well Performance
The most basic monitoring requirement is a record of the flow of each
well. The variables to be recorded are mass flow, enthalpy, and wellhead
pressure. These variables may be modified as appropriate. If the flows are
dry steam or single-phase liquid, temperature rather than enthalpy is re-
corded. If a downhole pump is used, pressure at the pump or pumping

" power consumption would replace wellhead pressure.

Chemical saumples should be taken at convenient intervals and vapor-
and liquid-phase chemistry recorded. It is normally more convenient to
record the gas content and solute content of separated steam and water
flows than to compute these as fractions of 1otal lows. In addition, if fluid
samples are taken from steam or water flows, 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. It is a better practice 1o
report-results in a form that is not subject to such external errors.

For each well a history should be kept in a convenient form (usually a
graph) that shows changes with time. Any abnormality should be investi-
gated. The first step in an investigation should be 1o check recent mea-
surements.

.

9.2.2. Downhole Profiles

Wells should be shut at convenientintervals 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

frequency of measurement should be adapted to the rate at which the
-reservoir is changing. Roughly, the measurements should be made at
equal intervals of change in downhole pressure and temperature. Such
profiles are less important in a vapor-dommatcd field since there is less
detatl to observe downhole,

If 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
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about the casing or if the well appeirs to be blocked. If fiuid of abnormal

chemistry is present in the discharge, downhole chemical samples may be

required. If temperature profiles indicate a possible flow in the well, a -

spinner (fowmelter) run is indicated. A new output test should also be
considered if a well's performance has changed substantially,

- Most ficlds normally have some nonproductive wells that make conve="

nient monitor holes. When such wells are available, downhole data should

“~be recorded more frequently, and whenever possible a continuous pres-
sure record should be obtained. Such a record may be obtained conve-
niently by placing a float in a well that stands open to atmosphere and has
a water level. Specially drilled: monitor holes may also be useful. For
example, the possibility of vertical inflow of cold water can best be
checked by using wells that feed from different depths. Pressure changes
in shullow wells show the extent to which deeper pressure changes propa-
2ate upward. ' -

In addition to the physical task of continued measurement and record-
ing, the intellectual task of updating concepts or models of the field is also
required. At times this can be difficult. Perhaps the easiest method is to
develop predictions or projections using model or analysis. The validity of
that model or analysis can be verified later,

9.2.3.  Geophysical Measurcmenis -

As part of monitoring the changes under exploitation repeat gravity
surveys at intervals of several years are very useful in defining the extent
of fluid recharge or depletion in the reservoir. At Wairakei, Broadlands,
and The Geysers such surveys have provided a strong constraint on reser-
voir models.

Repeat resistivity surveys may detect changes in chioride content, or
the development of 2 steam zone. Base leveling surveys should be made
very early in development, and repeat surveys for determining vertical

" und horizontal deformation should be made at 4 frequency that is depen-
dent on the rate of subsidence and the importance of its effects. Changes
i the natural activity should be measured as indicators of the interaction
of the reservoir with near-surface aquifers. ° :

9.3. CHANGES IN WELL PERFORMANCE

The regular monitoring of well performance gives a record of the mass
flow and discharge enthalpy of cach well. We shall now discuss some of
the types of abnormality that may appear. The list is not-exhaustive,
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9.3.1. Norma! Behavior

First, for background, we shall examine **normal’* behavior—the his-
tory of a well in a simple depleting reservoir, with no casing brcak,_depo—
sition, or other mechanical problem. If the reservoir is vapor dom'snalcd
or liguid, there will be little change in enthalpy. Under such circum-
stances the mass flow at constant wellhead pressure or constant throttle
should decline smoothly with time as reservoir pressure falls, '

Abnormal behavior appears as a change in mass flow, a change in
enthalpy, or both. A change in enthalpy normally signals a change in
reservoir fluid. It may also indicate that the well has become partly
blocked and taps a different part of the reservoir. Normally, mass flow
also changes with changing enthalpy. This is due to the change in (flow-
ing) pressure drop in the well. A change in mass flow {beyond tt}at caused
by pressure drop) without a change in enthalpy 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 at Cerro Prieto (Dominguez,
1978:; Bermejo et al., 1978, 1980). Mass flow has decreased without large
change in enthalpy; since other wells in the field have not declincc‘i pres-
sure changes are not responsible. The decline in the well's ability to
deliver fluid indicates that the well is becoming blocked, and the progres-
sive nature of the decline indicates that deposition rather than a collaps.e
is responsible. The increasing decline in flow as flow approaches zero is
characteristic of deposition. Well M-9 was restored to preduction by
workover, but the deposition continued. (For another example of the
effects of deposition, see the discussion of BR2, in Chapter 6.) Normally,

“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. - s .
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F-I—g. 9.1. Repeated scaling in well M-9, Cerro Prieto: (From Be!-mcjo e1 al., 1980.)
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The tendency for scale to be deposited is quite variable between fields
and between wells in the same field, depcnding on the fluid chemistry.
Affected wells may need to be cleaned every few months or every few
vears; other welly in the field may remain totally unaffected. -

9.3.3. Changes in Enthalpy :

If a liquid-dominated reservoir at or near boiling point is exploited,
falling pressures will cause more boiling. The higher steam fraction in the
reservoir will result in higher discharge enthalpies in producing wells. The
changes in discharge enthalpy reflect the manner in which boiling fluid is
present in the reservoir,

In Chapter 6 we used BR2 10 illustrate the rise and fall of discharge
enthalpy in a reservoir that is nearly all two phase. Figure 9.2 shows the
changes in three wells at Wairakei. The reservoir, which was initially
fiquid dominated, underwent considerable boiling and by 1961-1962 had
formed a steam zonc (see Chapter & for more dctail), The enthalpy of a
deep-feeding well is shown by WK27. The discharge enthalpy is very
stihle and remitins at the enthalpy of hquid water at the well’s feedpoint,
Anexception was a period of excess enthalpy around 1960 when reservoir
pressures were falling rapidly, resulting in increased boiling.

In contrast WK9 is a shitlow-feeding welt and shows the development
of a dry steam discharge. The carliest discharge was at an enthalpy a little
above liquid water., After 1970 the dischirge was nearly dry steam. In
between, the enthalpy rose with considerable variability. This intermedi-
ate period was prolonged in WK9. In most other wells that went dry, the
process took only a few years.

WRA/T and 4/2 are shallow per‘lphLl‘.ll wd!s focalcd 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 boiling increases in the reservoir, and a steam zone formed. But
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Fig. 9.2. Enthaipy changcs in three Wairakei wells. (From Mmlstry of Works and Devel-

opment, New Zealand, 1981; personal communication.)
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Fig. 9.3. Chcmical and physical changes in welt WK31, Wairakei. (From Glover, 1977,
and Ministry of Works and Development, New Zeatand, 1981; personal communication. )’

enthalpy later fell agatn, although the wells’ common feed zone lies within

- the steam zone, The fall in enthalpy is abnormal since such shallow wells -

normally go dry. It is interpreted as reflecting groundwater entry.

.

9.3.4. Cold Water Entry

Figure 9.3 shows the history of well WK31 at Wairakei. Discharge
enthalpy and chloride content fell with time, as did maximum discharging -
pressure, reflecting the fall in enthalpy. By 1964 enthalpy had fallen too
low 1o sustain discharge and the well failed and was cemented. The falling
enthalpy and chloride content indicate increasing dilution of the discharge
by cold water. The downhole profiles show that a shallow feed, originally
hot, had started to discharge colder water into the well. (For another
example see KAS8, Section 8.8.) '

9.4. DECLINE CURVES AND TREND ANALYSES

9.'4. 1. Introd {Jction

If none of the effects of the previous section occur, the mass flow of a
well declines smoothly as exploitation reduces reservoir pressures. One
means of predicting future mass flow is simply to treat the past history as
a time series, It may then be fitted to a convenient formula, which in turn i

‘is used for extrapolation. No reservoir model enters such an argument:

the trend of past performance is fitted and extrapolated, no matter

- whether the data concern mass flow of a geothermal well, population uf

the earth, or sunspot frequency.
This technique can be very effective. The best predictions. of future .
performance ‘derive from such methods, even if they are no more thun
cxtrapolalmg a decline of so many percent per year. However, the tech-
nique lS limited by the lack of a theoretical model basis. It cannot predict
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fhc effect of a change in management practice, outside of past variation

The ﬂrf)w of one well can be extrapolated only as long as the control oi‘
othgr m_t.erfcring wells does not change. For ‘example, if another power
station is added, the trend with time is likely to change.

9.4.2. Decline Curves.

ghThe n:um;1 “decline curves® is given to a slundafd set of curves that
show mass flow against time. Chierici (1964) found th

L . at Larderell
could be fitted to the formula o well

W= Wyrn, 9.1)

wh:?'re ris the time the well has been flowing. A standard set of curves is
avutiable in the petroleum literature (Fetkovich, 1980). They take the form
o o= LdW Kwh '
W — 570 8.2)

\»;her.e « 1s the fractiona! decline. This results in a standard set of curves

+ A A L9 1 - M
p.‘ly.lms_,(l)}:')w rate zgainst time on log—log scale, with b having different
values. Of greatest importance is the case in whi = i

_ o port; s as ichh =0 (e :
Yoctine) 7 | (exponential

. Vo= LVu ¢ A (93)

_Thc standard decline curves can be vsed in a number of ways, Future
dischurge and ':hc ot cumulative dischurge at abandonment (£he Nuid
]"us.r\g produclbi‘c by the well} can he p_rojccicd by matching a discharge
.mtn.r) 10 one of the curves. A more immediate use is to match for a
certain pertod of time so that deviations in later performance can be

tdentified as mdgcalmg possible mechanical problems in the well (Rivery

19781, :
_Z_aif‘. and Bodvarsson {1980a.b) fitted a substantial number of well
. htst(_mcs from Wairakei, Cerro Prieto, Larderello, and The Geysers to
dr.?chpc curves. In general the fits obtained were not good, and the valye
of this technique thus appears limited. Figure 9.44 shows a fit to one well
.4t Larderello. The best fits obtained were 10 cxponential declines. Rather
thitn using type curves, exponential decline is more conveniently repre-
sented bg‘/ plotting flow rate on 2 logarithmic scale and time on a linear
s?ulc. as 1s commonly done for petroleum wells. Figure 9.4b shows such g
piot of the flow of two wells at The Gevsers.

Dykstra (1981) found that an average production well at The Geysers
best fitted to harmonic decline (b = | in [q. 9.2), or -

W= Wt #0m) 9.4)

$.4. Decline Curves and Trend Analyses 241

'
! 1000
!

w
o

@
[«
i fu Exponantial curve -"-:‘:20 L~~~ Happy Jack § ]
j é 100 g 10 -‘\N\ o
g z 5 ¥ _\_\ Happy Jack 6
= o] o = .
[T . ] A: 2 A M\‘
i il A L L k. 'l i L i i
4] 10 100 1000 .5 - 10
TIME {months} TIME {years)
(a) (b}
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where 7 is a time constant.

9.4.3. Wainwright's Wairakei Model

Wainwright (1970) made 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
_flow from the wells was estimated from a projection of future pressures.
.Two pressures were used: the deep liquid pressure at standard elevation,
‘and a steam zone pressure. The change in deep pressure was fitted by trial
and error to a formula . :

W aW

S ©-2)

Po -P=
where W is the cumulative discharge since time f; and a is a fitted con-
stant. Steam zone pressure was defined as the shut-in wellhead pressure
of those wells with steam cap profiles. This pressure was extrupolated
linearly at the then-current decline rate of 70 kPa/yr. Flow of steam wells
was estimated using a form of the deliverability equation (5.20) and a
similar but more complex form for water-fed wells. Two-phase wells were
treated as combined water-fed and steam wells. Empirical constants in
the deliverability formulas and Eq. (9.4) were fitted to past history. Figure
9.5 shows the projections and what has since occurred. '

- The projections were used to design a major modification of the surface
plant that added 30 MW of generation. Wainwright’s model illustrates the
strengths and weaknesses of trend-curve analysis. The weakness is the

E lack of a physical model beliind.the analysis. No allowance can be made

for-any change in the character of the réservoir such as cold water cntry,
that was not presentin the fitted period. The strengths of this technique
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Another problem is that the maximum subsidence is not linearly related
to the deep pressure drop. Figure 10.9 shows subsidence at benchmark
A-97. a convenient reference point. Although there is initially a linear
relution, the rate of subsidence increases with time.. Interpreting the sub-
sidence as simple compaction (Pritchelt et al., 1976), the elastic moduli 6f

- the rock must decrease with time by.a factor of more than 10, .. .

Because of the difficulty in explaining the subsidence at eral-.e,t as
simple compaction of the reservoir rock, it has been proposed that the
maximum subsidence area may be the result of a different mechanism,
although the field-wide subsidence would represent normal elastic behav-
ior. Pritchett er al. (1980b) suggest that aseismic slippage along existing
faults is responsible. They also observe that until 1963 an area at the
southern boundary was also rapidly subsiding. Recent work (Allis, 1982

"Ministry of Works and Development 1982; personal communications) in-

dicates that most of the ‘subsidence occurs in shallow unconsolidated
breccia above the main production depths. Casing damage indicates com-
pression at these depths: and the amount of subsidence correlates in
space and time with pressure changes in the sleam zone.

10.5. CONCLUSION

In this chapter we have briefly surveved three main problems that are of
concern to reservoir engineers und developers at present. These are by no

meuns the only problem areas, nor are any or all of them likely to be -

important or even present in any specific field. Also, the problems are not
necessarily insuperable, All are under study. Perhaps the main feature of
the measurements and analyses to date is the extreme variability of what
may occur in different geothermal reservoirs or within one reservoir. This
variability of likely behavior—a characteristic feature of all aspects of
zeothermal reservoir engineering—is one of the clements that keep the
field alive, challenging, and exciting for all who are involved with it.

Appendix 1 =

Pressure Transient Analysis

AlLl. INTRODUCTION

In this appendix we review the thé€ory of pressure transient analysis and
its application to geothermal wells. The theory has been developed in
great detail in the groundwater literature beginning with the work of Theis
(1935). Groundwater techniques were applied sporadically in the 1950s in
various geothermal fields. The first systematic use was in the early 1960s,
in the analysis of the results of a field discharge at Pauzhetsk, Kamchatka,
U.S.S.R. (Sugrobov, 1970).

Pressure transient theory is also developed in the petroleum llleralure
The petroleum and groundwater disciplines have developed almost :ndg—
pendently, and they employ different notation to develop similar or identi-
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 Matthews and Russell (1967) and Earlougher

(1977). Examples of applications to vapor-dominated systems are given
by Barelli ef al. (1976), Ramey (1976a), 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
practical problems that can confuse or obscure pressure measurements.

It should be noted that pressure transient analysis has not becn.proven
in geothermal practice in the sense that predictions from well tests have
been made and validated by subsequent experience, The frequent obser-
vation that kh from interference tests exceeds that of single-well tests
mdwates that some problems rcmam

Al.2. BASIC SOLUTION

Al.2.1. Line Source Solution

-—

.The basic aquifer’ modél'f.’or pressure transients is of a well that fully
penctrates an aquifer of uniform and homogencous permcabmly The
fluid is umrorm ‘and of constant compressibility. Flow to the well is hori-

- - i 277
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zonta! and radial, Pressures at the middepth of the aquifer represent the
depth-averaged behavior., At uny other depth, pressures differ by a con-
stant amount, so that at all depths pressures change by equal amounts.
The equation. for pressure change, ignoring matrix compressibility, has
been derived in Eq. (3.27). , :

If the reservoir fock has significant compressibility compared to the
fluid, the expression ¢ ¢ must be replaced throughout by ¢, + ¢c. This
expression is the total compressibility of the rock-fluid combination.
Rock compressibitity-is usually ignored but may be significant if the reser-

voir fluid is (compressed) liquid. The compressibility ¢ is often replaced

by ¢, the total compressibility of the aquifer resulting from all mecha-

nisms, .

_Ifan aquifer is initially at rest and at time 1 = 0 a well begins discharge
atraie g (mYsyor W = p,g (kg/s). the solution is given by Egs. (3.29-3.31).
If the well radius is known, it is then possible in principle to identify two
parameters: K/ o (the transmissivity) and doh (the storativity). Note that
only these combinations are identificd, not the separate parameters &, A,
p. b, . Here arises one of the distinclive problems of geothermal well
tests. A groundwatter or petroleum aquifer is clearly defined geologically:
thickness ik Rnown, porosity and permeability may be measured by tests
on cores, viscosity and fmd compressibility are similarly available from
lub teste or ehaloted vadves, It is seldom cleur what the thickness of a
veotherma! aguiler is. A fracture infersects the well at a narrow interval,
but through this the -well presumably draws on a much greater thickness
of fructured rock. The depth over which production has been found in a
reservoir may be known, but permeable fractures might extend to consid-
erably reater depth. Thus, the thickness is not known a priori but must
be found. Similarly, the porosity is vipue. It could be total porosity or just
the porosity in and near the fractures. Fluid properties can at times be
unclear if there is doubt as to whether single-phase or two-phase fluid is

present, This last uncertainty can in principle be removed by better en--

thalpy measurement and knowledge of retative permeabilities. Because so
much is unknown, it is important 1o be clear and to report clearly which
marameter proups are actually measured by a particular test. Usually the
transmissivity is of greatest interest since it controls the ability of the
rescrvoir to deliver fluid. '

Al.2.2. Secmilog Analysis

. Thg_i exponential ihlegral E, has, for small x (long time), the asymptolig‘.
form (following Section 3.3) )

Ex) ~ =Inx —y=-230%logox— v, (A1.1)
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"where y = 0.57721 is Euler’s constant. Then

. 4kt ] ’
= Py~ P =0 ] - Al.2
~AP =Py~ P = Tnkh [2.303 logig (¢p.c' ) . 0.5722 ( | 2)
' 4k
=m [logmt + !ng(w) - 0.5772], (AL3)
where -
_2.303gp

—_ Ald
m=—gekh ' (AL4)
is measured as"pressure change per log cycle, and this unit is written as
Pa/~ und r is the radius of observation. _ -
. Thus when pressure change is plotted against tirnp on _serlmlog;umhmlc
scale, an asymptotic straight line should be obtained. This line is charac-
terized by two numbers: its slope m, and the value at some particular time

. 1. When the slope m is identified, the transmissivity can be found:

kh  2.303¢

m anm ' ' (ALS)

assuming that a volum;: flow is specified. In geothermal wells it lb usually
more convenicnt to specify the mass flow W, Then Wy is substituted for

i un(} Equation (A1.5) is replaced by _
' kh  2303W
v 4mm

(A1.6)

Using the value of the drawdown AP at some time £, (Al1.3) gives

A’—: = —logso [(5%) 31,:71 %] 0.251 (AL.7)
or . . A
dch = 2.25 (%) (%) 10¢-a P, (A1.8)

A1.2.3, Example: lntcrferenc.eABRIQ—'BRZ_‘a.

Fighre Al.l shows an example, from an interference .tesl gl
Broadlands, of such an analysis. Wells BR19 and BR23 communicate (in
1980) through. 270-280°C liquid water. At this temperature g, = 9

- pPa - s. BR19 discharged at a flow of 64 kg/s = 0.084 m?/s. The pressure

change at BR23 is measured as a water level change. The slope of the
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Fig. ALL, Interference between BR1Y and BR23, Broadlands, as measured with float
recorder, [From Ministry of Works and Development, New Zealand, 1981, persona! com-
munication, ’

semilog stringht line is 1,98 m/~. The water at the top of the well is cold,
o that 1Y8S m = 19,5 kPa. Then

kit (2.303)(0.084)
b 4m(19.5 X 10°)

kh = 7.8'%10°"" m? = 80 d-m.

=79%x 107" mYPa s

Alternatively, the calculation could have been made using the mass flow
*of 64 keg/s, and kinematic viscosity v = 0,132 x 10-% m¥s:

kh (2.303)(64)

—_— I e— . = -4 .

v T E(19.5 x oy - 80 x 107 m s,

Storativity can be evaluated using any poinl on the straight line. 1t is
conventiona! in petroleum analyses to use 1 = 1 h. In this example the
straizht linc intersects AP = 0 atr = 11 h = 39600 sec. Evaluating there,
W :"1 interwell distunce r = '%50 m,

39600
150°

beh = 2.25(7.9 x 10-7) ( ) =57 %107 mPa. . -

.,u. 1.2. Basic Solution ' 2Rt

Using the compressibility of liquid water ¢, = 1.9 X 107% Pa~! gives ¢h =
300 m, which may or may not be physically realistic. _

As an example we used an interference test to avoid problems with skin
(scc Section A1.3.2). The radius r in Egs. (A1.2), (A1.3), (AL.D), {A1.8)is
the radial distance of the observation point from the origin r = 0. For an
mterfercnce test this is the interwell distance.

Inslead of the graphlc semilog analysis, the data can also be matched by
a_snmplc regression (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 constant rate. The solution is a sum of the pressure changes
caused by the flow increase at discharge start and the decrease at shut-in:

' dpcrt gu dpcr '
AP = -l E (41.-(: ¥ A:)_) + go B (ear) (AL9)
where ¢ is the time flowing and At is the time shut. If the asymptotic form
(Al.1) is valid for both E;s,
_ (2.303)gp (r + Ar)
AP= ek B \Ta )
A plot of AP against (¢ + AN/At on semilog scale is known as a “*Horner
plot,” and 8 = (¢ + An/Ar is sometimes called the “Horner time.”
~ The drawdown caused by several wells can also be superimposed. In
addition some types of barriers or other reservoir discontinuities can be
represented by image wells, whose drawdown is supenmposed upon that
of real wells.

Figure A1.2 shows a well and an adjacent plane boundary. Three types -
of boundary can arise: an impermeable boundary, a constant-pressure
boundary, and a free surface. An impermeable boundary is one across
which there is no flow. The effect of the boundary is equivalent to that of

(AL10)

‘ Interface

- Ima
_ ) \vlgl{ ) ge

Fig. AL2. Image well created by planc interface l
“in reservoir, . )
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an image well with the same flow as the real well in a medium of infinite
extent. A constant-pressure boundary could be produced by a fault or
some other feature of much. greater permeability than the reservoir near
the well. This is equivalent to an image well of opposite sign. Finally, if
the source well withdraws fluid from beneath an aquifer.with a free sur-
fuce, this is eqguivalent to two images—one at the image point, and a
double image of opposile sign that moves away at constant velocity (Zais
2nd Bodvarsson, 1980a.b.) '

Al.2.S. Dimensionless Vartables

The préssure change in a-test depends on the particular flow rates,
nermeability, and other parameters. These parameters can be absorbed
into the definition of pressure and time to define dimensionless variables:

2 kh

: py = 25 A p, . (AL1D)
g
ki

Iy = (A1.12)

brors,
Then the drawdown equation is '
Py = Ppltp) = LE{41p). (A1.13)

The function Py is defined independently of the flow rate, transmissivity,
or storativity, It does depend on the reservoir peometry. The dimension-
tess var ;a')!tq Py, ty. are principally of use in more complex situations,
where correspondingly more complex forms of drawdown can be rcprc-
sented in a standard format,

The asymptotic (long-time) form of the dimensionless pressure for a
well in an infinite aquifer is (A1.3):

Pp = —(1.151 logo tp — 0.2886). (Al.14)

The log slope ts 1151 per cycle, in dimensionless form. The dimension-
‘ess time 1y 15 defined on the basis of the well radius r,,. Other time scales
that are dependent on other relevant lengths can be used, but lhcy are
denoted by some appropriately vancd notation.

Al.2.6. Type-Curve Matching

Given the single function Pyl 1p). the drawdown in an actual sitvation is

related to it by the scaling (Al.11), (Al.12) of the pressure and time -
variables. Thus if Pp is plotted against fp on log-log scale, a plot of AP~
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Fig. Al3, Typc-Curve maich to BR19-BR23 interference. (From Ministry of Works and
Development, New anland 1981, personal commumcatlon)

against 7 is obtained by shifting the graph along lhc time and pressure axes

_while keeping these axes parallel. To match observed data, one first takes

a'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 Al.3 shows the-data of Fig. Al.1 plotted on log-log scale and
matched to the line-source solution. The correspondence between the
dimensionless and dimensiona! scales can be evaluated -at any match
point, The chosen one is AP = 0.1 m = 980 Pa, ! = 10 h, at which it is
found that Pp = 0.057 and 1p = 0.265.
Then, cvaluating the definitions of the dimenstonless variables,

Ah_ﬂ'l.i:%.%—?gxlo’ m3/Pa - s,

_'—"'—"-'"——_"'—'—"_ .9!1'12/5.

and

dch = ("")/(&) =87 %10 " miPa.

- Compared to the semilog analysns. we find a nearly identical valuc of

transmissivity (and hence of kh) and a 50% targer storativity. When both
semilog and log-log analyses are possible, the semitog resulis are gener-
ally preferable. The log-log analysis in this particular case yields some
additional information: it shows that the data for less than 20 hours devi-
ates from the later data—a fact not apparent in the semilog plot.
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A1.2.7. Productivity

Following tfae line-source solution (Egs. Al.2)-(Al.4), pressure -

‘changes mcreaqmg!v slowly with time -as time increase, so that a quasi-
steady state is reached. In’ this state the drawdown is relatcd to the flow
rate by the productwuy.! K - S =

W =J(Py - P). ' mm»
Comparing with Eqgs. (A1.2-Al.4), o
1 v T 4kt ] -
7 = Fyy [2303 lOgm (m) -~ 0.5772|. (Al.]6)

An alternative expression is obtained if there is a distant radius ro at which
pressure is held constant. Then flow does ultimately stabilize, with’

12303y (ﬂ)
7= amkl OFw

For lurge values of 1 or of ryfr,,, the expression for J is not very sensitive
to r or ry. Then Lg. (AY.16) or (A!.17) can be used to obtain a rough’
" estimitte of permenbitity, A simitar cxpress-on ls used for injection, defin-
ing injectivity /.

(AL17)

Al3. WELLBORE STORAGE AND SKIN

Two simple effects that can occur in or near a well may affect pressure
changes measured in the well. These are wellbore storage and skin.
Wellbore storage is wellbore's capacity to store fluid. With an increase

in pressure, more fluid is stored. Thus, if a well is shut at wellhead some -
flow wiil continue into the wellbore. The flow in the porous medium docs

not stop instantancously, but tapers off,
Skin. refers to the possibility, that immediately adjacent to the well,

there exists a region of different permeability-—most often caused by side-
effects of drilling. This is idealized as a. rcssstance {possibly negauvc) '

concentrated at the wellface.
Al.l.1. Wellbore Storage

Wellbore stor'zi'ge is defined in terms of a coefficient

AV
AP

C =5 S ’ ALY
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where AV is the change in fluid volume, at wellbore conditions, for pres-
sure changc AP. A dimensionless coefficient Cp can be defined. In most
groundwater and petroleum wells filled with liquid, if the wellbore volume
is V, and the compressibility of the fluid in the wellbore is ¢,C= V¢,
However, in geothermal wells a different effect controls wellbore storage.
After shut-in, fluid continues to enter the well. Thé Wellbore cools during
discharge because downhole pressure is lower. As pressure recovers, the
wellbore and adjacent rock reheats, and steam to supply this heat con-
denses in the well. This results in much more fluid storage than would be
‘achieved by simple compression (Barelli et al., 1976}. The wellbore stor-
age coefficient 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.

At1.3.2. Skin
Skin is defined as an additional pressure drop APy, at wellface:

qu
Imkh S

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

APyin = (A1.19)

_aqp bperty | ] . -
AP = Takh [E'( b) + 2 (A120)
or, in dimensionless terms,
;' o 2nkh
- ' — + (A1.21)
qn AP = Pg(t)p + s.

The presence of skin does not alter the evaluation of transmissivity in
semilog analysis. It does affect storativity. Equation (A1.8) must now be
written

khy/ 1 : '
- = — ] — - m)
dche % = (2.25) (u)(‘%)lo( AP _ (A1.22)
AP ke
s= 1.151[7;— ogio (¢—Mr—‘) +ozsn] AED

~In Equations (A1.21)—(A1.23) AP is the difference between the pressure
at time ¢ and that before the flow change, i.e., if the transient is for
_drawdown it is Py ~ P; if for buildup AP = P P, where PM is the
ﬂowmg pressure immediately before shut-in.

- -
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In petroleum or groundwater, &, &, and ¢ are known from geologic
structure, coring, and fluid samples, Then skin can be evaluated unambig-
uously through Eq. (A1.23). In geothermal wells none of these may be
known. Equation {A1.22) groups the unknowns together, since it is this
single combination that is measured, The range of uncertainty of ¢4 is
such that a very large positive or negative value of 5 can still be detected.

Skin cun be more clearly identificd by type-curve matching. In place of
the single curve Pp(1p) corresponding to the line source solution, a family
of curves is generated for different Cp and 5. Such curves are calculated
by Agarwal ef al. (1970), and Earlougher and Kersch (1974). Figure Al.4
shows a match 1o one such curve,

1t.is the sXkin that is of greatest interest. If a positive skin is obtained,
flow of fluid to the well is obstructed, perhaps by drilling mud or cuttings,
and there is the hope that larger flows might be obtained by changing
u'lH"L practice. In the case of the well in Fig. A1 4, it was concluded that

fow would have been doublcd if the skin were absent (Saltuklarog!u
"u! Rivera, 1978).

The type-curves are also of use in refining the use of semilog plots. The .

early data in any test are influenced by storage and skin, or other possible
factors, and 11 is possible that an apparent semilog straight line may not be
correct, I spurious carly semilog straight line is present in addition to a
true foter ore, the method of Garcia-Rivera and Raghavan (1979) can be
used in nlce of log—log matching to analyze the semilog curve. The initial
slope on the tos—log plots with storage present is always unity. The semi-

10 I_ L] T
' !
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g
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= |
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: At (min}
CFg. A4 "‘ypc~curvc match o injection transient to determine wellbore storage and

skin. (':""nm Sattuklarosluy and Rivera, 1974}
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log stralght line begins 1.5 cycles after this unit slope ceases, and this
identifies the correct straight line. :
The use of type-curves suffers.from the defect that the curves are very

" similar, so that any match is imprecise (Barelli er 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 Egs. (A1.20)-(A1.23) with skin
present apply only to drawdown at the producing well. The pressure drop
due to skin occurs only at wellface. For an interference 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 may increase more rapidly with
flow rate, This can occur if fiow ceases to be laminar and becomes turbu-
lent. Then a pressure drop near the well, proportional to the square of the
flow rate, can be added to the normal pressure drop. This can be detected
if pressure transients at different flow rates show an apparent skin that
increases with flow rate,

Ald4. INJECTION

So far, the analysis has been for discharge. Since injection is, in princi-
ple, the reverse process, the equations are altered only by changing the
signs of AP and g. Injection is a simple fnverse of production if the fluid
injected is of the same enthalpy (qualny 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 homogeneous. fluid, Near the well is a bank of cold injected
water. Beyond that is-injected water heated by contact with rock, and
beyond that, reservoir fluid. The reservoir fluid “*sees™ an expanding
volume of water at reservoir temperature. In addition, the region of dis-
turbed pressure 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 volume
source to the reservoir fluid. With a volume source specified injection
testing yields the transmissivity kh/p. and storativity bch of the aquifer.

.Over longer times other effects can occur if sufficient cold waler accu-
mulates to affect pressure gradients or if mixing of the injected cold water
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into reservoir fluid occurs. In the latter case thermal effects can then
influence pressure changes. The most striking example is injection of cold
water into a two-phase reservoir, which can ultimately lower pressures
(Grant, 1981a). (See also Secuon Al 12) LT

ALS. Two-PHA'sEFLow
Al.5,1. Fluid Parameters

A frequent occurrence in geothermal fields is that two phases (steam
and water) flow together. This may occur in a liquid-dominated reservoir
orina v.tpor—domindlcd reservoir (in which case the water phase may be
immobile). The pressure transicnt technigues remain valid provided that
“the fluid properucq are rudcﬁncd (sec Chapter 3). Compressibility is
given by

(pC) dT, (o — )

.24
77 (A2
Fluid viscosity s defined by
'rw kn M
1w —. x=qpov (A1.25)
X1 X X
and density by
1 1 (H.~H., H,-H
——— + , (A1.26)
(4] st'( Ps Pw )

where H, is the enthalpy of the flowing steam—water mixture and all other
thermodynamic variables are evaluated at undisturbed reservoir condi-
tions. Equations (A1.25) and (A1.26) also imply p, = pwe.

To compute the viscosities requires knowledge of the relative permea-
bility functions ke and k5. They need not be known as functions of
suturation but must to be known as functions of each other. The enthalpy
1 is defined as

Crw H. ke : . )
H, = (H:" + -—‘——~) Ve (A1.27)

and this can be rearranged to yield )
bw vaH,—H vel-—X

S Rl 7 k. S A28

" Fn M ~H. v, X

- where X = (H, — H,) H.. is the flash fraction or dryness. If one other
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relation between k,,, and & is known, Eq. (A]1.28) yield;&i k. and &,,, and‘_

then Eq. (A1.25) gives p, (or vi). (See Appendix 3 fora graph of v./v,as a

function of temperature.) In the absence.of such knowledge (the relative -
permeability functions for fractured media are not presently known), a

transient test yields a measurement of kh/w, or khfv,, and not kh.
‘A1.5.2] Relative Pcrmcabililie.sm B

‘For transient analysis it is not necessary to know the saturation. Only
the relative permeabilities k., and k; are needed to compute the viscosi-
ties p, and v,. Rather than specify both relative permeabilities as functions
of saturation, 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. (A1.28) gives k./k, . The relative permeabilities are then
evaluated from

ke = 1k + ked k), Iw = ke - (kelkr). (A1.29)

There is considerable doubt as to the appropriate relative permeabilities
for fractured 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:

k=1 (A1.30)

Calculallons can lhen be simplified since it can be shown that

w=Xv, + (1= X, , (AL31)

and the dynamic viscosity is found from p, = pyv,.
Al5.3. Numerical Approximation for Compressibility

A Eonvenienl numerical approximation for Eq. (A1.24) is available:
b (pC) x (0.42 x 10-3p-1-66), - (AL32)

where ¢, is in MPa" P in MPa and {(pC) is in J/m*°C. Taking a typical
value, (pC) = 2.5 x 108 J/m*K),
de, = 10.5P-1%, (Al1.33)

If noncondensible gases are preseﬁt, the two-phase cdmpressibilily is
decreased. For a liquid-dominated reservoir, Eq. (A1.33) is modified to

c 10.5
where Pw is the steam pressure and P, gas partial pressure. The gas is

66 + SP—O.II ’ (AI 34)

-

~
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_assumed 1o be carbon dioxide. Effects of gas on viscosity can usually be
ignored. .

A1.5.4, Example: Tests on KA28

Figure A1.5 shows two examples of two-phasé transients measured in
well KA28, Kawerau (Grant, 1980b), pressure change on shut-in from
iniection and from discharge. The semilog plot of the fall-off after injec-
tion at a rate of 11.5 &/s = 1.15 x 1072 m¥s, has a slope of 140 kPa/~.
Then .

kh  2.303g  (2.303) (1.15 X 1073

= = 1.5 x 1078 m¥Pa - s.
w dmm an(1.4 X 109 T

Evaluating Eq. (AL22) gives, with well radius r, = 0.1 m,
dede™ = 6.7 X 1075 m/Pa.’

These are the results of the test: measurement of transmissivity Ahi/p., and
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. ¥ip. ALS. Pressure transients in KA2R, Kaweran, after injection and after discharge.

{From Grant, 1980b.)
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~ storativity times e . The skin might be better defined by a log-log plot,

but a trial shows that the data is not matchable.
~ To evaluate kh it is necessary to calculate y,. Testing subsequent to this
injection test shows that the well has a discharge enthalpy of 1200 kl/kg,
drawn from a feed point at 264°C

kw _ Vo B — B -(0.133) (2794 — 1200) 6;1

ko ® Vs b~ h, (0.70) (1200 — 1155) "
Assuming Corey permeabilities gives, from Fig. A2.2, k! = 0.29, k., =
0.25, ky = 0.04, and p, = 220 pPa - 5. Assuming fracture permeabilities,
kw = 6.7/(1 + 6.7).= 0.87, and &, = 0.13. Then p, = 64 pPa - s, and

kh = 3.3 d-m (Corey) . = 0.96 d-m (fracture). .-

The compressibility of pure water—steam at 264°C is dc, = 0.73MPa 1. A
CO; partial pressure of 1.28 MPa is present, giving ¢, = 0.22 MPa~! =22
x 107 Pa-t. Then dhe ™ = 300 m,

¢ Because of the present uncertainty about the relative permeabilities, kh
cannot be uniquely calcufated. Transmissivity kfi/p, is the result of the
injection analysis. Note also the oddity that, because the injection tran-
sient measures reservoir fluid behavior, &/ cannot be calculated without
knowledge of the enthalpy at which the well will later discharge.

Jn the discharge test a stope of 1 MPa.fcycle is obl.nncd Dischirge was

atia rate of 37.5 kp/s. °

ki _2303W oo

v| 4mm S i

The density of fluid of enthalpy 1200 kJ/kg at 264°C is given by Eq. (Al 26)
as p = 430 kg/m’. Then
kh -1 ki
u—-—“'—]6>< 10-8.m%Pa - s.
P-l P oW
khtv, or Uu’p.‘ is the result of the test, A value for kh still depends on the
relatwe permeabilities.

AlLS5.5. Validity of Two-Phase Analysis

The principal practical problem in a two-phase analysis of this form is

" the value of discharge enthalpy used. In a two-phase reservoir discharge

emhnlpy normally varies with time and with flow rate. The standard tech-
nique of evaluating at undisturbed reservoir conditions (i.e., at conditions
distant from the wellface) indicates that it should be the flowing enthalpy
of the undisturbed reservoir that is used. This will normally be the dis-
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charge enthalny measured at small flow rates or at small di-scharge times.
With larger drawdown, higher enthalpies may be obtained due to heat
transfer from rock near the well (see Section 5.5). In the example of KA28

above, discharge enthalpy varied from 1200 to 1320 kJ/kg. Given the -
uncertainty about the correct enthalpy to use (and, in'¢éonsequence, about- -
the flowing density p,). it is best to regard the discharge test as measuring

Ehiv,. ; .
. The validity of two-phase transient analysis has been checked, mainly
by analysis of simulated data, For vapor-dominated reservoirs, good
agreement is obtained both with simulations and with laboratory experi-
ments (Moench and Atkinson, 1978; Herketrath and Moench, 1980). For
_reservoirs with both phases mobile, modcrately good agreement is ob-

tained with the resulls of simulations (Garg, 1980; Sorey er al., 1980;

Avdelotte, 1980; Garg and I’ritchc?tt, 1981).

. Al.6, PSEUDCPRESSURE

As a gas flows 1o u well, pressure may vary sufficiently that the assump-

tion of nearly constan! density may not be valid. This problem can be .

overcome by the definition of a pscudopressure, 2 modified pressure func-
ton (A1-Hussainy ef al., 1966).
The equation for (isothermal} flow of a dry gas is

CaP _ (h o |
bepS=V- (; v_p) . (A1.35)

i () oo
= L[a[, ™ (V[i') + UV P. {A1.36)
The normal linedrization omits the first term on the right-hand side. It can,
however, be accommodited by defining the pscudopressure m(p):

rdP )
| mip) = j—v- : : {A1.37)
Then Eq. (A1.35) becomes, exactly,
3 ' '
due 5 = kVim, | (A1.38)

There remains nonlinearity in that p and ¢ are pressure dependent. This is
‘znoved by evaluatling these purameters at undisturbed conditions:

(g;_s._t_) am

k./o ar

2 e grm, ; ©(AL39) v
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This is the linear diffusion equation again. Experience shows- thzft it is
valid for large drawdown, whereas a linearized pressure equation is nqt.
A simple justification can be given. Consider a well turned on to dis-

- charge. After some time the region near the well is quasi-steady. In this

region the equation satisfied is o _ |

. v-(ﬁvﬁ) =0 = Vim, . (A1.40)

v -

so that Eq. (A1.39), in its quasi-steady form, is correct. At distance, _th'e .
terin involving aP/a¢ is important, but since drawdown is small there, it is
correct to evaluate parameters at an undisturbed state. The pseuc.lopres-
sure approximation is a “‘uniform approximation™—valid in regions of
both large and small drawdown. o o
" It is commonly assumed that the dynamic viscosity p varies little.
Then,

m(p) = JEdP_z -H%g dpP = (%R%—z) Pr. (AL4D)

The density is proportional to pressure, and this makes the pseudopres-
sure proportional to pressure squared. A dimensionless pseudopressure

mp can be defined and the liquid solutions Pp used in place of mp,
_ L nkhM, 3, A142)
: mp = ypzrr !

The'expression ZRT/M, = Plp is approximately coastant for saturated :
steam at 1.9 x 10° Pa - m¥kg (see Appendix 3). )
Expressed in terms of P? the line source solution then becomes

oro-ri- e (D)

Note that AP?is lhe-‘change in P2, not (AP)2. Then, if there is a slope of M
on a semilog plot of pressure-squared against time,

kh =-(2lv15~£) (EME) (2.303). (A1.44)
and | . _
¢>_che“2“=' (2_25)(.‘%) (;'.2.)]0(—“_2:41)

. In geothcrmal sfeam wélls, flow is usually not isothermal. Temperature

follows pressure along the saturation curve. However; Eq. (3.54) fgr flow
~of steam with immobile water is identical inform to Eq. {A1.35), using the

- -
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twa-nhase compressibility. The pseudopressure argument remains valid.,
The .definition {Eq..(A1.37)] should be integrated along the saturation
curve rather than an isothermal line. An accurate pseudopressure for dry
steam is given by Mannon and Atkinson (1977), and one for saturated
steam by Grant (1978). Both are close to pressure-squared.

The pseudopressure is used only for wells in vapor-dominated reser-
voirs, For two-phase flow with both phases mobile, the variation in flow-
ine enthalpy means that it is not possible to define a pseudopressurc by
simple anulogy to Eq. (A1.37).

AL7. VARIABLE FLOW RATE
“AlL7.1. Superposition

It can often be difficult to maintain a constant (mass) fiow rate for a
ecothermal discharge. If there are a series of step changes in flow, the
pressure chinge can be superimposed:

AP = —T 3 AW.Pyl1p — 1), (A1.45)

and a continuous variation can be represented by an inlegral

T

J AP = = { Polip = rh)aW". (A1.46)
Given actual observations at varying Row rate, the function Pp must be
reconstriicted in order to compare it with standard solutions. This can be
dore numerically (Barelli and Palama, 1980). Superposition can also be
ceiculinted through the use of influence functions (Zais and Bodvarsson,
1980b), Otherwise, the most common method is to ignore the flow rate
variation on the assumption that it is not important. Thus, for example, if
- the flow is stowly running down, one can attempt to obtain the form of the
drawdown for constant flow by plotting AP/W instead of AP. This should
remove some of the variation caused by nonconstant flow.

~ Al1.7.2. Flow at Constant Pressure

~ One important case of variable rate is flow at constant pressure. The
pressure is held constant (at wellface) and the flow changes. This can arise
i a well is in production at constant welthead pressure and the pressure
drop down the hole does not vary much. It can also arise if a well is
atlowed to blow unrestricted, which, for wells of small mass flow, approx-
imates to lowering downhole pressure to near aimospheric,

el
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If the pressure is changed impulsively, the flow rate changes in a man-
ner that, asymptotically, is of similar form to the line source solution:

rl; (4:Li.)( : )[2 303 '°g'°(¢“hr’) B 05772] (AL4D

Thus, one plots ¢! or W~! against time on a semilog graph. If M, is Ihe
slope of the plot of W-!,

- ()G (AL48)
behe? = (2. 25)(“!)(.',, ) QUIwYAL (A1.49)

Note that Eq. (A1.47) is identical in form to the l_ine source solution.
However, the straight line is approached much more slowly.

AlL7.3. Example: KMJ!5

Figure (A1.6) shows W-! plotted on semilog scale for the discharge of
well KMJ15 at the vapor-dominated Kamojang field, West Java. The well
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Fig. Al1.6. Flow of well KMJIS at constanl pressure. (From Grant, 1979a.)
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was flowed @t a wellhead pressure of 800 kPa, equivalent to approxi-
mately I MPu downhole, A well-defined straight line of slope 0.20 (kg/s)™!

appears. Note that the straight line is not approached until after nearly 10

days-—much longer than for a constant raté test, Reservoir pressure is
3.52 MPa, Combining Eq. (A1:42} and Eq.-(A1.48), the semilog straight
line gives ' B L . -

i - B GRIED)

ENAVRR YA 2.303 L
- ( 2 >(0.20)\[3.523 - 1.1 x 10‘3)("9 x 10°

= .52 d-m,
attime 10 days = 1.44 x 10% s, YW = 0.41 s/kg. Then

0.52 x 10"3)(1.44 x 1
17 X 10°% {0.1)?

= 8.8 x 107" m/Pa,

(b(-lfu"lnt= (2.25)( )lO-(ﬁ.‘lM.ZO)

for two-phase, b, = 1075 Pa~!, so re™ = 8.8 x 10° m, implying that the
well is stimulated (y < 0 for reasonable /). An impermeable boundary is
possibly indicated by the doubling of slope after 80 days.

* Constant-presstre analysis can also sometimes be applied to the first

vertical (clearing) discharge of a well. The abrupt opening and blowing of

the we!l approximates to a step change in downhole pressure. If enthalpy
s known or guessed, the change in lip pressure gives the decay of mass
fow. Constant-pressure testing and subsequent build-up is described by
- Ehlig-Economides and Ramey (1981a,b).

.

ALS. FRACTURED MEDIA

Twotypes of pressure transients are specifically directed to the study of
fractured media. For a medium that is fractured throughout, characteris-
tic changes occur at a time scale dependent upon block size and other
parameters, (See Section 3.7 for more detail.) .

Alternatively, if a well penetrates a medium that is homogeneous ex-
cept for a fracture intersecting the wellbore (as may be produced by
fracturing), this produces a distinctive history, best analyzed by type-
curves (Gringarten and Ramey, 1975, Cinco-Ley und Sumantego, 1981).

Figure A1.7 shows an example. The duta are from a steam well at The -

Geysers, and so pressure-squared is.plotted. The fractured well has a

characteristic period of one-half slope during early times on-a !ogflog"
-piot. This reflects the ‘period when flow effects near the plane of the
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Fig. A1.7. Type-curve match to pressure buildup 6f a well at The Geysers, showing
fractured characteristics. (From Economides and Fehlberg, 1979.) .

fracture dominate. There may also a period of unit slope before the haif
slope, reflecting wellbore storage. The time when the correct strgnghl line
for semilog analysis starts is given by the double AP rile. The line starts
at a pressure change twice that represented by the end of the half s?lo;?e
straight fine (Wattenberger and Ramey, 1969). The rule refers to liguid
flow; therefore for steam wells it is twice the value of AP?, not AP.
Figure A1.8 shows the semilog Horner plot corresponding to the pre-
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Fig. AL&. Scmilog plot of Fig. A1.7. (From Economides and Fehlberg, 1979.)
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vious figure, and the semilog straight line. That the well is stimulated can
be recognized from the semilog pot, but its fractured nature cannot.

A19. WELLBORE THERMAL AND FLOW EFFECTS

In previous sections we have reviewed briefly pressure transient the-

ory. We now turn to some practical problems involved in the application
of this theory to ceothermal wells und reservoirs. There are a considera-
bie number of problems peculiar to geothermal wells that do not occur in
reservoirs of small vertical extent in which flow is isothermal. These
nuisance effects, like wellbore storage, citn render transient records use-
less or misleading. !t ts necessiry 1o be able (o recognize them.

The pressure transient analyzed by theory is the pressure history, at
wellface, of a homogeneous medivum. Thus, the “'true’ transient is mea-
sured downhole. 2t the depth where the well responds to reservoir pres-
sure. Which ix its principal feed point. !t is here, at the well’s point of
contact with the reservoir, that & nressure gauge should be placed. Place-
ment at any oiher depth is permissible, provided that the pressure gradi-
ent in the we!! does not chiange with time.

Al1.9.1. Condensation-in Steam Wells

Wells in vapor-dominated systems maintain a column of steam in the
well, and so it is convenient to measure pressure at wellhead. The pres-
sure recovery at wellhead is a good measure of that downhole provided

~ that the wellbore remains full of steam to the principal feed depth. Some-

times the well will partly fill with condensate during recovery (Strobel,
1976). lowering wellhead pressure. Figure A1.9 shows an example:

A1.9.2. Collapse of Flushing Column in Wellbore

In a liquid-dominated system wellhead pressures are generally not used
because a column of fluid in the well can vary befween a continuous water
column and a low-density two-phase mixture, This variation can also
affect transients measured at an inappropriate depth, such as bottomhole.
Figure A!.10a shows a buildup after discharge in a hypothetical well. The
stable shut profile is a column of water. On flow, a low-density fluid fills
the wellbore. The feed point is some distunce above bottomhole. When
the well 1s shut there is a period, usually of minutes; during which the two-

phase column becomes denser and collapses. After this a column_of water
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Fig. A1.9. Effect on wellhcad pressure buildup of condensation in the wellbore in a
steam well a1 The Geysers. (From Strobel, 1976.)

is present in the wellbore from bottomhole to above the feedpoint. Figure
A1.10b shows the pressure recovery measured at bottomhole anc! at feed-
point. After a continuous water column forms, the pressure difference
between feedpoint and bottomhole is constant, and the two records show
the same log slope. But the pressure difference was smaller when_ two-
phase fluid occupied the wellbore. Thus, taking pressure at a particular

PRESSURE — . -

(@) “ (b

Fig. A!.lo.- Pressure recovery in a well with Rashing fluid present downhole duril?g
discharge. (a) Pressure profiles, showing collapse of Aashing column: (1) Low-density fluid

" .fills the wellbore, during flow; (2) Configuration at partial recovery; (3) The stable shut

profile—a column of water. (b) Recovery at feedpoint and bottomhole. {(Afier Grant ef al..

"+ 1981b; copyright © SPE-AIME).
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Fig. ALIL  (a) Pressure recovery in a well with internal disch-.;rgt. (b) Temperature

Lprofiles inoan infection well with interzona! flow, during und afler injection showing (1) the

erafite under infection, ut which time Muld is entering at the upper feed zone: (2) and 3) two
stbsequent profiles as fluid continues to enter the upper feed zone after injection ceases. (In
nart alter Grant er af., 1981b; copyright © SPE-AIME.) -

time, P = Pyrat feedpoint is less than P — Py at bottomhole. Using the
bottomhole record gives correct slope and therefore correct &n, but skin is
overestimated. Riney and Gurg (1981) tustrate thé correction of such
data by culculating the pressure profiles during discharge and recovery.

A1.93. Well with Internal Discharge

Figure A}.11a shows the pressure recovcry in a well with an internal
discharge. Pressure transients in such a well are complicated by the inter-
nul discharge because flow never stops. However, pressure at the princi-
pal feedpoint will be closest to reservoir pressure. At any depth beneath
this feedpoint pressure rise during recovery is lurger, and so a build-up
recorded, for example, at bottomhole will underestimate ki by overesti-
mating reservoir pressure change,

A1.94, Injection Tests
When pressure transients are measured under injection, the chief haz-
ard arises {rom interzonal flow. If the gauge is placed at some depth other
than epposite the principzl feed, a true transient is recorded provided that
the wellbore remains filled with water at constant temperature (usually
infection temperature), In wells of good permeability this condition is
often not me?, since internal flow is present. Figure'A1,11b shows temper-
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ature profiles. The hydrostatic balance between the feed zones and the
location of the gauge changes, and a column of water of constant tempera-
ture is not. present in the well. This situation typically shows up as a
pressure transient with rebound ‘or oscillations. An example is KA22
(Fig. 4.8). s

‘ .-5 A1.9.5. 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 pressure or temperature profiles, The interzonal flow problem
is shown on a temperature profile by the charactensuc step.

P A1.9:6. Wellbore Thermal Storage Effects

It has already been mentioned that heating of the wellbore and conden-
sation of steam produce a spuriously large wellbore storage effect (Barelli
el al., 1976). Other effects also arise (Miller, 1980a,b). The heating or
cooling of the wellbore can change liquid density sufficiently 1o cause a
spurious storage effect that lasts much longer than does simple compres-
sion of fluid. In addition, Ah/p for geothermal wells can be so large that
downhole pressures change significantly over the time that a pressure
pulse takes to ascend the wellbore. During transients the fluid in the well

‘may not be in vertical equilibrium. This can produce pressure transients,

plotted log-log, that have initial slope greater than unity, or that oscillate.
On standard analysis initial log-log slope cannot exceed unity. In prac-
tice it frequently does.

If flashing fluid is present in the wellbore durmg flow, it persmts for
some ‘period of time after shutting, producing transient changes in the
vertical pressure distribution and corresponding changes in the pressure
differences between the feedpoint and the welthead or bottomhole. The -
long time before a liquid column forms is caused solely by the transient
energy and mass transfer within the wellbore itself.

P A1.97. Cyclic Discharge

Some 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 valves are at a
fixed setting. Such cycling causes problems in well control and measure-
ment m!erpretallon Sometimes lhe cycle can be interpreted to provide
addmonal mformanon about reservoir ﬂu:d and pClmC'tblllly '

- -
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Fig. AL12. Pressure prafiles in cycling
well, I
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Usually, cycling is caused by the presence of two significant feeds, of
different enthalpy. to the well. Figure A1.12 illustrates one case, the
simpiest, in which cycling is normal. The reservoir contains a vapor-
dominated zone over a liguid-dominated one, and the well has a steam
feed und a liquid feed. Three phases of the cycle are shown. Figure A1.13
shows the pressure and flow history at each feed. In phase (a), both feeds
flow. The lower zone draws down, and the two-phase column between the
‘wo feeds collapses. Phase (b) follows: steam only is discharged, from the
. upper feed, but the lower feed recovers und a column of walter is present
in the wellbore above it. The water leve! in the well rises until at (¢) it is
cmr_uincd into the steam flow, initiating discharge of the deep feed again.
The liguid column flashes, the wellbore unfouds, and the cycle continues.
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. Fig. A1.13, Pressure and flow profiles at upper and lower feeds on cycling well.
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The mechanism driving the cycle is the oscillation in pressure gradient in
the well between extremes of liquid and low-density two-phase fluid. This
couples with oscillatory pressures and flows at each feed. Cycling ts pos-
sible without the presence of a steam zone, although normally one zone is
of high enthalpy. Wells may also cycle when shut, due to repeated initia-
tion and collapse of an internal discharge, and may cycle during recovery
from-an otherwise stable discharge (see Grant et al., 1979, for some
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 measurement of mass flow and enthalpy at welthead can be converted
into flows of each feed. Then permeability of each 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 prevalent on wells of low to moderate permea-
bility. If the permeability ts too high, downhole pressures cannot oscil-
late. Cycling is usually greatest with the well throttied and least with the

- well opened wide. _ -

Al9.8. Example of Two-Zone Well Analysis: OW-15

The following analysis, from Pratomo (1980), is reproduced by permis-
sion of Kenya Power Company and Geothermal Energy N.Z., Lid. Well
OW-15 is a production well in Olkaria field, Kenya. This field has a steam
zone beneath which is a liquid-dominated zone. Wells are cased to the top
of the steam zone (Noble and Qjiambo, 1976; McNitt, 1977; Grant and
Whittome, 1981). Because of the steam zone, wells normally have 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 at 2400 kl/kg, was interpreted
as being due to the steam zone alone. Then the lower zone *kicked in,”’
adding 3.6 kg/s at 1440 k)/kg. The pressure recovery was measured at
wellhead and at 1200 m when the well was shut. Slope at wellhead is 980
kPa/cycle and at 1200 m, 2.6 MPa/cycle: o

 (kh _ (1.8) (2.303) N
( )Wrm = @B 05 15X 100 m s,

L

| (k_h) _ 3.6) (2.303)
L f:pperzone - 411' (2.6 )( 106)

=25x107m-s.
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Using fracture ~ flow relative permeabilities at an assumed reservoir tem-
perature of 248° gives &/t values of 1.1-and-0.075 d-m for upper and lower
" zone, respectively. For'each zone kh was compuled usmg the estimated
discharge of that zone alone. -

This form of analysis, using data for bolh zones, is Only poss:blc be-

cause pressures and flows for both zones can be determined. The pres- -

sures in the two zones recover independently because of the steam cap
profile—pressure in each zone can change independently, moving the
witerlevel in the well. The flows of the two zones were determined
through changes in enthalpy and flow corresponding to a sudden change
in well performance. -

, AL10. BAROMETRIC AND TIDAL EFFECTS; USE OF
ST WATER LEVELS

Changes in barometric pressure, and the strain of the earth's crust of
earth tides, apply signals to geothermal reservoirs, producing a pressure
response n the reserveir and in any well penetrating it. The pressure
changes are not usually detectable with mechanical guages. When pres-
sures are measured with high sensitivity gauges, or when water levels are
observed, these effects are visible,

A1.10.1. Tidal Responses

Geothermal reservoirs can exhibit a response to the changes in strain in
the rock caused by earth tides. Hanson (1979, 1980a) describes observed
responses in wells in the Raft River and Sulton Sea ficlds and interprets
the results, The theory of tidal response in an aquifer is described by
Bredehoeft (1967), Bodvarsson (1970), and Arditty (1978). The magnitude
of tidal pressure responses is less than | kPa. Thus, they are normally not
farge enough to interfere with pressure records collected for other pur-
noses, but they can corrupt interference test results.

The tida! strain in the earth is a superposition of sinusoidal variations
with different periods, The main tides have periods of §, £, 1, and 16 days.

The pressure response in a well to each component depends on its fre-

c:u-:nc_v. Consequently, a full analysis of tidal response requires a spectral
mitysin thy Fourier transform) of the data, unless one frequency clearly
™ Ur‘l'r‘.lh.'.:
“or a sinusoidal tidal strain of frequency w, the pressure change in an
opc'\ well 1s given by

&’

ot ooy o8¢ costwr —d),” . - (ALS50)
m l

‘pw'
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where the tidal strain is b = by cos(w?), and by = 0. 49W;/rgg. where W, is
the tidal potential and rg is the radius of the earth. The phase angle ¢ is
deﬁned by - . , _— -

b = tan-! (w/g), B = 2pwgkh/pwr.,5,- ALy

£ is a dimensionless constani that is usually assumed to be unity. The form
of the response shows that ¢, + ¢, can be determined from the ampli-
tude of the tldal responsc

ALI10, 2 Barometric Response

Barometric pressure changes represent a long-period pressure change
applied at the surface of the carth. This is transmitted through rock, and a
corresponding pressure change occurs in any aquifer containing pore
fluid. The charige in reservoir pressure is related to the change APy, In
atmospheric pressure by the barometric efficiency BE

AP = (1 - BE) APyn. (Al.52).

In a well standing open with a water level that level is controlled by a
balance between atmospheric and reservoir pressure. It changes by an
amount An:

An = ~(BE/pug)A Pym. (A1.54)

" The baromefric efficiency is given by _
BE = $ef(cm + doy). ‘ (A1.54)

The barometric efficiency lies between 0 and | and approaches 1 for
reservoir fluids 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 vartations are large enough to affect interference
test data. Figure Al.14 shows barometric noise ¢n an interference test m
which water level was recorded at the observation well.

For both tidal and barometric effects the determination of dc, rather
than storativity dc.h is extremely uscful in that it gives data not directly
available from tests.

AL10.3. Other Effects

Other external signals have been observed to influence pressures in
geothermal fields. Reykjavik shows a response to oceanic tides (Thor-
stéinsson and Eliasson, 1970) which was explained by assuming that the
aquifer extended beneath the sea bed and respondcd to the changing load
of seawater above, Momotombo shows pressure responses to rainfull,



106 . -~ Pressure Transient Analvsis

I’ T T 1 ¥ LR T T

BR 33
water levef

DEPTH“ {mm)

Barometric Pressure-mb

" < 3BR 11 Flowing ~—=—

! 1 1 i 1
~ T 2 3 & S 6
. TIME (doys)
Fip. Al.14, [nterference test between BRI and BR33, Broudlunds, gsing water levels in
BRI, Barometric interference is visible. (From Ministry of Works and Development, New
Zeatund, 1981, personal cof‘nmuniculion.)

!
i
0

-l

indicating that the reservoir must be open (Dykstra and Adams, 1978).
Shallow Wells at Matsukawa, up to 400 m deep and reaching 240°C, simi-
‘arly showed temperature changes correlated with rainfall (Mori, 1970).

All of these responses of a geothermal reservoir to external influence
arovide information about reservoir properlies or about the reser\{oir‘s
openness 1o external fluid.

Al1.10.4. Cor;tamination of Interference Dala

If pressure data is being collected downhole with a high-resolution in-

striment, or at wellhead in a wellbore full of water, or by measuring the

" water leve! in wells that will stand open, barometric and other effects may

be present. Most frequently this will arise in interference testing, where

smal! nressure changes are observed. It is then necessary to analyze for
harometrie ¢ffects to eliminate any contamination of the data.

It also commonly happens that the pressure in a well is not static before
the test. A drift or trend with time may be present, reflecting residual .
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press@rc changes from past tests. If pressure is observed at wellhead or
by float, a drift caused by heating or cooling of the wellbore after previous
flow is often present, It is then necessary to make observations before any
testing begins to establish the drift of the pressure or water level and the
barometric efficiency. Later observations can then be corrected.

Alll. 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 ceases,
it warms up (slowly or quickly) to its final temperature. At times it would
be desirable to know this final temperature without a long wait.

On¢ approach has been to use a Horner plot. The well is cooled for a
time rp by drilling. Thus, 7, 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 several times At afterward.
The data are plotted on a Horner plot and extrapolated 10 Ar = =, f.e.,
(1, + Ar)/Ar = | to obtain an estimate of final 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

3 R :
(pC) % = KVT, (AL.55)

i.e., the diffusion” equation, which is of the same form as the pressure
transient, equation, This governs the cooling and warming of the well
provided: that conduction is the dominant mechanism of heat transfer. 1t is
not valid at any zone of -fluid loss, at any other permeable zone, or if
circulation of fluid occurs spontaneously in the wellbore past the depth of
observation. : - : .

There'is an additional problem. The condition imposed at the wellbore
during circulation is, approximately, T = constant, rather than (heat
flux) = constant. Therefore the temperature recovery is strictly analo-
gous 10 'a pressure recovery after discharge at constant pressure. The
Horner plot, in this case, will yield an underestimate of the final tempera-
ture. An improved method is given by Roux et al. (1979): a Horner plot is
made and extrapolated to an apparent final temperature. T3%;. Then the

-final temperature is computed as

T = T% + mTps (Iep), I (A1.56)
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where m is the slope of the Horner straight line and Tpy is a dimensionless
correction term, dependent on the dimensionless fpp and on the Horner
time 0 = (1, + ArYAr (see Fig. A1.15). The term tpp is defined as

K

' tep ({pC)!'i, ) Ip. (A1.57)
Since rock conductivity and heat capacity ts fairly constant, a reasonable
average value for K/{pC)ri, of 0.4 hr? can be assumed for a well of radius
0.1 m. '

Figure Al1.16 shows an example from Menzies (1981). The extrapola-
tion yields T4, = 238°C and the slope is ;m = 194 Kfcycle. The slope is
' di\:ﬁncd at {1, + Ar)fat = 2,5, The circuluting time is £, = 10 hr, so fpp = 4.
Then Fig, A1.15 aives fpp = 0.154, and 7; = 283 + (194) (0.154) = 268°.
Loter measurement found a downhole temperature of 265°C, but this may
have been affected by an internal flow that developed after completion of
the well. '

Uinder most circumstances extrapolated lemperatures are not accurate
1o more 1han 5= 10°C. Temperature extrapolation may be the only way of
estimating o reserveir emperature in wells where the warmed-up well
containg an interzona! fow. It the flow is absent during warm-up, these
Gt ean be extriapoiated.
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Fig. A1.16. Temperature recovei'y in well MG-t, Tongonan. {From Menzics, 1981))

Al1,12. CHANGES IN PERMEABILITY

It has been assumed in the discussion so far that the reservoir rock
remains constant in its properties and, that all changes are fluid changes.
This is not always so. The permeability may change due to fracturing,
thermal cracking, thermal expansion or contraction, solid deposition, or
dissolution. In cach case the changing permeability is monitored by repeat
pressure tests. These changes in performance are most commonly associ-
ated with injection at high rates or for long times.

Al1.12.1. Change with Pressure

Figure Al.17a shows the injection performance of a well from Roo-
sevelt Hot Springs. Wellhead pressure increase is approximately linear
with flow rate, up to a critical pressure. Above this, the slope dP/JdW
decreases. The breuk in slope is interpreted as the initiation of fracturing.
Standard pressure trunsient analyses cease to be valid above this pres-
sure,

Figure A1.17b shows the stable pressure~flow curve obtained Jduring
injection into BR30, Broadlands. The welthead pressure varies nonlin-
early with flow rate. Unlike the previous example, there is no clear part-
ing pressure. Rather, the permeability apparently varies continuously
with pro -ne. Repeat multiple-rate transient tests show that Ah s
strongly pressure dependent and increases smoothly and rapidly with
increasing pressure. There is Little change with time or with the tempera-
ture of the injected water, and the effect is reversible.

These two examples show permeabitity changing with pressure—the
first & sudden change occurring at a fructuring pressure, and the second a
continuous elastic.deformation of the reservoir matnix.
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reservoir pressure in well BR30, Broadlunds, and 8 model based upon pressure trunsient
.m':') SN, t!'mm Ministry of Works and Development, New Zealand, 19381, personal com-

A1.12.2. Change with Time

Wihe intected water is supersaturated with respect to amorphous silica,
erany other dissolved component, there may be deposition in the well, at
welltvee, or in the reservoir (Einarsson er af., 1976; Hayashi er al., 1978).
Piowse AL TR shows the decline in performance of an injection wel! in a
evdd-dominated reservoir in California and its restoration by acid treat-
menty, The changing performance of the well was monitored by repeat
merganre trpasient tests (Messer ¢f af., 1978). .

Vore cormonly, i the injected water is not supersaturated, injectivity
et rock increases with the injecting time (Dobbie and Menzies,
lonre AL 1Eb shows the injectivity measured in a sequence of infec-
Sensscharge eveles inwelt BR23, Broadiunds. The injectivity (and pro-

crivingy ingrease during each period of injection und decrease during the

By

neriod of mrocdiaciion. This has been expliined as being caused by thermal

exmiesion or contruction accompanivd by closing or opening of fractures

TeAL VNG, TN personi! communication,), This example also flus-

trutes snother aspeet of the same wemperniitore effect, The productivity of
e s found 1o be less than e dintectivity, T was argued above
cReettors St AT thee transmissivity measured with injection tests
et of the Dot reservoir Quid, That ) transmussivity or imectivity
arenstred Ininiection ttests iv o cdund 1o transminsivity or productivity
eeoeneed By ischarge, Oten this icoso, When 12 s not so, it is usially the
b ieetivity s greater thun productivity despite the lower viscon-
o' ot weer, This implies that the reservoir's permeability is tempera-
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Fig. AL.18, (a) Changes in injection well performance with deposition and acid treat-
ment. (From Messer ¢f al., 1978, copyright © SPE-AIME.} (b) Change of injectivity in BR23
with cumulative injection. Upper line, the first injection series; lower line, second injection

series after intervening production. (From Ministry of Works and Dcvc!onmcnl New
Zealand, 1981, personal communication.)

ture dependent, decreasing with increasing temperature. There is at
present no theory describing the variation with temperature of the perme-
ability of fractured rock, but observations such as these indicate that there
is somt:timcsl_ﬁ strong variation.
i
A Al.12.3. Stimulation
3
In the preceding example, injectivity was improved by acid treatment.

As with petroleum or groundwater wells, a well with insufficient flow may
be improved by stimulation. The available methods are acid treatment and
hydr::qli_i: fracturing (Howard and Fuast, 1970). The latter is more often
used.

Geothermal wells in Nigorikawa, Japan, have been stimulated (Katagirt
er al., 1980) and the result was an economic success. Two wells at Raft
River ‘have heen used in stimulation trials. Some improvement was
achieved in one and rone in the other, but in neither case was the result
economic (Republic Geothermal ef of., 1980). Similarly, a stimufation triul
at Bacu improved the ability of a well to flow but did not create a produc-
tive well (Verity and Morris, 1981),

Stimulation of geothermal wells is under research at present. To dale, it
appears that these welts respond to hydraulic fracturing as do any other
wells. The matjor problems are the high flow rates necded in geothenmal

-wells for economic production. At fracturing pressures even a poar well
accepts a lurge amount of fluid, so that very large pumping capacity is
_required. If additives arc used 1o increase viscosity, these must he able to
withstand geothermal temperatures.
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Wellbore Effects in the Analysis
of Two-Phase Geothermal Well Tests

Constance W. Miller, Lawrence Berkeley Laboratory
Sally M. Benson, Lawrence Berkeley Laborutory
Michael J. O'Sullivan, Lawrence Berkeley Laboratory
Karsten Pruess, Lawrence Berkeley Laboratory

Abstract .

A méthod of designing and analyzing pressure transient
well tests of two-phase (stcam/water) reservoirs s given.
Wellbore storage is taken into account, and the duration
of it is estimated. It is shown,that the wellbore flow can
dominate the downhole pressure signal completely such
that large changes in the downhole pressure that might be
expected because of changes in kinematic 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  from
drawdown tests is demonstirated,

Introduction -

Pressure transient data analysis is the most common
method of obtaining estimates of the in-situ reservoir
properties and the wellbore condition. 'Conventicnal
graphical analysis techniques requife that, for a constant
flowrate well test in an infinite aquifer, a plot of the
downhole pressure vs. log time yields a straight line afier
wellbore storage effects are over. The slope of that line is
inversely proportional 1o the transmissivity (kh/u) of the
reservoir. The extrapolated intercept of this line with the
pressure axis ai a specified time (1 hour or | second
depcndmg on the units used) gives the factor ¢C,h(r,?),
which is-used to calculate the skin value of a well. In this
study, the effects of a two-phase steam/waler mixture in
the reservoir and/or the wellbore on pressure transient
data have been investigated.

There have been a number of attemplts to extend con-

ventional testing and analysis techniques 10 two- -phase

geothiermal reservoirs including drawdown analysis by
Garg and Pritchett,! Garg,? Grant,? and Moench and
Atkinson.? Pressure buildup “analysis has been in-
vestigated by Sorey er al.® To solve the diffusion equa-

0197.7520/82/D006-9922500 25
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tion that govems the pressure change in a two-phase '

reservoir analytically, it is necessary to make a number

of simplifying assumptions. One assumption is that the

fluid compressibility in the reservoir is initially uniform

and remains uniform throughout the test. With this ap- "
proach, it can be shown that a straight line on a pressure:

vs. log time plot will be obtained, the slope being in-
versely proportional to the total kinematic moblllty

" (klv).

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 to be applicable. In
addition, the very high compressibility of the two-phase
fluid creates wellbore siorage of very long duration.
Since most of the -available instrumentation for hot
geothermal wells (> 200°C) can withstand geothermal

_environments for only limited periods, long-duration

wellbore storape further complicales data analysis. Thus
numerical simulation techniques must be used to study
well tests 10 determine the best method of testing two-
phase reservoirs.

This work investigates and defines more thoroughly
the well/reservoir system when the reservoir or wellbore
is filled with a two-phase fluid. Four examples are con-
sidered: (1) a single-phase hot water reservoir connected
to a pantially two-phase wellbore, (2) a hot water reser-
voir that becomes two-phase during the test, (3) a two-
phase liquid-dominated reservoir, and (4) a two-phase
vapor-dominated reservoir. State-of-the-art  analysis
techniques are applied to pressure transient data afier
wellbore storage effects have ended. In the first exam-
ple, a nongraphical method of analysis is discussed,
which is applicable at early times when wellbore storage
effects still dominate the pressure response.

Note that our analysis has been done for a two-phase
homogeneous,- nonfractured reservoir. Previous studies
of well test methods for two-phase reservoirs'™3 have
been restricted 1o this case, The purpose of our work is to
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“determine how trunsicnt weltbose flow can alier the well
test resplts and how one could design a well 1est using
these results. Many  geothermal  reservoirs  are
predontinantly  (raciured, and g two-phase fractured
system can give a very different response from a

homogencous porous reservair. The study of the reser-

voir response for a fructured systein must be carried out
first before the wellbore response can be analyzed—a
condition beyond the scope of this paper. However, it
cun be stated that the transient wellbore flow could mask
completely the characteristic response of the fractured
medium (as the half-slope expected on a pressure vs. log
time plot) just as it is shown to mask changes in a

" homaogeneous two-phase reservoir. This possible trun-
sicnt wellbore interaction with the reservoir response
must be considered in the analysis of any pressure tran-
sient daia. .

“Approach
To study the pressure trunsient response of a two-phase
geothermal well/reservoir system, a transient wellbore
simulator called WELBORE® was coupled with a
modified version of ithe reservoir simulator
GEOTHNZ.7 The wellbore model does not assume
steady-state flow, in contrast to the numerous wellbore
flow models that have been reponed in the literature. 8-
A description of the numerical model is given in Ref. 6
and a brief outline of un earlier version that did not in-
clude the slip between the phases is given in Ref. 11,
WELBORE solves finite-difference approximations for
the following mass, momentum, and energy balance

equations.
d a(pv
O O (1)
roat ax -
a 9 , . 2
'_(p")_+“(si'pu"'n‘ +S(pﬂ'f')+.pg+ =0,
at dr i
t el AU L)
and .
a ] :
_(pm']'_(Sl'pr"rEr+Sfp£'"I'El')
ar ax .
g u
+P_(S‘-V‘-‘+‘Sr\'r)"_"—(T_' T,)ZO ........ (3)
ax - 7 o

The energy equation (Eq. 3) does include kinetic and
potential energy. However, the specific energy times the

momentum equation has bcen subtracted out, masking

these terms.

The slip between the phases, v.—v;, 15 calculated on
the basis of a modified version of that given in Ref. 12.
The friction factor is calculated according to
Chisholm. '3 For the cases run here, conductive heat loss
from the'wellbore was ignored (1 =0}.

The version of the program GEOTHNZ used here
solves for radial flow only. The equations governing the
mass and energy flow in a geothermal reservoir are '

a 1 8 : ,
—lo(Sva +Sco)]+——rlpvi+o,0 =0 .. .{4)
ar . rar

o

and

3 o
5‘|(l—¢)p;C}T+¢’(SrPrt1"'-Snprl')’
! .

1.0 C .
+— —rlp;Hivi+p Hov \.]=0.
roor
The velocities v and v, are calculated with Darcy’s
law as

..... e (5)

kk,.

viem L (6a)
gy ar

V= '@_ .......................... (6b)
By ar

For the calculations of the pressure- drawdown, the
relative permeability funcuons are assumed to have the -

form suggested by Corey, where
3 .(7a)
kn=(=SiD0=8SHY .y
and
Se=(Sr=St M1 ~8St,=85.0)0 oo _(jc)

- with §;,=0.3 and .S, =0.05. Finite-difference approx-

imations of Eqs. 4 lhrough 7 aresolved assuming that (1)

capillary pressure is negligible, (2) fluid and rock are in .~
" 1dcal thermal equilibrium, and (3) conductive heat'
transfer is negligible. Lo

In-each of the four examples run, the calculanons were'_r S

caried out for a constant rate of mass production at
wellhead and for a constant rate of mass production at
the sandface (no well transients considered). The
pressure transient data was analyzed according to the
analysis method given in the following. in addition, the .-
calculated durution of wellbore storage (derivation
follows) is verified by comparison with the simulated -
results,

Design and Analysis of
Two-Phase Well Tests

The problem with the analysis of pressure transient data
from a two-phase reservoir is that the diffusion equation
describing the pressure response in the reservoir is highly
nonlincar. When the steam saturation varies in a porous
medium, the relative flow of the water and steam phases
and the compressibility of the mixture both change. For
a two-phase steam/water fluid at 8 MPa, the isenthalpic
compressibility is about 5%10~7 Pa~! for high liquid
saturation, 1 x10~7 Pa~! for low liquid saturation, but
only about 1.3x107% Pa~! for smgle phase com-
pressed liquid at this pressure.

The effective compressibility of a two- ph.nc fluid can
be enhanced by a factor of 10 or more in a porous
medium because of heat inertia of the rock. 1 Alsa, the
change in the 1o1al kinematic viscosity, v,, defined as

S .

—-—-:—r-f- —n"". e e m e et e '...(8, '

v, vy vy

R .
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caiy be large. For reliaive permeabitity curves of the Cor-
cy Lype. Egs. 7a through 7e. i ata pressure of 8 Ml’u.
the total Kinematic viscosity vartes from [.3xX107
§,=0,101x1077 at §,. <03, 10 4.6x1077 w S.—-l
(using Sg=0.3, 8, =0.05). "At higher pressures the
variation can he greawter. However, the compressibility
and tatal kinentatic viscosity are prinvarily a function of
saturation. Therefore if one can design a test such that
the pressure changes occur over a region where the
saturation is relatively constant, a reasonable estimate of
Lhiv, may be made. - .

Fur a reservoir produced at a constant mass flow rate
and assuming small chianges in sdlumuon the pressure
respunse of th syster has been shown? to be governed
by the fullowing linearized diffusion equation.

rar ar-

ap _{kivy) (1 ap . 3’ p)

dr  ¢pC, '
When :>35épC,r., /(U:-,), the solution 1o this equa-
tion is approximated by .

‘ w (kiv, )t
pi=p)= In 3 +0.809+2s 7,
Axtkin, dh $ri oC,

where s is the skin effect. Thus p() vs. Inr will be a
straight line, with the slope, m, inversely proportional to
the transmissivity of the reservoir:

kh W

— e e e e e (i)
vy 4mm

.When the skin value, s, is expressed as In(r,./r,), where
r, is the effccme radius of the well, it also can be shown

that

: kh .
oC hr,2=2.24—e*Pu-pidim L. (12)

v,

where p |, is the pressure at | sccond on the cxtrapolated
semilog straight line given by Eq. 10. (Note that py is
used here instead of P 1 because slope m is expressed in
metric units.)

The linearization of the nonlinear diffusion equation 1o

‘give Eq. 9 depends on the assumption that the variations

in (klﬁ,), in p, and in C,; are small. As stated earlier,
these quantities have large variations when the steam
saturation, changes. When the mass flow rate from the
reservoir is increased, the saturation around the bore
changes if the fluid is two-phase, However, after a cer-
tain amount of time, depcnding on the initial saturation
around the well, the in-place saturation will steady out. It
is possible to treat the initial change in stcam saturation
in the same manner as wellbore storage is treated; i.e.,
one needs. to determine the duration for which these
vananons persist and to make sure that all the data

ana!ysm is performed after the changes no longer affect .

the data. In the case where such changes do not take
place unti! long afier the test has begun, pressure data
1aken before these changes occur can be analyzed. The
problem is to determine at what times 85,/dr=0. Then
Eq. 10 can be applied and, from the slope of the siraight
lipc on the p vs. log (1) plot, kh/v, can be determined

t
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Fig. 1--Liguid saturation response for constant mass pro-
-duction from the reservoir. (Curves arg labeled with
initial fiquid salurations. '®) f

(Eq. 11). However, when large saturation changes have
occurred during the test, the 1n|crprelauon of Eq. 12 10
give the skin of the well loses its meaning because C; isa
strong function of § and has changed. Therefore, Eq. 12
is valid only for liquid reservoirs.

Using lhe similarity variable, n= =r/Vr, it has been
shown+'® that

L]
Lizr(n) Heldp=0, ............0coooiiis e (13)
where
. . _I " V B
yy=Snfdvetkp Blee — .. (14)
koplvp +k vy, . ‘

This implies that at late times the in-place saturation will
approach a constant value because the flowing enthalpy
is primarily a function of the relative permeability curves

that are in wrmn a function of §,.. No rigorous derivation .

has been done to determine when M ¢ can be assumed

constant. However,. O'Sullivan'® calculated §, as a’

function of #/r* for a number of cases. An example of
one of his calculations is given in Fig. 1, where the lig-
uid saturation is plotted as a function of 4. For this case,
¢=0.2, A~1x10-'3 2, pi=8.6 MPa, w=0.14 kg/s,
p,=2650 kg/m?, and C,=1.0 ki/kg-K. The com-
pressibility of the rock was ignored. For §.<0.5 (or
8y > 0.5; liguid saturation is plotted in the ﬁgure) the
“saturation changes are complete when t/r? =103, For
high vapor saturations, the changes in saturation do not
start until g/r? —105 ‘and are not complete until
1/r? =107 . A similar plot was obtained by O'Sullivan for
the case where p;=3.0 MPa, k=2.4x10"" m?, and
the other parameters are approximately the same as
above,

It is possible to estimate when § will be approximate-
Iy constant by using the example plotted in Fig. 1. The

parameter /r! scales approximately as k/¢w,pC,.

However, pC, is primarily a function of §,, and this

3l
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Fig. 2—Enthalpy flowing ou! of reservoir vs, vapor saturation
for Corey-type refalive permeability curves with
8,=03ang §, =0.05.

variation is alrcudy taken into account in the solution.
; The paramelter v, is a function of the relative permeabili-
ty curves used and the pressure. Corey relative
‘permeability curves were used in this calculation.
Therefore, assuming that these relative permeability
curves approximately describe the steam/water flow, it is
possible to assume that one obtains the time when Hy=

constant by using Fig. 1 and scaling t/r? by k/¢. Because’

kh will not be known until after the pressure analysis is
done, one must estimate h and, calculating k, check to
ensure that the analysis was done for the time when
d85,./dr=0. For a well of radius 0.09 m, .a
ki¢=5x10""3 m2, and a reservoir pressure of 8 MPa,
the changes in enthalpy were complete at about 10
seconds for §, <0.5, while for §,=0.9 the changes o¢-

curred from 10% 10 10% scconds. For ki¢<$x 10713,

the time of these changes will be longer, and for
ke>5x10""7 m?, the changes will be shoner.
Wellbore storage effects, though, can be greater or less
than this time for 3§ ,./ér =0 (o hold true.

One method of testing a geothermal reservoir is first 1o
flow the well at a slow stcady rate until the saturation
around the bore is approximately constant. The initial
flowing of the wetl 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-

- imately constani._Pritchett 7 has defined a radius of in-
vestigation as 2v/Dr where D=ki¢C,pr,. The flow then
should be increased (or decreased) to a second constant
‘value. By having the well flowing for a time before the

test is begun, it is possible 10 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 8§,./8r =0 around the bore. Now it is
possible 1o perform a buildup test where the well is com-
pletely shut-in. However, as pointed out by Sorey et
al.,? the region sround the bore becqmcs saturated with

2

liguid 80 8, around the well will not be unifonn, and a .
guestion anises as w how such data should be analyzed.

The state-of-the-wit analysis lechnique for two-phase
well tests has been reviewed by Pritchett. 17 He suggests -
that o drawdown, a boildup, and an injection test are
needed. From the drawdown test the slope of the straight
line on'the plot of p vs. log(s) is measured, und from the
buildup lest the slope of the straight line on the p vs.
log[(r+AANY is determined. The transiissivity of the
reservoir is caleulated from the average of these, two
slopes in Eq. 11 for m. The total kinematic viscosity
depends on the saturation around the bore. Pritcheit docs
not give a methad of determining the saturation. Instead
he suggests that &) be measured independently by an in-
jection test. ‘Then, given kh, the relative permeabilities
cun be detennined from the flowing enthalpy by

H, —~ y '
e e L (150
H.—H 4xm kh
and _
Hi—H; wy, .
e TH e 1 (15b)

—H‘.—Hf 4mm kh' : .-

We find several difficulties with this approach. First,

¢many times it is neither possible nor desirable to run an
.

injection test. Secondly, a straight line may be seen on
the semilog plot while wellbore storage is still imponant,
For a well 2000 m decp with a radius of 0.09 m,
kh=6x10""2 m3, and with two-phase flow throughout -
the well, wellbore storage can lasi on the order of 5
hours, Lastly, the duration of wellbore storage may be
orders of magnitude different between 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 anklysis technique was used in the .

examples. A drawdown test was simulated in all cases
because it is possible to establish a region where
85,/8r=0 around the bore, Both the downhole pressure
and the flowing enthalpy must be measured as a function
of time. The downhole pressure is plotted as a function
of log(r), and the transmissivity of the reservoir is deter- |
mined from the slope of the straight line that is plotted on
that graph. Given the value of khfv,, 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 storage is given in the
following. Once the proper kh/v, has been found, kh will
be determined by calculating »,.

The crucial assumption made in this pant of the
analysis is that we know the relative permeabilities as a'
function of §,. The flowing enthalpy permits us to deter-
mine the ratjo of relative permeabilities for water and
steam:
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In \\-ril'ing Eq. 16 it was. ussumed that .A‘,,‘#—().‘If the
[ressure is knowr_l. pe Mo, :'md H, will be knnwn'. If
k,; and kp are givenas a funcun.n of S:., |hcr3. knowing |
Hy. the saturation can he determined. Fig. 2 is u_plm of
1 vs. S, for p=4.5 MPa using L, and &, as given by
Egs. 7a through 7¢. Since &, and k. are Known, », can
be dalculated as well as the .ubsolute permecability
ihickness, ki © :

If the relative’ penmeability functions are not known,
two lower estimates can be made for k. Using Eqgs, 15a
and 13b, kfik ¢ and khk . can be computed, both of which
will be smaller than th. However, usually not both &,
and k4 will be much less than one, so the larger of the
iwo quantities kik ¢ and khk o will provide an estimate
for kh. ’ ;

For all the cases calculated here. the Corey relative
permeability curves were used. In the third example the
cffect of using ather relative permeability curves was in- -
vestigated. It is recognized that relative permeability
curves for steam/waler mixtures are not well known. It
also is récognized that they may be dependent on the
rock type in which a geothermal resource occurs, Our |
point is that if these relative’ permeability curves were
better known, a plausible methodology for obtaining the
in-situ reservoir puramelers would be available. Tt is
stressed that more work is necessary to obtain these
curves. s .

Duration of Wellbore Storage

As stated earlier, wellbore storage phenomena in two-
phase geothermal well/reservoir sysiems can last for
several hours. The duration of wellbore.storage is pro-

- portional to both p(3p/3p) 4 and (khi/v,) "' . Because the

transmissivity of geothermal reserveirs is usually greater
than the, transmissivity of oil/gas formations, wellbore
storage in liquid-filled reservoirs tends to be shoner than
in hydrocarbon reservoirs. However, for iwo-phase
geothermal reservoirs,=the compressibility effects of the
sieam/water mixture in-the wellbore are an order of
magnitude larger than oil and gas systems because of
phase transition effects. In”addition, wellbore storage
calculations in the petroleum literature neglect energy
changes in the well. We define both an isenthalpic and
an isobaric wellbore storage term. The wellbore storage
phenomenon persists until both of these wellbore storage
contributions have become negligibly small.

Wellbore storage is complete when the sandface flow
rate is approximately equal to the surface flow rate, For
an isothermal- well, Ramey'® determined that when
ip>60 Cp,the ‘effects of wellbore storage  can be
neglected. We assume a similar formulation to estimate
the isenthalpic wellbdre storage time by defining an
average isenthalpic compressibility in the welibore. The
isobaric wellbore storage term is determined by
calculating when energy changes in the well are over.
Heat loss out of the bore is ignored although it can be im-
pontant. .,

For a change in mass flow rate at wellhead, the sand-
face mass flow rate can be calculated by the continuity
equation and by integrating it over the length of the well.

La ‘ La —_W. W
ar g ox

0
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Changes in-density in the well are i function of pressure
and energy. If 8p/d1 is rewritien in terms of p and E, Eq.
18 is writlen as

L dap L 9E
W=y +A§ pCE-—-d.\'+AS p— dx, ..... (19
3 ar 0 ar

where Cp= np(ap/ap)E and 8= IIp(Bp[&E)P. The dura-
‘tions of energy and pressure changes are estimated
separaely. _ _

The diffcrence in wellhead and the downhole mass
ﬂpixralc caused by pressure changes only.is

L dp Tt
l\'er:\\'_‘ +Ag pCE"—i—{il‘, JR T (20}
‘S _

0

~where Cg and p are functions of x. However; as-

wellbore storage dies out, dp/dt will be a very weak
function of x, and it is possible to rewrite Eq. 20 as

) dp L ‘.
u-jf=w,+—c;AS PCEdE. T Q@1 |

0

~ If the wellbore storage coefficient is defined as

L 1 (L/ap
Sngd):=—-S ) ey (22)
. o N9p .

Eq. 21 can be written (as in the petroleum literature)

_d '
Wy =Wy AV e .(23)
dr .

. Defining

ve
ps2udpCihr, 2

and

kt
dp=m=—,
psfd’crl'rrwz

and assuming that the effects of wellbore storage on the
downhole pressure changes will be complete when
1p>60Cp, then ‘

60—2C SO @4)

g=60—— e
(2mkhiv;

The factor kh/y, is measured directly from the slope of

the p vs, log(r) plot and, given the steady-state initial

conditions in the well, the average value of (dp/dp) g in it

can be determined. Note it is (dp/dp)g and not

13



TYABLE 1—INITIAL AND DOWNHOLE CONDITIONS AFTER
24 HOURS OF PRODUCTION FOR THE FOUR EXAMPLES

Example

1 2 3 4
p, MPa 12,70 14 10.0 10.0
Poa, MPa 12.34 10.74 8.94 8.26
hi, MJ/kg 1400  1.400 1.433 1.700
(H1)24. MJ/kg 1.400 1,400  1.566 2.736
(Svhi 0 0 0.19 0.78
{Sy)2a 0 ] 0.29 0.70 10 0.82
(ws)i. kgls 5 5 5 5
(ws)r. kols 30 a0 15 15

(3p/3p) g/p which is averaged in the bore.

There may be some question as to whether one should
use (3p/dp) ¢ or (3p/dp)y or something else. Garg and
Pritchett! have shown that (8p/3p)g/p and (8p/dp) n/p
can vary by a factor of two at high pressure when the
fluid is compressed liquid. However, in the two-phase
region no large varialions occur, in contrast to what one
mlghl cxpem It is possnblc to show that

ap/H : _‘E_ (ap )
aE/ P

In the two-phase region (8p/dp)g is much larger
1hun[(BplBE)P /p], while in the compressed liquid region
these tenms are more comparable. Therefore, as an
estimate for two-phase wellbore storuge, one can use
either (3p/3p) ¢ or (3p/dp) .

For the changes cuaused by cnergy increases or
decreases in the well, the continuity equation is

ok dE
Wr=w, +Aj pB—dx.

Wellbore storage caused by energy changes will be com-
plete when dE/dr=0. If the heat loss out of the bore is

ignored, ] .
8E . oH- (27)‘
el 1
? o ax

As long as there is a significant change in the flowing en-
thalpy from the reservoir, wellbore storage effects will
persist. However, once Hyis apprommalely constant,
the add:uonal time for the cner;,y changes in the well 0

steady out s the time for u panicle to travel through the
wellbore, or Liv,,,. “ll\ average velocity is dgﬁned as ’

L
{ pvdx . .
J oY .
‘.nc R U ... (28)
L p
5 pdx
[
If pl“'H {A, Vae=w A, However, if pv is still

varying in the well, a more conscrvanve estimate would

. betouse wy/A forpv.,

Wellbore storage effects will persist until r>60
VCr2w(khiv,) or untit 1>Llv,, after the flowing ¢n-
thalpy is constant from the reservoir, whichever is
greater. In all the following analyses, a check is done 1o
deiermine whether wellbore stotage is over.

Example

To consider the effects of the wellbore flow on the
testing of geothenmal reservoirs and to consider methods -
of determining the permeability of such reservoirs, four
different examples were considered. (See Table 1 for the
initial conditions.) For all the cases run, k=3x10"M
m2, h=80 m,.¢=0.15, C,=1.0 kI/kg-K, and
p,=2000 kg/m?. The viscosities of the liquid and steam
phases were calculated with

p=2.414x10"5 [|0247.81(T+!33.15]]pa.é
and

F‘.=(9+0.035T)x'lo-ﬁpa-s.

|
respectlvely

A drawdown presqunf: transient test was simulated by
first flowing the well/reservoir system for 24 hours at 5
kg/s. (The flowing enthalpy, pressure, and vapor satura-
tions at the sandface after this initial 24 hours also are
given in Table 1.) Subsequently the flow rate was in-
creased from 5 to 30 kg/s in the first two examples and
from 5 to 15 kg/s in Examples 3 and 4. The drawdown
test then was run’'up to 10 hours. Both a constant flow
rate at wellhead and 'a constant flow raie at the sandface
were considered. When the well flow was included, the

well was assumed 2000 m deep with a radius of 0.09 m. - |

Both skin effects and heat loss from the wellbore were

TABLE 2—ANALYSIS OF PRESSURE TRANSIENT DATA FOR THE EXAMPLES

oCh. s2im?

m, MPa-s

khiv;, milliseconds
14, seconds

He, MJikg

Pdn. MPa

Y 3
khk g, m3
khk py, m

: tp. seconcs
vy, mEls
kh, m3

34

Example

1 ‘ 2a 2b % ab 4
1.3x10~4 tax10-4 1ix10~4 6.0x10~5 6.0x10 "5 8.0x10~6

0.10 0.49 0.40 1.70 0.47 0.13
20x10 "5 41x10-8 50x10~8 a7x10~7 1.7x10"8 60x10~6

3200 12 000 11 000 62 000 17 000 650

1.40 1.39 1.41 2.03 2.06 275

10.8 9.3 7.8 . 67 45 8.0

0 0.18 - 0.26 0.40 0.42 071010

— - 1.0x10°12 - 56x10 13 42x1o_-‘5

— - 1.7x10" - 7.7%x10 5<10“2
0 to 3600 — - 0 to 3600 2x 103 10 2x 105
1.3x10~7 30x10"7 5ex10‘7 1.3x10-8 1.7x10~5 49x10-7
26x10-12  y2x10- 28x10 12 6x10 12 29x10~ 12 29x10-12
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Fig. 3—Pressure drawdown curve for hot waler reservair with
flashmg in the wellbore.

ignored, atthough they bo:h can influence well test tran-
sient data. .

For all the examples, the fo]lowmg method of analysis
was applied. Table 2 is a summary of the calculations
presented in the following. First the average value of the
compressibility density term, pCg, was computed at the
flowing conditions in the well before the flow rate was
increased. Then:a struight-line segment on the plot of
Pgy vs. log(n was chosen. The regions chosen for
analysis are indicated in the figures (Fig. 3 for Example
I, 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 10 il-
lustrate the error in kh if the wrong straight line is
chosen.

Given the measured slope of the straight line, the
transmissivity, kh/», and, in turmn, the duration of the
isenthalpic wellbore storage effect (using Eq. 24 and
designated by t4'in Table 2) were calculated. The dura-
tion of wellbore storage because of energy changes dur-
ing the test is best determined by monitoring the flowing
enthalpy. However, a very rough estimate can be made
by assuming that it persists for a time equal to L/v,,,
after the enthalpy from the reservoir is constant. A rough
estimate of the time when these energy changes are im-
ponant is given in the table and designated. . If the
straight-line segmem chosen occurs while wellbore
storage was still imponant, the calculation of khiv,
should be repeated using the correct line segment,

Now, glven thé ﬂowmg enthalpy, Hf, and downhole
pressure al-some point along the straight-line segment
(given. in Table 2), and assuming Cory relative
permeability curves when.the fluid is two-phase in the
reservoir, the vapor saturation around the bore was

- calculated (Eqs. 7a through 7¢, and Eq. 16). Given this

§., the total kinematic viscosity, »,, was computed and,
in tumn, kh-was determined. The computed values for kh
were compared with the k4 of 2.4x10~'2 m3 used in
the actual simulation (see Table 2). '

Hot Water Reservoir

The ﬁrst'example is a hot water reservoir, where the
fluid flashes in the bore during the well test. The
downhole - uansnem pressure after the increase in mass
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Fig. 4—Log-log plol of pressure drawdown curve for hot
water reservoir with flashing in {he welibore.

flow rute to 30 kg/s is given in Fig. 3. Results for both
the gonstant flow rate at wellhgad and at the sandface are
plotted. The calculation for ki gave 2.6x 1072 m*and -
the isenthulpic wellbore storage lasted 3.2 x 10% seconds
{54 minuies). The ca!culauon for the time untjl energy
changes can be neglected is the time for a fluid panticle to
travel through the bore. Because the fluid flowing from
the reservoir remains single phase. the flowing enthalpy
at the sandfuce is constant. In the pressure drawdown
simulation, when the flow mte was increased, the

welthead enthalpy decreased initially and then increased

bacl\ to the initial ﬂoumg enthalpy. A conservativé
estimate for the time is vpl(w )i or 60 minutes in lhxs‘
case (5 =400 k;,!m3)

Because the analysis for kh was done after the end of ‘
wellbore storage, excellent agreement was obtained be-
tween the calculated kh (2.6 10712 m?) and the actual
kh (2.4x10~'2 m3) used in the simulation.

For this example, it is also possible 1o calculate
oC, hr,- because the fluid remains single phase in the!
reservoir so C, is not changing drastically during the
test. Using the imercept of the straight-line segment with
.:—l second, &C, hr, was computed as IXx lO'm_
m3/Pa. The value used for the simulation was
1.45x107' m'/Pa, The difference between these
numbers occurs because the finite grid used around the
wellbore introduces a slight skin effect.

In many cases, because of high flow. rate and hlgh
temperatures in a geothermal well, it is difficult to keep
tools downhole for extended periods of time. Many tests
cannol be run for even 1 hour, and, as we see from this
case, wellbore storage is not over until 1 hour. To obtain
a good estimate of &k, the test would have to be run at
least 10 hours. Data from a shorter test can be analyzed
only if proper allowance is made for the change of sand-

- face flow rate with time.

If the fluid in the reservoir remains single phase as in
this example, the reservoir parameters, Ah/u and
¢C, hr, . can be calculared even when the sandface flow
rate is varying. as long as this flow rate is known. It is
possible to solve for this sandface flow raie if both the
wellhead flow rate and the downhole pressure are
measured. However, a transient wellbore simulator must
be used for this calcizlation. 1t is not possible to use some

s
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Fig. 5--Sandface flow rate and pressure drawdown for hot
water reservoir example. Calculated pressure match
using ANALYZE is plotled also.

average compressibility in the well and then compute the
mass exiting the bore as pCldp 4 /dr). No one pressure
measurement is charucteristic- of the average pressure
change in the bore, If the transient pressure change in the
bore were independent of position, the initial slope of a
logAp vs. logir) plot would be unity, as derived in the
petroleum literature. Fig. 4 plots logAp vs. log(r) fur this
first case. We sce that the initial slope of the plot is
greater than one, indicating that the transient pressure
changes in the bore are a function .of position. The
change in pressure made at wellhead takes about 20
seconds to arrive downhole. after which the downhole
pressure rises abruptly. (More detailed discussion of this
phenomenon is given in Ref. 11.) The pressure response
approaches the downhole pressure change expected
when dp/dt is not a function of position. The average
compressibility of the fluid in the well also is changing
during the test. Therefore a transient wellbore flow
model must be used 10 obtain the sandface flow rate.
Using the simulator WELBORE,* the actual sandface
flow rate can be calculated. Wellbore effects can be
climinated, allowing reservoir propenies to be deter-
mined from a variable rate analysis technique, We have
‘done ,this with a computer program called
ANALYZE.*'"® This program performs history maich-
ing for pressure transient data of a system of wells in a
Theis-1ype reservoir. It uses a least-squares technique to
minimize the difference between a set of measured
pressure points and a set of calculated pressure poinis.

The calculated pressure points.are generaled by varying |

the transmissivity (kh/u ) and the skin (r,).

The programis designed for analysis of interference
and production tests in single-phase, fluid-saturated
hydrothermal reservoirs. It is used to analyze data from
just one production well in this case. Given the sandface
flow rate for the first 15 minutes {calculated with the
wellbore simulator), the sandface flow and the downhole
pressure were input to the program. Fig. 5 shows both
the actual sandface flow rate and the downhole pressure
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Fig. 6—Pressure drawdown ' curve for hot water reservair
which flashes during test.

as a function of time. Included on the figure are the
calculated pressures after a best fit was ablained. The
best fi pave a kh/p=28x10"*% m*/Pu-s und a
¢Chr, 2 =7x107% m?/Pa. (Again, the values used in
the simulation were 2.4x30°% m'/Pa-s and
1.45% 10~ m?/Pa.) This latter quantity is a good fit
considering that it is very sensitive to errors. The result
for kAiZy is quite accurate. Note that the pressure data for
this first 15 minutes would be useless without a tech-
n'tque for evaluating time-dependent sandface flow due
1o wellbore storage. beczuse wellbore storage is not over
for 60 minutes. The pressure data from 107 10 10°
seconds plots as a fairly straight line. If no data were
taken afterward, the subsequent change in slope would
not be noticed. If these duta were analyzed incarrectly
assuming constant sundface flow rate. the kii/u value ob-
tained would be only 6.5 %10 =% m*/Pa-s. The value for
¢C, hr.* would be several orders of magniwde off. on
the order of 1.4 x 107, Because of the current limit on

. the time for keeping a tool downhole in a geothermal

field. a- method for evaluating time-dependent sandface
flow rates is of great practical value because it allows
pood estimates of kh/g and @C,hr,* 10 be made from
short tests.
Hot Water Reservoir With Flashing
In the second example. the initial reservoir pressure was
lowered somewhat so that flashing around the wcll
would occur during the well test. The pressure
drawdown in this case is given for a constant sandface
flow rare and a constant wellhead flow rate in Fig. 6. For
the former case, the pressure drawdown follows the
single-phase case until the first gnd block stans to flash
(at about 150 seconds). At 250 seconds. the next block
flashes, and the pressure begins 1o drop at a laster rate
because of the decrease in the total kinematic mobility.
Small oscillations about the average of drawdown curve
occur because of finite space discretization. This 1s 2
well-known effect that can be diminished by using a
finer grd.

The second case (constant wellhead flow rute) givenn
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Fig. 7—Linear plot of pressure drawdown curve for liquid-
dominated two-phase reservoir.

the figure shows that the downhole pressure does not
start to drop until afier 20 seconds. (The propagation of a
disturbance through the compressible two-phase mixture
“in the wellhore is slow.) For this panicular case, a
straight line is obtained from 107 to 104 seconds, and
the change in slope of the drawdown curve when the
reservoir begins to flash is masked completely. Also. the
oscillations that occurred in the calculation with constant
sandface flow rate are damped out by the well. (The
same gnd was used in both cases.) It is not possible to re-
Iy on changes in the downhole pressure to predict when
flashing  begins in the reservoir during a test.
Measurements of the flowing enthalpy and downhole
pressure are nceded to detect flashing in the bore.

For this example, it is very imponant to determine the
duration of wellbore storage. One might be tempted to
use the slope of the line from 10? 10 10* seconds (Line
**a’" in Fig. 6). Although the calculated value of khfw,
might not be far off, the determination of kit would be in-
accurate, as seen in Table 2. '

The flowing enthalpy needed to determine », varies
considerably when the flid first starts to flash in the
reservoir. if the test was run for only 1 hour, the calcula-
tion for kh gives 1.2x 10 ~'2 m?3, only half of the actual
value used in the simulation. The second analysis for kh
in this &xample given (Line **b’’ in Fig. 6) in the table
shows that a more reasonable value of kh is oblained
2.8x107'2 m3) when the analysis - is done after
wellbore storage is complete (1.1x 104 seconds). The
calculations for khk s and khk .. give the lower estimate
on kh.

A check ‘must be done to ensure that the energy
changes in the bore are negligible, However, because
flashing in the reservoir can occur at any time during the
test in this case, the best method is to monitor the
welihead enthalpy until it steadies out, No estimate was
made for this time for this example.

Liquid-Dominated Two-Phase Reservoir

The third example is a liquid-dominated two-phase reser-
voir. Before the initial 24 hours’ drawdown, the initial
steam saturation was-0.19. Afier the 24 hours, the
average saturation around the bore out to approximately
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Fig. 8—Semilog plot of pressure drawdown lor kquid-
. dominated two-phase reservoir.

10 m is 0.29. When the flow rate is increased to |5 ke/s,
the vapor saturation increases to about 0.4. It is evident
from the icst that it would be difficult to determine the
in-place vapor saturation because the testing itself
changes the saturation conditions in the reservoir.

When the flow from the reservoir is increased, the en-
thalpy from the reservoir increases. However, there is
usually a slight delay. depending on the conditions in the
reservoir. Therefore, the downhole pressure begins to
drop, while the enthalpy of the fluid cntering the well re-
myins fairly constant. The sandface flow rate is increas-
ing slowly, However, once the flowing enthalpy begins
1o increase, the interuction of this flow with the wellbore
fluid flow produces a very interesting phenomenon,
shown in Fig, 7. The pressure drops until the enthalpy
flowing into the well begins to increase. At this point,
because the energy in the bore is increasing. the amount
of mass that can be taken from the bore increases.
Because less mass must come from the reservoir 1o keep
a constant mass at wellhead, the downhole pressure stops
dropping and remains on a plateau until the flowing en-
thalpy from the reservoir steadies out. Subseguently,
more fluid must come from the reservoir. s0 downhole
pressurc begins to drop again. However, wellbore
storage is not mecessanly complete because only the
energy changes are negligible. It is still necessary to
calculate the isenthalpic wellbore storage term.

Again, two analyses were performed for this example,
as given in Table 2. In one case, the analysis was done
for the time period from | x 103 to 3x 507 seconds {Line
**a” in Fig. 8). However, wellbore storage was

< estimated to last at least 6.2x10% seconds with this

analysis. The calculated th gave a very low value
(6% 1013 m3). When the second analysis (Line *'b"" in
Fig. 8) was done at the later times, the calculation for kh
was closer' (2.9 X 10 ~'? m?) to that actually used.

The analysis shown in Table 2 was performed with
Corey relative permeability ¢urves. The calculation for
kh with alienate relative permeability curves also was
done for this example. Table 3 summaunizes the calcula-
tion for the Corey-relative permeability curves with two
different irreducible liquid saturations, the struight-line
refative permeability curves (hy =1-5,. ky +&n =1),
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TABLE 3-—ANALYSIS OF PRESCUNE IRANSIENTDATAFOR CASE D
USING DIFFERENT HELATIVE PLRNEA

SILITY CUSRVES

Coms
Cory Cory El'.:.:‘Jnl vod
(§,=0.3 (5,; -0.71 L e [GRFLLIS s
S, 0.42 0.19 o e 0353 R
A 0.034 0033 o1 012 G 01
kn 0.26 0270 G &3 n g8 612
Uiy 59x105 59x 105 192308 20x108 22x10°
kh 29x10712 2951072 875x10° "% asxi0-¥ 7551012

Grant's cunes™ (k=8 where §° is given by Fg.
Te. k,, vk = Dand the extrapolated curves=' of Coun-
st and R'.IIIIL')':.: A =t-5.70.3forS, =03, atherwise
by =0, k,y=(5.-0.2)/08 for §.>0.2, Lk, =0 for
§, 0.2 We see that different values of the irreducible
liguid saturation with the Corey curves do not affect the
analvsis. Also. both the straight-line permeability curves
and Grant's curves give similar results for this case.
However. there is a very large difference in the calcula-
tion for A when the different relative permcability
curves arc assumed. We conclude that for an accuraie
estimation of & when injection testing cannot be done,
some reasonable estimate of which relative permcability
curves apply is impontant. )

A huwildup case also was simulated for this example,
and the downhole pressure change is plotied in Fig. 9,
The pressure change is greater than for the druwdown
case because the change in flow rate was from 1510 0
kg/s. while in the drawdown case it was from 5 1o 15
kg/s. Note on this gruph that wellbore storage scems 1o
lust & much shorter time for buildup than for a drawdown
test. When the well is shut in, the steam and liguid
phases separuie out in the bore. The compressibility of
each phase is much less than the compressibility of a
well dispersed two-phase mixture, resulting in a longer
wellborg storage phenomenon. However, it is difficult 1o
analyze buildup data when the fluid is two-phuse in the
reservoir because the liquid forms at the bottom of the
well and the liquid saturation around the bore is 100%..
Smali amounts of hiquid can flow from the well back into
the reservoir during the buildup test. Although the

buildup test may seem more desirable, it is very difficult *

¢
i
v

to determine »#, when 8, around the bore s such i strong
function of position,

Vapor-Dominared Two-Phase Reseryvoir

In the founb ¢vample. an iitial steam spuration of 0.78
was assumed. Alter 24 hours of production. the stewn
saturation varies between 0.7 and 0.82 around the bore.
As indicated carlier (Fig. 1), when the stcam saturation
is high, chunges in enthulpy can oceur at ven late imes.
It probubly would have been better 1w initiadize this case
foralongertime.

Fig. 10 is a plot of the drawdown pressure vs. time,
bath considenng the wellbore flow wnd neglecting it At
these high initial vapor suaturations and using Corey
relative permeubility curves, only steam flows in the
well. The average compressibility in the well is much
less than in the other cases. The esenthilpic contribution
to wellbore storuge lasts only 650 seconds and the test
need be run for only 1 hoor.

Over the time span that A/v, was caleulated. Hy is ap-
sproximately constunt, indicating thut energy changes in
the well/resen oir are not iimportant. However, at about
7x107% seconds. the drawdown curve suddenly begins to
drop at a greater rate. A check of the flowing enthalpy
shows that some liquid is beginning to flow. The liquid
saturation around the bore 1s now greater thun the as-
sumed irreducible liguid saturation (0.3 herey. Conden-
sation accurs around the bure when the system s initially
al a pressure gbove the maximum steam enthalpy paint.
as in this case. To unalyze the drawdown curve after
7x10% seconds. it is necessary to wuit until the flowing
enthalpy from the reservoir steadies out.
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Fig. 9--Log-log plol of pressure drawdown and pressure
* buildup for hquid-dominaled two-phase reservoir.

8

Fig.10—Pressure drawdown for vapor-dominated two-phase
resenvoir.
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Concliusions ,

A wcothenmal reservoir simulator and  a vansient
wellbore mode! have been coupled 1o generate i series of
draw dow n histories for vanious (ypes of two-phase reser-
voirs. Estimates of wellbore storage times have been
made. Pressure decline curves have been analyzed with
anahtical methods  and  with  compuierized  curve-
aatching for variable flow rates. The following results
huns ¢ heen obtained.

1. Wellbore storage effects in two-phase drawdown
tests can last for several hours, during which time the
pressure response is controlied by the vanable sundface
flow rate, However, in contrast 1o oil and gas wells, the
wandface flow rate does not always approach the surface
flow rate in a monotonic way., producing a lu:mpnrurj-(
platcau in the downhole pressure transient curve.

2. Monitoring the flowing wellhead enthalpy is essen-
tial for meaningful results.

3. I the drawdown test is designed appropriately,
pressure trunsients are poverned by a linear diffusion
cquation, and a determination of the total kinematic
mobility can be mnade.

4. A transient wellbore model allows for evaluation of
the 1otal kinematic mobility from short time tests. which
are dominated by wellbore storage effects,

5. The ratio of relutive permeabilities for waler and
steam. k¢ and & .. can be determined as a function of
ilowing enthalpy.

6. Absolute permeability/thickness and the in-place
vapor saturation around the wellbore during the 1est can
he obtained if the relative permeabilities are known as a
function of saturation, or, altematively:

7. The relative penmeability curves can be determined
if the absolute pcrmeability and in-place saturation are
known.

Nomenclature

A area of wellbore, sq fi (m?)
isenthalpic compressibility, (1/pX(dp/dp) y.
psi~! (Pa~ly
C, = hcat capacity of rock,
Bru/lbm = °F(kl/kgK)
C, = total compressibility of reservoir, psi~
(Pa™")
Cy = compressibility, (1/pX3p/dp)g, psi~
(Pa 1)
specific energy, Bru/lbm (ki/kg)
friction factor
reservoir thickness, ft {(m)
specific enthalpy, Btu/lbm (kJ/kg)
permeability, md (m?)
relative permeability of liquid water
relative permeability of steam
length of wellbore, ft {(m)
= slope of straight line segment on
p vs. log(r) plot, psi/sec (mPa/s)

p = pressure, psi (Pa)

r = radial distance. ft {m)

r, = ecffective wellbore radius, ft (m)
r. = wellbore madius, fi (m)

s = skin

)
I

o

I

I n

E i
R I N
I

it junl

y = spturalion

8 = arrcdocble hqud satunation
Sz rreducible stewm saturution
f o= omne, seconds

T = wemperature, °F (°C)
o= heat trunsfer coefficiont, B 11-°F

{(kI/m-<C)

v o= mass averaged velocity. ft's (m's)
vi = Darcy liquid velocity. fts tim's)
v, = Darey steam velocity. f1's (m's)

wo= mass flow rate, Thmi's (ha/s)

x = may) disance, fi (m)

8 = (lipudp'dF)p. IbmBiu (he K}

n = rint

g = absolute viscosity, cp (Pa-s)

v = Kinematic viscosity. sq ft/s (m?is)

v, = total kinematic viscosity. sq ftis tm-/s)

p = density, Ibm/cu fi (kg/m?)

¢ = porosity '

Subscripts

dh = downhole
[ = flowing
i = initial

f = hquid

r = rock

sf = sundface
5 = surface
v = vapor
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A Study of a Thermal Discontinuity

in Well Test Analysis

Donald C. Mangold, Lawrence Berkeley Luboratory

Chin Fu Tsang, Lawrence Berheley Laboralory

Marcelo J. Lippmann, Lawrence Betkeley Laboratory
Puul A. Witherspoon, SPE, Lawrence Berkeley Laboratory

Summary

The presence of zones of different iemperatures in
ponisothermal reservoirs may resemble permeability
boundaries during well testing. This investigation
employed numerical modeling to examine such ef-
fects in drawdown, buildup, and injection well tesis.
The results indicate that nonisothermal influence can
be detected and accounted for by tests of sufficient
duration with suitably placed observation wells,

Introduction

A challenge to the interpretation of well test resulis
from nonisothermal reservoirs is the effect on the
pressure response due to fluid and rock temperature-
dependent  properties. Since zones of different
lemperatures in the reservoir may resemble per-
meab:lny boundancs carein mlerpretanon of results
is required.! 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. The investigation was carried out with the
intent of comparing the resulls of such tests with the
classical Theis selution and discovering ways in
which temperature differences can be accounted for
in well test data analysis.

Only recently have there been discussions of
nonisothermal - well testing in the literature. An
analytical study by Tsang and Tsang? motivated this
siudy by giving semilog results 10 be expected from
cold-water injection into a hot  reservoir. By
assuming a specific form for the variation of the
penimcability/viscosity ratio (A/u) across the tran-
sition zone (from cold to hot water), they were uble
10 derive solutions that follow the classic Theis curve
for cach region. From early- and later-time daia,
reseivoir transmissivity {(kh/u) and storativity (och)

-
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can be derermined so that compressibility (c),
reservoir  permeunbility  (K),  porosity (o), and
thichness (#1}) can be covaluated. Their results

-prompiled this numerical investigation of viscosily

effecys where production, buildup, and panial-
penctration well tests are considered.

Background
The standard methods of well test data analysis in
isothermal reservoirs have been documented

thoroughly by Earlougher.? The problems of well
testing in geothermal reservoirs have been discussed
by only a few authors in the paSl decade. Recently,
Narasimhan and Witherspoon® have reviewed the
problems in carrying out and analyzing well tests in
these systems. They menuion that the conventional
concept of transmissivity should be replaced by
absolute permcabili%y (k) or the product kh. In
another recent study” of reinjection at the East Mesa
geothermal area, pressure distributions based on
viscosity ratios of 1:1.9 between 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 frontat varying distances from the production
well and with cncrg,v and mass transport cquations
decoupled. Rice® used computer models 10 describe
drawdown and buildup 1ests in single- and 1wo-phase
reservoirs, under isothermal conditions. Earlier,
Chappelear and Volek? modeled the injection of a
hot liguid into a porous medium using temperature-
dependent viscosity. They assumed that specific heat
and density were independent of temperature, and
they calculated temperature (not pressure)-
distributions within the reservoir, caprock, and
bedrock. Their results show that the high viscosity of
the colder water effectively conirols -the average
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TABLE1 — PROPERTIES OF THE AQUIFER USED IN THE SIMULATIONS

Thickness, A, ft {m)
Porosity ¢, dimensionless

Intrinsic permeability k, ing (10~ '3 m?)
Specific storage cocefficient S, it~ (m~7)

Rock density p, , ‘um/cu {1 (kg/m?)

Rock specific h. "1 C,, Blu/ibm-*F (J/kg - K)
Thermal conduc:vity ky, Btu-fi/h-sq ft-*F (Wim- K)

@

temperature and the temperature distribution within
the sysiem. |

For composite reservoirs, Bixel er al. 8 pave results
for the pressure response in isothermal reservoirs
with linear dnmntmmlncs. for both drawdown and
buildup tests. l.ater, Ramey made an analytical
study of well tests performed in cylindrical composite
reservoirs : showing permeability contrasts. Even
though the systems analyzed were isothermal, their
behavior may be similar to nonisotherinal ones.
These works suggest lines for extensions ta this
study,

’

Computational Approach

This study used a numerical model'? developed at
Lawrence Berkeley Laboratory {LBL) called CCC
(conduction/convection/consolidation) to simulate a
geothermal reservoir with a central hot cylindrical
region surrounded by colder water. The prograin has
coupled encrgy and mass Lransport cquations 1o
simulate  single-phase  nonisothermal  saturated
porous syslems. Viscosity, specific heat, and density
of water are taken properly as 1e¢mperature-
dependent properties (Tables 1 and 2). In a more
recent version of CCC, the equation of state for the
density of water has been made a function of both
temperature and pressure. The program also has the
ability to consider pressure- and tlemperature-
dependent rock and fluid properties in general, but
for this study only water properties were allowed to
vary with temperature. In - particular, intrinsic

permeability was held constant throughout all cases’

164 (50)

0.1

29129

1.19% 1075 (3.9% 10" %)
165,4 12650)

231.7 (970)
5.0079(2.8335)

to study variability due 1o viscosity alone. Pure liquid
waler was assumed; the effects of a salt soluwion of a
3-w1% hrine in our pioblem are negligible (see
section on addinional factors). This model has been
validated avainst a variety of analviical and
semianalytical solutions as well as ficld data. 11-13
The mesh design used for the majority of cases
studied in this paper uses cvlindrical symnetry with
nodes at 3-ft (1-m) intervals 1o a distance of 984 fi
(300 m). This fine mesh is nccessary to simulate the
temperature front movements properly. The nodal
scparation gradually increases afier 984 f1 (300 m) up
10 a constant-pressure and constant-temperature
boundary node at 16,896 ft (5150 m) from the well,
The caprock and bedrock are assumed 1o be insulared
and impermeable {for the purposes of this study) 10
focus on the horizomal disieibution of the tem-
perature front, Two sizes of the hot spot were ins
vestigated: the case of a 328-ft (100-m) radius is
discussed first, and then a hot spot with 164-f1 (30-m)

. radius is analyzed in more detail. For simplicity, in |

most cases a single-layver model is assumed (i.e.,
effectively gravity is neglected). The effects of gravity
and buoyancy of the hot water.aré considered in the
case of partial penetration with a multilayer mesh
design. The initial conditions assumed for the system
are idealized for the sake of uniformity, with a sharp
vertical thermal front boundary between the 482°F
{230°C) inner region and the cooler 212°F (100°C})
surrounding region. The same pattern in the pressure
decline appears regardless of whether the front is
initially sharp or diffuse (see section on effect of a
diffuse thermal front). Since the degrece of the dif-

TABLE 2 — PROPERTIES OF WATER USED IN THE SIMULATIONS

Compressibility x, psi=? (Pa- 1)
Density equation:

4.4816x 10-8 (6.5 x 10~ 19)

p=0o[1 = a(T-T,)-B(T-T,)?]
Reference density p,, Ibmicu It (kg/m?)
Reference temperature T, *F ("C)
First coefficient of thermal expansion
o F-{*Cc™Y
Second coefficient of thermal expansion
B.°F2("C?

62.23{996.9)
77125)

5.706 x 10~ (3.17 x 10~ 4)

4.608x10-5(2.56 x10"6)

Temperature T

Viscosily p, Densityps, Heat Capacity C
( F) o ( C) __._(‘.:PL_ (_ll?_rplcuyﬂ) (Btunbm-'Fy}
122 850 0.5450 61.64 957.8
212 . 100 0.2800 59.86 900.4 '
257 - 125 0.2310 58.67 872.0
347 . 175 0.1585 55.69 820.2
0.1070 49,73 7614

482 250
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Fig. 3 - Temperature profiles for hot spols with initially
diffuse and sharp fronts after 30 days of
production.
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Fig. 4 — Drawdowns for hot spots with initially diffuse and
sharp fronts during 30 days of production.
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shaped curve. Afier 30 days of pumping, both the
initially sharp and initially diffuse fronts show the
effect of diffusion of the temperature front and there
is less difference between the two fronts.

The drawdown curves for these two cses are
shown in Fig. 4. It is elear that the pressure response
for both cases follows the same gencral pattern. The
pressure response of ihe diffuse thermal front is
sJightly less and slightly slower, as expected, due 10
its broader trunsition zone between the (wo tem-
perature revions. The diffuse thermal zone produces
a pressure behavior similar to a region of gradually
decreasing permeability, whereas the sharp vertical
thermal front produces a behavior that resembles a
sudden permeability change, such as a barrier or
fault. In either case, the weneral patiern of the
drawdown is basically the same. This paticrn is
confirmed further by the buildup and falloff tesis
(see sections on buildup tests and on injection and
production of hot water) and the partial-penetration
case (sce section on partial-penetration case)
Therefore, the rest of the invesiigation was carried
out using a sharp vertical thermal front as the mitial
condition for each case.

50-m Case: Production for 120 Days

In this case, production was continued for 120 days
— i.e., until all the 482°F (230°C) water was' ex-
tracted from the reservoir, which then was at 212°F
(100°C) throughout. The progression in pressure
change from the initial hot-spot condition to the end
is shown in the semilog plot in Fig. 5, where there are
several discernible periods of different response.
During the carliest tdines (up 10 nearly 0.5 day) the
pressure follows the 482°F (250°C) Theis behavior,
as expected. There follows a transiiion time (from 0.5
to 2 days) where the curve shifts to run parallel 1o the
212°F (100°C) Theis curve but still below it in
magnitude (from 2 10.20 days). Then the curve again
shifts upward (20 to 60 days) until the temperature
front begins 1o reach the observation well. At this

_point, the pressure changes drastically, sloping

steeply upward 1o join the 212°F (100°C) Theis curve
(for times greater than 60 days), as it should, since by
the end of the 120 davs the entire reservoir is at 212°F
(100°C).

Two observalions can be made on the basis of such
a complete pressure history. First, as noted in the

previous sections, the initial period of 482°F (250°C) |,

Theis curve behavior is followed by a transition 1o a
curve parallel to the colder-water Theis solution.
Secondly, as the well continues 1o be produced, the
curve shifts upward again as an indication of another
boundary, in this case the moving boundary of the
thermal front.

The practical application of this **second shift’ 1s
made by locating an observation well at some
distance away from the produced well. As Fig. 6
shows, the effect of the moving thermal front occurs
much earlier (at approximately 15 days) when ob-
served at a distance of 64 ft (19.5 m) from the
production well. Thus, the length of tiine for the
moving boundary to be manifested can be minimized

JOURNAL OF PETROLFUM TECHNOLOGY
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Fig.5 - Drawdov«;n history for 120 days of production from
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by data taken at a suitably distant observation well.
However, if the observation well is too far away
from the axis of the hot spol,.it may be in the cold-
water zone. Fig. 7 reveals that the same general shift
of curves takes place but within a much shorter
I¢ngth of time (approximately 0.7 day). This well is
195 {1 (59.5 m) from the producing well or 31 {1 (9.5
m) outside the outer boundary, of the hot spot. It is

ifteresting to note that its early time behavior

nevertheless follows a 482°F (250°C) Theis curve
before shifting over to the 212°F (100°C) Theis
curve. Clearly, employing one or more observation
wells provides a ready check on the usuval semilog
direct analysis from a single well and increases the
real possibility of detection of the moving lhermal
boundary.

As a furlher examination of these results, log Ap

“vs, log t/r% curves were plotted for r = 8.2, 64, 130,
and 195 fi (2.5, 19.5, 39.5, and 59.5 m) [sec Fig. 8
where the Theis curves for 212°F (100°C) and 482°F
(250°C) are shown for reference]. ‘The observations
at 195 ft (59.5 m) and 130 f1 (39.5 m) eventually
merge into the 212°F (100°C) Theis curve. From all
the 1/r® curves, we can sce that the departure from
the 482°F (250 C) Theis behavior occurs at smaller
values of 1/r2 for greater radial distances r from the
well. Also, the mergmg of the pressure behavior with
the 212°F (100°C) Theis solution happens at earlier
values of ¢/r2 for greater r. This confirms the use of
more than one observation well at different radial
distances from the producing well 16 monitor a well
test 10 trace pressure behavior which may be related
to a thermal boundary.

A usual type-curve matching procedure was ap-
plied 1o the log-log plot of r = 8.2 f1 (2.5 m) daia 10
estimaie transmissivity (kh/p) and storativity (éeh).
The results of the type-curve analysis are given in the
Appendix. The match with the very early part of the
curve yields a good estimate for kh/p, as expected.
But under such a direct analysis, if the analyst
maitched the later portion of the curve, he would be
seriousty mistaken. The estinated values for och
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Fig. 10 ~ Buiidup curve after 30 days of production for
482°F {250°C) hot spot with 164-it (50-m) radius;
surrounding region at 212*F (100°C); observation
well at 8.2 ft (2.5 m).

(Q reflect the sensitivity of 1ype-curve matching in the

determination of compressibility, even for the carly-
time data. Again, matching with the latest portion of .
the curve would lead 10 serious errors by direct
analysis.

The progress of the lempuat ure front is interesting
to follow. In Fig. 9, a sequence of curves shows how
the front moves slowly at first and quite rapidly at’
(he end, ruﬂeclmg differences in radial volume under
a constant pumping rate. The diffusion of the front is
very apparent; Table 3 gives values for the size of the
front throughout its history and a compansou with a
simple analytical conduction model.'* This diffusion |
of the temperature front also may account for some
of the shifting of the pressure change data curves
over the period of production (see secnon 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. 10 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
carliest times, the points are parallel to the 482°F
(250°C) analytical curve, but after | day the points
shift toward the 212°F (100°C) curve. By 5'days, the
pressure is already following characteristic 212°F
(100°C}) buildup behavior. .
The buildup test has several differences from a
production well test. First, the response is generally
laster than the drawdown test. Second, because there
is only mass flow resulting from pressure
cquilibration, the thermal front moves very little
during buildup. Of course, due to 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 flow also means that the diffusion of the
thermal front proceeds much more slowly because it .
is mainly by cenduction. These latter two condijtions
do not permit the observation of a moving theérmal
boundary or a diffuse {ront 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

N TABLE 3 — DIFFUSION OF THERMAL FRONT, 120-DAY PRODUCTION

' : Width of
_ Distance 10% Limit,  Analylical  90% Limit Analytical  Thermal
Time From Well 239°F Calculation 455°F Calculation  Front
{days) {f1} {f1) i () ) ()
0.15 164 - - - - 0
5.00 162 167 - 156 - 1
20.00 148 158 151 133 144 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 -0 16 69
91.00 . Breakihfough 57 - - - -

1100
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‘buildup 1ésts. The production iests would provide an
analyst with sufficicnt data 1o determine kit/u, dch,
and the presence of a moving thermal front, Then the
data from buildup tests could be used to confinm the
estimated values of the reservoir parumeters and to
match the. pressure response 1o type curves to
discover possible thermal effects.

Similar behavior on buildup tests was observed for
other combinations of temperatures. In Fig, 11 there
is a large temperature contrast between 482°F
{250°C) and 122°F (50°C) waters, resulting in a fluid
viscosity ratio of 1:5.1. Although this case is for a
production time of only 15 days, by the end of
another 15 days of shutiing in the well, the pressures
are responding according 1o the analytical solution
for 122°F (50°C). This demonstrates the rapid -ad-
justment of the system under different temperatures
and confirms that buildup tests should prove to be a

useful means for 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 the general pattern observed
in the drawdown tests. This is a further confirmation
that whether the thermal front is sharp or diffuse, the
pressure response follows the same pattern.

Injection and Production of Hot Water

The effect of hot-water injection for 30 days (same
temperature as the hot spot) is shown in Fig. 12. It
conforms to the same general pattern of pressure
change described in the previous sections (but with an
increase of pressure instead of a decling). 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 10
buildup'tcsts after production, with a rapid response
in the change of the semilog slope as the pressure of
the system equnhbraxes. .

In another simulation, the injected water was

produced immediately after injection by pumping at
the same rate as injection. The results are illustrated
in Fig. 14. The initial semilog s!ope 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 (100°C)

slope or any:integer multiple of it. However, this
slope and, indeed, the entire plot of pressure changes
may be obtaingd 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
constant value but the temperature prof‘ le was kept
exactly the same. The falloff test gives the correct
variable pressure response pattern at early times, but
it is necessary at later 1imes to include the effect of
the moving diffuse front due to production without
the influence 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-water
rcinjt:c:lion.2 as mentioned earlier. The results in-
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@)dicalc that for small values of ¢/r%, the pressure

decline curve follows a  Theis solution with

parameters corresponding to those of the native hot
water. For large l/rz, it approaches a line paraliel 10 -

a Theis curve with parameters corresponding 1o those
of the injected water. The authors suggested that (1)
from matching early data, kh and ¢ch may be
ascertained, and (2) after matching later data, the
position of "the front and, therefore, & may be
estimated. Thus &, ¢c, and h are evaluated,
However, this procedure has not been Iesled with
field data.”

The results of the analyucal solunon were checked
against the numerical model CCC employed here.

The characteristic  pressure .b_eh'avior noted in"
previous sections for drawdown and buildup 1ests -
was apparent and followed the behavior predicied by N

the analytical solution.
To corroborate these results, the behavior of a

surrounded by a 482°F (250°C) region was studied. It
was produced for 30 days in the same fashion as the
previous hot-spot cases, with the results shown in

Fig. 15. Ag'im. the pattern is the same, but now in

the opposite direction (from cold-water behavior
toward hot-water behavior). After the data runs
parallel 10 the 482°F (250°C) Theis sotution, it shifts
further toward that solution but runs nearly

" horizomtal for the last 5 days. This is probably
because the 482°F (250°C) water flows much more *

readily than the 212°F (100°C) water, so that the

produced well appears 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 solution and
finally merge with it.

Thus, the effect of cold water mjeclcd or produced

from hotter reservoirs conforms to the expected

pattern due to fluid viscosity and density differences.

Partial-Penetration Case

"

The previous sections have 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 to a distance of 65.6 ft (20 m) from the

‘well; beyond 65.6 ft (20 m), the size of the annular

nodes 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 40% of the former rate. The observation
well is in the middle layer, 8.2'ft (2.5 m) from the axis
of the system. The results are displayed in Fig. 16.
The same gencral pattern of the previous sections
is apparent for partial penetration. The analg'tlcal
solutions are taken from Witherspoon et af.!’ 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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. TABLE4 - COMPARISON OF PROPERTIES OF PURE WATER WITH 3-wi% BRINE
b (3wWl% = 30,000 ppm TDS) -

Property °F)

. Density p, 462
ibmicu ft- 212

© ... Heatcapacity C,’ 482
Y Blufibm-*F 212
Viscosity p, 482

cp 212

. DensMy-capaclly product nC, 482

10° Btufcu f1.°F 212

- Permeability/viscosity ratio k/p, .482

. mdicp 212

Teinperature

Percent
L'El Biine Walter Change
250 51.10 4973 2.75
100 61.29 59.86 2.39
250 7385 7614 - 3.0%
100- 8735 9004 -3.00
250 01140 01070 6.54
100  0.2983 0.2800 6.54
250 37.74 37.86 -0.34
100 53.54 53.90 - 0.67

Y

250 2544 2710 --6.14
100 , 97.22 1036 =613 ,

~is partially penegratihg and the influence of gravity is .

taken into account. Lo

Three Additional Factors

‘There 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 possibililies are
covered briefly in (his section. ,

To study the effect of natural convection, a
simulation was performed using the partial
penetration mesh of five layers, with temperatures of
482°F (250°C) inside and 212°F (100°C) outside.
There was no production at the well. After 27.5 days,.
the mass -flow cycle in the simulation achieved
quasisteady state and no further mass flow was
computed; the heat flow calculations were continued
10 38 days. The results were compared with analytical
formulas recently derived by Hellstrom ef al.'® for
Buoyancy tilting of a thermal front in an aquifer,
including the effect of a diffuse front. The
numerically computed- flow velocity at the front
compared to within 0.76% of the analytical solution
at 27.5 days. The maximum flow velocity due to
natural convection was 4.774 x 1077 ft/s (1.455 X
10~7 m/s) compared with the flow velocity from
pumping, which was 1.406 x 1077 fi/s (4.285 x
10 =% m/s) at 30 days, a factor of nearly 30:1. These
results confirm that the use of a single-layer mesh for
the major 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 brine solution instead of pure water
was examined using estimation formulas from
Wah!!? for physical properties of geothermal brines.
The results are displayed in Table 4. A 3-wt% brine

(30,000 ppm TDS) was. chosen for comparison, --

because’ many geothermal arcas {New Zealand,
Japan, Mexico, U.S. (except Salton Se¢a), and
Iceland] have a smaller weight percent of tolal
dissolved solids. The difference in properties between
such a brine and water is negligible for pC, and
approximately 6% for u or (/). However, the error
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of 6% applies equally to the 482°F (250°C) and
212°F (100°C) waters, so that the viscosily ratio

remains the same. Thus, encountering a brine

solution in place of pure water in a field test should
not affect the results reported 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-
fusivity. 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 Lo
their numerical results, the value used for aquifer
diffusivity in this investigation would lead to a 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

the diffuse zone between hot and cold waters on

pressure response in a well test.

Conclusions

This 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
mistaken as permeability barriers in some cases. This
effect can be recognized by a pumping 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 (i.e., natural convection), a brine solution,
. and the size of the diffuse zone also have been

considered. |

Future extensions of this investigation  would
include further work in deriving the analytical
relationship between the time of departure from the

. Theis solution for the inner region and the distance 10

lhg boundary between the hot and cold waters,
possibly along the line of Ramey.? With such a
relationship, .there is the potential that geothermal



well testing could point out the presence of different

lemperaiure regions,
Nomenclature
B = reservoir volumes per sl.md.u d volume,
dimensiontess
¢ = fluid compressibility, psi~! (Pa~1)
fluid specific heat, Btu/lbm-
= aquifer rock specific heat, Biu/lbm- °F
{J/kg-K) -
h = aquifer thickness, f1 {m) ,
k = intrinsic permeability, md (10~ Sm2)
kg = thermal conductivity of solid/fluid
: mixture, Biu-ft/h:sq ft- "F(W/m-K)
i = slope of semilog straight line, psi/log
cycle (Pa/log cycie)
# = fluid {(pore) pressure, psi (Pa)
pp = {luid pressure, dimensionless
g = volumetric flow rate, gal/min (dm?/s)
G mass = mass flow rate, lbm/s (kg/s)
r = radial distance, ft {m)
S, = specific storage coefficient, fi~! (m~1)

a
i

S .
[ = time
tp = time, dimensionless
T = temperature, °F (°C)
T, = rcference water temperature, °F (°C)

a = first cocff“cnent of thermmal expansion for
water, °F~1 (°C— 1)

8 = second cocfﬁc:em of lhcrma] expansion
for water, °F~2 (*C~2)

x = waler compressibility, psi~! (Pa~!).
p = fluid viscosity (dynamic), cp (Pa-s)
p = fluid density, Ibm/cu fi (kg/m3)

po = aquifer rock density, lbm/cu ft (kg/m3)
Py = refercnce water density, tbm/cu v
(kg/m?)
¢ = porosity, dimensionless
Subseripts
a = aquifer
D = dimensionless quantity
e = Theis curve estimate
H = heat conductivity value _
m = match value from’type-curve analysis
0= rcference quantity

il
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APPENDIX
Theis Curve Matching

These calculations are for the hot spot with 164-ft
(50-m) radius, 482°F '(250°C) inside, and 212°F
(IOO C) outside.

Early Times (up to 0.372 day)

At match point, for t5 = 10.0 there is Ap = 58 psi
(400 kPa) at r = 0. 026 day for flow rate g == = 960.56
gal/min (60.602 dm? /8).

(’:ﬁ' - .__,(ﬂ)_)
o 47 P’y ]
= 3.9555 x 10% md-fi/cp
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MATERTA: ASPECTOS PRACTICOS DE LA SIMULACION
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N Finite-Différencg Model of Two-Dimensional,

Single-, and Two-Phase Heat Transport

Version 1

in a Porous Medium

by

Charles R. Faust and James W. Mercer

ABSTRACT

Model documentation is presented for a two-dimensional (areal)
heat-transport model capable of simulating both water- and vapor- .
dominated geothermal reservoirs that conform with the assumptions of
the model. Finfte-difference techniques are used to solve for the
dependent variables pressure and enthalpy. The program is designed
- to simd]ate time-dependent problems such as those associated with
geothermal ‘reservoirs undergoing exploitation, and can treat the
transition from compressed water to two-phase flow. In order to
simulate more complicated field problems the present program is being
extended, and therefore the model described in thfs report is referred

to as VERSION I.. A listing of the computer code is included.



INTRODUCT ION

The continuity'eqﬁations'for steam and water drg reduced to tﬁo
nonlinear paftia] differential equatfons in which the.dependent
variabies are fluid pressure and enthalpxkh These equations are
approximated using fin{ie-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'weiéhtihg'ﬁn'ihe
mobi]ify terms. The model can simulate flbﬁ of compressed water, two-
phase mixtures, and super-heated steam over a temperature rénge 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.I
and is considered to be a resgarcﬁ tool; that is, this version is
kept as simple as possible so that the program can be easily understood
and modified. For this reason, many sophisticated changés and . |
additions which are generally required to simulate complicated field
problems are not 1ﬁc1uded. Such changes are the subject of current

research and will be described in subsequent reports.



Final Equations
Based on these assumptions the equations describing flow and heat

transport in a geothermal reservoir are (Faust, 1976):

bp kk bp kk

L 3(4p)
Ve (5 Y (o Vp) *+ bagtbe) = by ()
s w . '
and
‘bp_h_kk bp_h_kk AT, o . IT
s s I8 . wwoy . gl 21
(2)

+baihibhie”  a bl [epht(-0p b )

where the term, q", represents the conductive-heat gain (or loss) to

the confining beds (overburden and underburden), and may be obtained
from, ST e s
T T
q"':x — ) "K oL
roz overburden  FO% underburden — (3)

contact contact



Auxiliary Relationships
Additional assumptions and relationships iﬁcTude the'folfewiﬁg:

1) The fluid enthalpy, h, of the mixture is defined in the two-
phase region by:
| Soh +Sph

o
hgssspsww . (4)

2) The density, p, of the mixture s defined by

p=Sp tSpe, - . (5)

3) Phase saturations sum to one:
Sg+S,=1. _ (6)
4) Porosity is a function of pressure, and can be expanded about

~an initial porosity d1str1but1on by a truncated Taylor series with first

order pressure terms:
¢ = o;[1+8(p-p)], I ()

.where the subscript 1 1nd1cates initial values.
5) Phase viscositites are functions of temperature (Meyer and '

others, 1967; modified for the cgs system),

w = 107%0.407.7 + 80.2), (8)



. and,

" 1076 [2.4.10/297-8/(M33.1901 ) (9)

where,
Mg = dynamic viscosity of steam, g/cm-sec,

W, © dynamic viscosity of water; g/cm-sec,
T i=~temperaturg,*°c;]‘

Equation 8 is valid Eor:superheated stéam ét 106tdynes'pér square
-centimeter pressure in the temperature range of 100 to 300 degrees
Celsius, and is approximately Galid for stéam viscosity along the
| saturation line in that range. Equation 9 is valid for liquid water
.-a]ong the saturation line from 0 to 300 degrées Celsius.

6) The relative permeability expressions are functions of
saturation and are a variation of those given by Corey (19541 fgr a
dnainage.djsplacement:process;lthat is, vaporiza;ion dominates

condensation:

4
- (S, = Sur = Ssr)
e

Kpyy oS (10)

wr Ssr



o ,'.'_a‘,nd- o

e q2
k,.‘ﬂ ,1.; Sy = Sur = Sed |
rs ' e
a- Sur " ssr) ] ,
~ (1)
[ 2 |
k- (Sy = Syp = Sy

2
(- Swre ~ Ssr)

where Sur énd'ssr are specified residual water and steam saturations.

7) Reservoir thickness, rock density, rock specific heat and
., intrinsic permeability are functions of the spatia1.cqordinates.

8) Rock enthalpy may be determined by the expression,
hr = ch - (12)
where the rock enthalpy is in ergs per grim. the temperature is in

degrees Celsius, and the formation heat capacity, Cpos is in ergs peb<

gram per degree Celsius.

9) In the two-phase region, the amount of heat lost to the well
is defined as - '

qp = 9ghg + q‘;h;, v (13)
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Figure 1. Pressure-enthalpy diagram for pure water and vapor showing three thennodynémic regions
below the critical point: 1) compressed water, 2) two-phase steam and water and 3)
superheated steam (modified from White, Muffler, and Truesdell, 1971).
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,;aud

" - o/00697 +-101%/p +1:29267 - 10%/p?"

- 628359 - 10%7p0° . T o )

. where’

-
)

pressure.

=
4

- -
]

enthalpy of saturated steam, ergs/g

-
]

W enthalpy of saturated water, ergslg.

1) Temperature is treated as a function ‘of- pressure and

_ entha]py for the compressed-water and superheated steam regions Fer

“the’ compressed—water region. i Gﬁlfﬁirfvaifff,;,;ﬁf“'f:-"wﬁ" o
T=-2Mm1+z%uz-w8 h
- 9.31415 - 10“7 SO - (19)

- 2,2553-,gp10719”¢uh? R

100




and for the superheated Steam reg1on,

T=-3N6w+47%ﬂ-106 T

- 6.33606 - 10715 - 2

+ 7.30366 + 10719 .+ b2

- 3.3372 - 10%/n%p? . y
+ 3, 57154 . 10: me - (18)

- 2.26861 - io43/h4,
where the'temperature. T, is in degrees Celsjus. For the two-phase

(steam-water) region'hw is used in place of h in equation 18.

12} Tota) density, Ds steam and water densities, Py and p,, are
: uconsidered functions of pressure and entha]py. For the compressed-

""'water region, . | '

p=p,= 1.00207 +4.42607 - 10711 . p

12

- 5.47456 « 10712 - p
(20)
+5.02875 - 10°%1 . pp
T an2ar9 . 1078 L g

107%" « h¢



_Jfaﬁd:fpr;theishhethéstéh-stéam region, . S |
& - - ~ |2~

p=p =~ 2.26162 + 107 +4.38441 « 107« p
- 179088 - 10717 « ph
{21)
+ 3.69276 » 10736 . pt
+ 517684+ 1677« ph?

2.t ph- e

'7'where dehsitj is injgrams pe? cubic céntiméter. For the'steam-watef-
region, saturation pressures and entha1pies'are used in equation 20

and 21 to obtain Py and Py

Numerical Development

The .technique used to solve equations 1 and 2 is based 6n the
finite-difference method. For.this‘méfhod the areal extent of the
reservoir is subdivided into rectangular grid blocks (see figure 2) ‘
in khich thé fjuid and reservoir properties are gs;umed uniform. The
continuous derivat{}és.}n.equations 1 and 2 are épproximated by finite-
difference expressions at points (nodes) in the centers of the blocks.
This results in a nonlinear system of 2n equations with 2n unknowns

" (the values of pressure and.énth;pr at the\nodes)‘where n s the
number.of nodes. The general fiﬁife—dffferéﬁce representation and

solution procedure for this system of :nonlinear equations are outlined

below. ' ' -3 = .



Figure 2. Finite-difference grid showing the lications of
the reservoir, the grid blocks and nodes.
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| lFinitewnifference nepresentation ”‘fﬂ;fj{f{i; ::-,ff[ }if
| Equations 1 and 2 may be written in compact, implicit flnlte-

difference form as:

s l(r“fr“)axp"“l + b G AT, 000 )
. * v‘n - _A__E mnﬂ. r) '.k - |
and | i ; 5
| : o+ atl, ;
. B (T A7) +Ay(rhyay )+Ax(r¢xe:p )
il u-_ n+1_. n.
+ A,(rcyA’h )+th + -q A,'(}: E) , (23)

where the right stdes of equations 22. and 23 are the accumu]ation ternis
for mass and energy. respectively, and q and qh are. the total mass

) and heat 1ost to wells. respective]y

7“}]15[;"_%’”’"



T.h:e-: _tran;miis_s.‘_ibl.l'l._tx terms T.W ..__.Ts-j. T, » and .,Tc"'. are gj?en by .

¥, - GAMDRK fug s . (24a)
T, = (AR)p ke Suy " {24b).
T, ™ TR AT b (AR /) (-a%)h . | (24c)

T, - (0 GD,

.

and the mass and energy terms M and E are:

- o _H - Vp, ERE (?Sa) .
T . vtwph+c1-¢)n T R B N RS
o 'q o (25b)

- (24d)

where V, A and & are the grid block volume, cross-sectional area
perpendicu]a'r to the flow direction, and the 'Ie_thh increment in the

flow direction, respectively. The difference operator acts as follows:

that, o (WtHAt At
K (waAxp ) wai_“‘j (piﬂ ..'l pi .1 )

+ + :
-1 (pt At _ teat )

WXk 1. " Pi-,g (26)

where ‘i and j are indices in the x-. and y- directions, and t is the index.

fo‘r the time level.

L
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:'The Interblock transmissibiilty tenns (values at 1 + &, i-- k.' :
" and § - 5) are composed of two parts" that which-is a- function
of space on1y (for example. kA/¢) and that which is a non]inear function:
of pressure and/or enthalpy (for example. pk /u)- To approx1mate these
terms requ1res averaging or weighting of. the various components over
each grid block For. the space dependent part this 1s accomp11shed by

rusing a harmun1c mean. for example. e

2ki+lkiAi+1Ai

+ kAR ~(2n)

(kA/2)1+* K1y

The nonlinear part of the transmissibility terms are generally
assigned the upstream value. The upstream npde is determined by
comparing the pressures at (i) and (1+1), and using the larper:
pressure to compute the ‘nonlfnear part. Alternativer.this part
may be determined by 2 length we1ghted arithmetic average, for

example,

K. By +k 2
) LTS ML LT

i b Y

(28)

| ~;0f the two procedures. upstream weight1ng yie]ds a lower order -
approx1mat1on of the spatia] derivative but exhibits a more stab]e '

solution.
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] Soiution Procedure i“f.'_ . | |
The difference EQJdtiOHS 22 and 23 are solved simultaneously for the |

unknown pressure and enthalpy in each grid block for each time step.

Since equations 22 and 23 are nonlinear, a provision is included to

” iterate on nonlinear coefficaents Newton-Raphson iteration is used
on the accumulation terms ‘and Picard iteration is used on the =

coefficients of- the spatiai derivatives.‘ Two difference equations

' are obtained for each grid biock, and the re5u1ting system of 2n

' equation has the form.
(8] (M8 - gr(x®* Bty + (XM ¢ tqd =0 (29)

where the superscript indicates the time ievei the matrix [8]

‘~,1ncorporates the transmissibiiity terms the vector {Xx} contains

the unknown pressure and- enthalpy vaiues. that is S

and the vector {f(X)} is a non-linear function describing the

accumulation terms.

e ,--_:-..:'.18



To lineakize 29, an fterative te;hnique_palledAthe_ﬁeyfon-Raphson

L procedure is applied The‘fteratienvlevel'is'indiCatEd by'eISUbscr{pt,

- and in particular the first 1teration (in\tial guess) is 1ndicated by
the subscript (o). Substitution of the initial guess into equation 29

'yields a residual:

[ ] {xt+0t (F(x, tratyy {f(X )i
.:' + {qo} = {R(x t+At)} L (30)

" For the:ffrefftime'sfep,itheﬂihitial'conditiops aréﬂuséa'aQ'tﬁé inftial
guess; for'subsequent time steps, the resuits from the previous time
?step are used as the initial guess.
If the residual 1is expanded in a truncated first order.Taylor serfes,‘

" one obtains,

L Piery teatiy
. SV 1010 Sdicio ) ! BERU
(REEE)) - {a(_-xo““)l + W}[ — ]" '
: o S . Sl I

or rearrangtng*fw~"-

B{R(X t+At)} ' N
[ ~ AT (a.x) = - -qr(x **4%)y L (3)
+] . : '

Taking the derivatlves with respect to the unknown vector {X} equation
35 ylelds, T

G{R(X t+5t)} IR a{f(xotht)] : . .' ‘ .
X, t+At = [Fo] B tvat . (32)«‘

d on
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wherg N xt+At . ;J ‘?5 pbtained by taking the partial_defivatiVes of

~ the accumulation terms with respect to pressure and enthaIpy ~ Specifically,

by use of the chain rule: _
el o[ ¢ )
g b 2%£$;T:?’P(%%)p o
. b_.-%-a [¢ph + (.];,,,')Ipr'.‘,'.}]:g'b [-.(p.h - prh';i %‘t
4 h(“EJh t (1-¢i0pc, BP)h ] '

and

o 35 [eon + C-odoh ] = 0 [oniER), + (-adae c“) * 4]

Substituting 32 into equation 31 gives,

F

a{f(x **4%)) t+at -
8] - [ ‘ axot*ﬁt (ax} = - (RO, L (3)
o . 4 . - |

which is the‘matrix-equatiOnjtb'be solved.-
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LAt

“The new values of x are determined from,

{;5}*“} {xt*‘“n R (34)

where i s 1,2,.. . m. m being the specified number of iterations If
me 1. this procedure is equivalent to the- residual formulation outlined |
by weinstein. Stone, ‘and: Kwan (1969)

In most of the two-dimensional, areai simylations studied it wes
not necessary to use Newton-Raphson jteration on the nonlinear coefficients
in [B] .and {q} to obtain satisfactory solutions. For radial problems
and vertical cross-sections this is not the case as nointed out by Toronyi
and Farouq Ali (1975). As stated earlfer, Picard iteration is used for .
[8) and {q}. In this process the nonlinear coefficients are simply updated - .
on each iteration. . ‘ '

The solution of the iinearized‘matrix equation 33 is solved using the
Gauss-Doolittle method for banded, nonsymmetric matrices.  The coefficient
matrix.ie decomposed into the product of upper and lower trianguiar
matrices, from which the solution may be determined by back substitution.

Because the coefficient matrix is noniinear. this solution procedure is

" required for each iterat1on of each time step. The generai 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.

2}



om

o, o z).. f o,
. n\(z -
o, (3.2, (3,3),
0, 0 . (4.3),
..6. . 'ji" _6' ;

0 ..

o0, 0
o ;o 0
(3,4), 0
w8, (4.5)
| (5;4). R :_'(5.,5.).'

NDIM

a. Normal storage of matrix where bold marks ind1cate the

main diagonal.

- | “’.1)..-. (1_-'2):1
@, ,_'(z.z)-'," (2,3)
. aay, (@5)
L-(-s-.a).' (5,5), o
= MDIM al

b. ~Banded storage of matrix showtng new location
L of the main d1agona]

Figure 3. Normal storage of matrix and banded storage of matrix.
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Heat Loss-Calculations .

Geothermal reservoirs occur in areas of anomalously high heat flow.
The effects of the. high geothermal gradient and the Toss . and gain of
heat to the base and ‘cap rock are important factors that are incorpeorated
into the reservoir model. In a typical hydrothenmal system, heat flows
fnto the reservoir at the base and out at the top.

In order to obtain the heat flux through the confining beds three
simplifying assumptions are made.. First the permeability in the -
: confining bed is assumed to be Tow and convective flou may be neglected
thus, only the heat conduction equation needs to be solved. Further,
the horizontal conduction terms in the confining beds are assumed to be
small relative to the vertical terms, and may be neglected. For petroleum
reservoirs undergoing thermal recovery, it has been demonstrated that the B
effect of horizontal conduction in the confining beds {s small (Chase and .>
0'Dell, 1973). This assumption leadsnto the one-dimensional. beat- |
conduction equationi - . ' ’

2.4 '
b g = o) B

where the vertical thermal conductivity, density, and heat cabacity of
* the confining bed are considered constant. The final assumption‘is that
the geothermal reservoir, prior-to exploitation, is at steady;state;ithat
is, the heat entering ‘at ‘the base -e'auai_S-'-thSt leaving at t’:he top a.nd"the
net heat gain of the reservoir is zero. .This assumption allows consideration
of only the "transient" heat flow caused by temboral temperature changes in

the reservoir.
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Therefore, the one-dimensionaI conduetion_equation may be reformulated

as fo]low5' |

7 = o), 3T | (35)

e

hhere T =7 - T' (T 1s 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 condittons are s1mply T (z,0) = 0. For. the boundary condition
at the top of the cap- rock the temperature change is assumed to be
zero for all time. At the cap rock-reservoir boundary. a step funct1on
in temperature is used. It is determined dsing the difference between
the initial 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
equatlon IS used to compute the heat f]ux.

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 end
therefbre the total heat leakage is obtained by multiplying the flux
computed at'the top by two. This assumption is valid since only the
ttransient" heat leakage is considered; however. this portion of the
program could be modified if needed (for'exahp]e. if steady state
thermal grad1ents above and below the reservoir are s1gn1f1cant1y

different)
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In the numerical model, equation 35 is actually solved at each grid
block for each fteration. It is solved using a Galerkin, finite-element
approxihation for the space derivétive combined with an 1mp1icit:
difference approximation for the time derivative., Linear elements are . -
used with a variable mesh generator that divides the confiﬁing‘beq- o
thickness‘1ntp'ten‘élements that double {n size with distance from the
reservoir boundary.' Therefore, the element adjacent to the réservoir
{s relatively small, and it is the temperature difference across this

element that is used in Fourier's equation to compute the heat flux.



MODEL DOCUMENTATION

Notes on Use of Program

(1)

(2)

(3)

This version of the finite-differenée model is restricted to

problems involving confined, horizontal reservoirs exhibitiﬁg
Ltwq-dimensional flow. Futhermore, the reservoir is overlain and

" underlain by impermeable layers that allow only bonductidn'of'héqt. ;*3" ‘

To minimize core requirements, the dimensions-of the arrays

A(NBB,MBE) and R(NBB) must be specified for each problem, where

‘ NBB = 2*NB
(NB - number of nonzero b1ocks. that is, blocks that have nonzero

permeability) and MBE is the estimated matrix bandwidth inen'for

two simultaneous unknowns at each grid block by

MBE = 2* (2 *MM + 1) + 1
where, |

MM = NY IF NX > NY
MM = NX IF NY > NX

- and NX and NY are the number of columns and rows, respectively.

The actual matrix bandwidth is computed internally and printed.

. If it differs from the estimated bandwidth, change MBE so that it -

(4)

(5)
(6)

"1s equal to the actual matrix bandwidth. Also, change the.dimen$1oﬁs'.

of array A.

The regression equations.used in this program-are based on steam
table data-fqr a temperature range of 10° to 300°C.

The units of the input data must be in the cg# system.

At present most arrays are dimensioned to solve problems with a

maximum of 20 columns and 10 rows.
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(7) Relative berméabilfty functions described in equations 10 and 1l'are‘; ,_ﬁp ;

programmed in SUBROUTINE PRPTY statement numbers PRP1230 - PRPI300 . - : -

ﬁﬁere the'residual'ﬁgter saturation, S _ = 0.3 and the residual sfeam'

wr

- saturation, Ssr = 0:35. QOther eq65£¥bns may be substituted for these;
the only restriction is that'relative permeability must be a smooth
%unction of saturation. A non-smooth relationship.(such as linear
interpolation between data points) caﬁ result in an osc%]]atory. '

- nstable solution. , o
| '(B);?Tﬁé two-dimensional ;featment in this mode1'a§sumes that:thexfiuiﬁ':xk o
properties are uniform with depth. This assumption is probably valid
onlylfor'Qery thin reservoirs, but may be a suitable approximation for
some applications.

(9) The program should be in double precision, except when using a computer

having sfngle pfecision accuracy to 10 significant digits, 1n>which
case remove the REAL*8 IMPLICIT cards.

(10) Although the unknown dependent variables are pressufe and enthalpy,
the user is given the option to read in either initial pressuresland
‘temperatures (KpD9 = 1) or initial pressures and enthalpies (K@D9 = Q).
This option is provided since field temperaiures are more readily
@vailable than enthalpies. If temperatures are read, they are convefted
in the program to enthalpies, and subseguent calculations are made using ,
the enthalpy values. If the initial conditions of the reservoir are tﬁo.

- . phase, the user must read in enthalpies.
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(1) 7o reducé the number of lines in the'0utpuf. only the computed
pressures and enthalpies are printed for each_time step. _The user
'.:may,_however. also have the cbmputed water saturations, témperatufes,f,
":fand fluid densities printed as often as desired by specifying the . _
| proper valtue for IPRT. This parameter allows the additional data'to
be printed'every IPRT time step. For example, if IPRT = 10,
- saturations, ;empgraf;rés and densities will be printed on time
step 1, 10, 20, . . . until the end of the simulation.

{12) Minimum number of blocks required for a successful run are two inlthe

x-direction and two in the y-direction,
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Descriptjon of the Subroufines

- The F@RTRAN IV code'-contains a main program and 12 subroutines,

.which'are shown diagramm&ijcally in Figure-4. The purpose of each
subroutine is listed below; |

'MAIN Oriving program for the subroutines. In addition, the large
arrays, A and R, are dimensioned to minimi;e core requirements.

GDATA Reads and Wriies problem iﬁformatign according to the formats
tisted in the INPUT section of this report. |

.1_ngg_ Reads the two dimensional arrays containing data for each.

finite-difference biock. | | _ |

JCALC Cbmputes the interblock tranémissibi]ity terms. Intrinsic
permeanlity is deterﬁined 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 dimeqsioning
arfays, and if the estimated and computed bandwidths are not equal,
computational errors could result. See the section on ‘Notes on Use of
Program' for details on how to ;a]culate the estimated bandwidth.

PRPTY Computes thermodynamic properties based on regression equations
determined using data from steam tables. |

VERTCD Cbmputes vertical cohductive he;t leakage through a confining
bed. This is accomplished by solving the one-dimensional, heat-conductioh
équatﬁon at each finite-difference grid block. The numerical method used

in this subroutine is the.finite—element'method}
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GDATA.

{TcALC]

MATR] [PreTY]  [FORMEQ]

Figure 4. Program subroutines showing order and 1ink of calling. -



"'QRMEQ Forms the final matrix equation. Note that the matrix
is nonsymmetric and that the dependent variables pressure ‘and

“entha1py are solved simu]taneous]y

‘ SPLVE Solves>the matrix equation using the Gauss-Doolittle method.
;t triangularizes a banded nonsymmetric matrix and then back substitutes,
PDATA Prints the computed pressures and enthalpies for each
timé step.
PHREG Determines the thermodynamic regfon for each finite-

difference grid block.

BALNCE Compufes a mass and energy balance for each time step.

A generalized flow chart showing the approximate order that the

subroutines are used is shown in Figure 5.
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" staRT C }—Pp{ FORM MATRIX
READ AND SOLVE' J -
/WRITE INPUT _EQUATIONS

DATA
t

COMPUTE
“|CONSTANT PART
OF .TRANS-

MISSIBILITY o CHECK PHASE !
- . . CONDITIONS -
i : -——-—-f—*—i;L
CALCULATE ' | COMPUTE MASS |

MATRIX . AND ENERGY
PROPERTIES _ BALANCE |
. ‘L/
" CHECK
CINITIAL
PHASE
CONDITIONS
| END OF

. 4 * ITERATION

COMPUTE MASS D ‘
AND ENERGY ' RN
"IN PLACE k ' YES -

RINT TIME
STEP DA

‘Figure 5. Generalized flow chart.
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Input

1-10

Columns Format
Card 1
" 1-80 20A4
Card 2
1-5 I5
6-10 I5
' 1=15 15
16-20 I5.
21-25 IS
26-30 I5
31-35 I5
- 36-40 I5
41-45 IS
Card 3

G10.0

Name

TITLE

NX
NY
NB
NK

NS
MBE

IPPT

PPRT

DELT

Problem title

Number of columns (x-direction)
Number of rows (y-direction)
Number of non-zero blocks (those with :
non-zero permeability)

Maximum number of Newton iterations
Maxfmum number of time steps
Number of sources '

Estimated bandwidth (see text)

Read 1 for upstream weighting;
2 for midpoint weighting

(See section on Finite-Difference
Representation)

Number of time steps between printing
thermodynamic data

Time step (in seconds)
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- Columns

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 - Name . Description
I5 - KgDT  Read 1 if x-sbacing is constant (otherwise,
Jeave blank)
15 KgD2 Read 1 if y-spacing is constant
I5 KgD3 Read 1 if initial pressure js constant
I5 . K@D4 ~ Read 1 if initial enthalpy is constant
15 K@D5 Read 1 if x-permeability is constant
15 KgD6 Read 1 if y-permeability is constant
15 KgD7 Read 1 if initial/ porosity is constant
I5 K08 "Read 1 if reservoir thickness is con- .
stant '
IS K@D9 Read 1 if temperature is read in place
of enthalpy o
Data Set 1 - X-spacing '
8G10.0 DX{1) Spaéing in the x-direction {NX values);
if constant, K@AD1 = 1 and only read
one value (cm)
Data Set 2 - Y-spacing
8G10.0 - DY(J) 'Spacing in the y-direction (NY values);

if constant, K@D2 = 1 and only read
one value (cm) '

Data Set 3 ~ Initial pressure*

8610.0

P(1,d)  Initial pressure distribution in the
reservoir; if constant, KOD3 =_l and
onty read one value (dynes/cmz)

sStart new card for the beginning of each new row {may start with the
top row or bottom row, but be consistent) leaving blanks for missing

blocks.
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- Columns Format : Name o 'f Descrigtion
Data Set 4 - Initial enthalpy

1-80~ - 8610.0 H(IL,Jd) Initial enthalpy distr1but10n in. the
- ' reservoir; if constant, kP04 = 1 and
only read one value (ergs/g)

Data Set § - X-permeability*

1-80 8610.0 XK(I,J) Reservoir permeability in x-direction;
‘ 1f constant, mns = 1 and only read
one value (cm ),

Data Set 6 - .Y—pemeabihty‘

1-80 8610.0 YK(I1,J) Reservoir permeabi]ity 1n y-d1rect1on,_'
if constant, KﬂDG = 1 and on]y read
one value (cm )

' Data Set 7 - Porosity*

1-80 8G610.0 PHI{I,J) Reservoir porosity; if constant, .
| K@D7 = 1 and only read one-value
(dimensionless) '

Data Set 8 - Thickness*

1-80 ©  8610.0 DZ{I,J) Reservoir thickness; if constant,
' K@D8 = 1 and onle read one value (cm)

4 Start new card for the beginning of each new row (may start with the
;?p Eow or bottom row, but be conSIStent) leaving blanks for m1ss1ng
ocks .

*If kP09 = 1, read initial temperature distribution (°C) instead.
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Columns  Format -

Name

. 1<8
6-10

11-25

Note:
Card §
1-10

11-20

21-30 .

31-40
41-50

IS
15

© 610.0
G10.0
. 610.0

. 610.0
G10.0

Descrigtioh_‘ :

Data Set 9 - Sources

[
Ly

615.0 Gt1.9)

XKC
COND
PHFWT

DF
BETA

Column number of well

Row number of well

Strength (g/s) of souéce/sinklat
block 1,] :

1-NS cards; if NS = O this data set is omitted.

Medfum thermal conductivity of the
reservoir (ergs/s-cméc);.f? 5
Confining bed thermal conductivity
(ergs/s-cm®C) _

Rock enthalpy derivative with respect

to temperature (specific heat) {(ergs/g°C)
Rock density (g/cm3) |
Compressibility of reservoir (cm? /dyne)
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utput
fIb aid the user in detecting errors associated with data input, data
that is read in is {mmediately printed; thus output appéars in the
following order:
Title of Problem
Finite-Difference Data
Grid Numbers
Time Parametefs
Codes -
Spacing in X-Direction
Spacing in Y-Direction
Initial Pressure
Initial Enthalpy
X-Permeabitity
Y-Permeability
Initial Porosity
Reservoir Thickness
- Sources
Rock Properties , : ' -
Maximum Bandwidth
In addition, every IPRT time step'the following is also printed:

Water Saturations Printed at beginning of time step,
Temperatures . but are based on pressure and enthalpy
Density from previous time step.
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| ~38-
Final]}. on a ggdcessfu1 run, the follow%ng is printed every time step:
Step Number |
Time
Pressure Values
Enthalpy Values

" Mass and Energy Balance

APPLICATIONS
Example 1
The linear flow of hot incompressible fluid thrbugh‘afcoﬁfinéd";l'-'

aquifer may be described by the following equations: \

2 ) . A ) . l,‘.‘ .
-‘r‘g‘% = e, z>0,t50 ¢ (36) .
z
- o u v 0 Z‘K u _ au z 0 > 0 It >0 (36b) |
Kt'a:?.' pwax braz - Pttat » X " _

subject to:
u(x,0) = 0, x >0

u(0,t) =1,2=0,t>0

1imitu = 0

xz + 22 )

1T |
where u = T]-? is the normalized temperature; T, is the overburden
0 .

(underburden) temperature and the initial aquifer temperature; and T]
is the temperature of the injection fluid. The subscripts refer to.the

rock, r, water, w, and total (rock and water), t. * .
/
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Avdbhin (1964) presents an analytical solution for-equation (36): j
. | | | -
u(x.T) = -;_; S{exp[- (sy'T
- o '

2 2
. 1-8" 8 '.

28/7 2y
. - 4K E Qe p
where X= -2—; T= L 5 Y " 4; v :
A N

Kc_p ' :
& "1|E=E£S£ ; and Q is the injection flow rate. (In the
Pt

original peference, vy is defined with an 8 in the denominator; this appears
“to be a typographical error,) o
To simulate this problem, the following aSsumptions-wefé made:.

1) Temperature is a function of enthalpy only, according to:

T = - 0.0208 +2.39 x 1075 R (38)
2) Density is a function of pfessure only, accord1n§ to:
o = 0.989875 + 4.00894 x 10''p (39)

3) Porosity is constant.

‘Thesé changes must be made in the program by appropriate1ychéng{nglthg-
Qing]e-phase (water) statement fuﬁctidns for temperature éﬁd density.‘and

by appfopriate]y changing their respectjve(pressu}e- and enthalpy-derivatives.
For cogﬁtant porositytupg;a‘is read'as zero. Other.parameters and the
initial conditions used in this example are given in table 1.. A block-~
centered grid consisting qf_éo,blocks was used,_and the time step was

6.25 x 105 sec. The total simulation time was 3.75 x 108.sec.
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The results are presented fn figufe 6. Thj§ problem was chosen |
beééﬁsé it exhibits pronounced truncation error'in the_approximation
of the spatial derivatives. Time steps were chosen ta.reduce time
truncation errors. Both mid-point weighting and ﬁpstream weighting
weré used. It is c]éar-fhat mid-point weighting approximates the
temperature front better‘than upstream weighting, but exhibits
oscillations at the base of the fronf. Upstream weighting smears’

the front out by numerical diffusion and does not exhibit oscillathns.

TABLE 1 - DATA FOR AVDONIN LINEAR EXAMPLE

PARAMETER SYMBOL VALUE

velocity - V. ' 1.28 X 10° ca/sec
porosicy | L 0.20

rescrvolr thermal conductivity K 3,20 x loenergeluvcn %
confining bed thermal conductivity ke 3.20 X 105 etgs/sec-ca °
rock density ) _ L +2.50 slcn"

rock specific heat . : 1.01 X 107 erga/g _°c _
aquifer thickness . b | ' 2,00 X 10‘ éa

inittal pressure | Py ' 1.38 x 10 dynes/cm2
{nitial enthalpy h, 3.35 X 10° ergs/s
nitial fluld viscosity My 3.58 X 10”2 g/cmsec
initial temperature 'l‘1 80.19 °C‘

in_jection temperature T 40.01 °c o

fluid density e 0.99 glcn’

fluid specific hest ' , 4.18 X 107 ergs/g’c
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TEMPERATUR
50.00 .

w3

O MID-POINT WEIGHTING
a UP-STREAU- WEIGHT ING

Figure 6.

3.00 4.00 s.00 6.00 r.00
DFSTANCE X 11875, ¢ CENTINETERS)
Finite-difference solution for the Avdonin linear

6.00

$.00

—b.00

example at time = 3.75 x 108 sec; ana]ytical solution

1nd1cated by solid line.



Parameter

L]
-

‘
=2

-
-

-

"'1’:57(::-

::Codéd
" Name

Dz
PHFWT
H
HROCK
HS
HW
XKC
COND
XK
YK

XKW

XKS
P
- Q
Qr
cQ

SW1
TEHPé
TIME
BETA
VS

NOTATION

.:ﬁescr{ﬁtion
resefvoir thickness
rock specific heat
eﬁthaipy
rock enthalpy
steam enthalpy
water enthalpy |
medium thermal conducfivity>: N
confining bed thermal coﬁduﬁtivity
x- permeability
y- permeability
water relative permeability:
steam relative permeability
pressure
mass soufce term
energy source term

vertical conductive energy source
term '

water volume saturation

temperature

“simulation time

rock compressibility

steam viscoéity
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Parameter

- Coded

Name

VW
DENZ

- DF-.

DS -
DW
PHI

51

Description i:-_""

water viscosity
density

rock density
steam density
water density

porosity
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PROGRAM LISTING

MAIN PHRUCGKAM ’ . L o MAF
LKL LR E LR o : e ‘ FrE
IMFLICIT REAL®H(A=na0-4) . r . R R 1Y
. . N £
PURPCSE: TU SIMULATE varome ANU LIGUIL-UUNINATEL GEOTNERKAL.. - » AP
. “RESERKVOINS USING FINITE OIFPERENCE TkChuluUhs . LY
PHCORANMEL BY Chawlt$S HMe FalST ARL JAMED ., MERCER X Mrp
Us So h&ULObILAL SUkVEY ) ¥NLF
1975=i970 . AP
--*-—----g—ﬂ-pu-n—---"---.----ﬁ------‘u--------.-----------------H&F
: —- . MnPY
TQO MINIMIZE CUHE) ulntnSIUh A AKD R Fum tACh PHOSLE#M: . FAE
A{NHHIPOE) Y RINHE) - . FAP
DIVENSIUN Ai300043)o Hi30u) T . _ PAE
(N

ccvvun IINFUT/ PHI(20+10) ¢AN(20 lor.Ynlau'IO).Plzoslniontaovlo).x(rnp
1400) ¢A1160U) sNP (20210} vnPRL200¢2) sDA(2UI DY (L10) 2521209101 0C(209101wnE
COMMON ZCONTHUZ KRN eXXsNY g NYY sNHIABO o hTsDELT o TINE, PthT.nF.AnCornp
1CONDCUEF +BET A IPHT PAF
CUMMOI ZwUHKR/ AX121+1V)+0X (210100 e X (21, loionvtzo.lliouvl?O.ll)o:vrnv

10200110 o T 2 010 o TAKIC 10 aTY {2001 1) sTYRK(Z0011) e XM (20¢10) o XMALS (MIF

10

SULCt2U10) . ) : FNF
T CCMMON /EXTHA/ Mbwerde ’ N . ,_ WAR
CCrvMON sCHECK/ INU(dOd)'INLULD(dUUl ' MNF
L A e L TR P L L P T P P L L P PR L R Y Y 4
. vek

GET DATA = ) ) ¥A¥
CALL sUaTa(lorT) : _ FAp
fYcopeAQQEHEROGY - »nP
NERz=AR . ve
. FAP

FCH LIFENSIUNLANG - . i
NHBU =NBhE ) : ok
MdEV="dE . Mo b
' . »nF

CALCULA!E TRANSMISSIBILIIY TEWNMS = ’ " M
CaLL 1CALL(UY;DK|UZ|ANOYH|TY'IYK 1XOTAAOIKCONYchcthONKXI W
GoﬂﬂﬂﬁﬂbﬂGﬂh#ﬂﬂoﬂ#ﬂ‘dﬂ"ﬂoﬁﬂﬁﬂ00#0&909‘9009090. QG“O....OGGD . ‘N‘[\—F
: ' _ FMNP

CALCULAtE UANU‘[DTH.- . Y]
CALL MaTh (hHyNYsNXsMOE I Mga) ) ri-P
ROOGBOUADEALUIIUOIRARONROIAGE . ) MAF
. ’ - MAF

CRECK INITIAL PHASE CunidITlOMS ' Whp
CCGPPUTE THERMUDYNAMIC WEGIUN - : ' FpE
CALL PHWEGI(LIND) . B ' : . ‘ 343 J
thepaoRdIGRROOD : ’ ' . (4.
00 10 Kz]and ' ' - IR
INCCLL (R =INL(K) _ ‘ N
' . ¥AK

2209 1U) yENL2U10) vENERGT(20010)0C(20410) 40204100 FUensln) e {200 U)NMNE
JtuFIEDOIOI'ANICO|IUS-|Ff2J lﬂl'UTPIZOOIUlOUIPlcﬂolOItFHlClcotlU'oPFhP
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v
20U
du
&l
5¢
tlL
Ty
(- 17]
vu
fuvu
kv
lzu
1au
l4v
150
log
1iv
lov
190

-

cul

210 .

220

v -

240
ehu
eou
gy
fou
290
Jup
Jlu
deu
33
duy
kL1
Jou
Jlu
JBu
vy
4uu

4lu.

4y
LX A
4al
asny

4ou

471
ahy
4wy

SUU. e

2lu
Séb



- CALCULATE INITIAL BALANCE -
CALL BALMNCE{O'NKKyPCEE)

428UV NRECORONUNBUERRNOE

" TIME LOOP = :
DO 1B0 L=leNT

ITERATION LOOP -
DO 130 KKK=1,NK

CALCULATE PROPERTY COEFFICIEMNTS = : .
CALL PRPTY (L KKK} ‘ : -
CHOBBOORERDDORRON o . . :

L

INITIALIZE BOUNDARY ARKAYS =
00 20 IslenNx
AY(Tel)u0 .UV
BY{ls1)s0.D0
EY(l+l)=0.00
AY{IsNYY)o0.00
BY({IeNYY)=0.D0
20 EY(IsNYY)=0.00

OO0 oOon 00 Aonn o

DO 30 J=zlahY
AX{leJ)=0.U0
. BX(ly2)=0,D0 .
EX(lsJl=0.00 - . . ) e
AX (NXXyJ)=0.00 -
BXINXXeJ)=0,00 -
30 EX(NXXsJ)}=0.D0

D0 50 J=laNY
D0 S0 I=21NX
C FUR UPSTHEAM wEIGHTING =
ALPHA=] .00 -
IF (PLI=1lsd)«GTeP(Llsul} ALFHAZO.UD
IF (JUPT.EUu.l) GO TQ 4V -
ot FOR MIDPOINT WEIGHTINL =
’ ALPHMA=UXR(I) Z/{UX(1)e0X{i=]))
40 EX(IoU)=(ALPHARAN{L ) * (14 0=ALFRAY RN (L=]19J))eTR(Ts )

rhF
»r B
FhF
rafk
¥rE
NE
LAY
(4N

N

weE
FAF

CNAR
LY

VAR
MAF
¥
PAF
A
¥rF
AR
Yok
[y
LN
MR
PAE
(13

AR

2y
FrE
2y ]
MK
(TN

T MNr

L4 N3
¥R
FAF
":l;
FAF
148
L
L

AX (1o)== (ALPHASOTP (1 sVl e {]le0=ALPRA)BDIF(]= 1.4))OIIKIIoJIOtaLPhA'Tkvn

JULaed o (]l 0=ALPHAYRTM(LI=Y 4w} )2TX (]2 d)
SO BX(I+J)=(ALPHARDTH (I ¢ )+ (1o Q=ALFHA) DTN (Il ) ) eTAK( s )

DO T0 Im)ena
DO T0 J=2NY
ALFRAER].DD
. IF (PLIed=1)4GT4PLley}} ALrHaso 1])]
IF (10PT7, EWUe.]l) GO 1O ov
ALPRADY (U) /(LY (JleuYivu=1)}
60 EY{LoJIo{ALFPHARAN {LsYl *(leU=ALPrA)OXNLLsu=]))0TY (Leu)
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LN,
Y
FOP
LN

adu
ca)
3-11]
60
=ty
sov
vy
LY
£1d
=24
&30

oo

ta

ted

1
eRO
eYyy
fuv
T
120
T30
14y

141"

ibu

tey .
oo ..
vyu . .

geo
dlv
.¥4/]
a3y
Hal

LT
‘rou

nlu
tsl
avy
SUi
wla
50
w3
L L3
F3-1"
Soi
viv
1.1
Syl

NPT

Enpluit
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0 ON0 00 6 na

NnoO

70 BY(LoJ) = (ALPHA®DTH (Lol o (10 O-ALPHAJ‘DFH(InJ-l)l'!YKltvdl L

as

100
110
105

120

AYtIodlﬂtALPHA-DrPlI.a:o(1 o-ALPHAl'DTPCIOJ-I))'YYKll.J)O(ALPHA'1HPNP]050.

LlIod) e {) o 0=ALPHAYSTM (Lo y=1))eTY {1 J)

FOAM FINAL MATRIX EQUATION -
CALL FOHMEQ{A+RINBHDyMEED)
oOIGoceloooollcooloiiOfQIo

1MALFo (MBU=1)/2

TAIANGULARIZE =
CALL SOLVE(lyAsRsNEB¢INALF sNBED+MBED)

SR4GDDANCNOSARGROVBORYQRRRRNOIRBIEBRRE

 SULVE =

CALL SOLVE({2sA+Ry NBB.IHALFsNBBDoMBEDI
S3G0QVSTNONOBUODEBURRENIINSRADERNBRIEN
00 80 K=l:hB ' '

Xl (20K=1) Xl (29K=]1}¢+R(2eK~=]}

X1 (29K)ax] (249K) +R(2%K)

IF (KKK.MEs1) GO TO 110

CONTINUE

CALL PHREG({IND)

SBLSADERTRDNORD

'DID A CONVERSION QCCUMEY =
DO 100 K=1l4NB

INCOLD(K)=IND(K)
60 TO 105
COMTINUE

IF (KKK.GE.4%)} GO TO 85-
CONTINUE

DO 120 K=14NB
IehPP(KylY

JINPP (K¢ 2)
P(IvJ)zX)(2%K~T)
HiIsJ)i=XY(20K)
MRITE (&641590) KKK
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~PNPLOGO
‘MNP10OTO
#NP1OBO
#hP1090

. MNP}100

PNP1L110
KNP1120
FNPL130
MNP1140
MNP1150
MNFP1160

MNFLYTO

MNP1180
FNPL1S0

MNPL1200 .

MNP1210

‘MNP1220 .

KhP1230

PNP1240

MHP1245
MNP1250
‘PNP1260
WPNPL12TO
¥NP)280
ENP129D

MNP 1450
FNP1455
MNP 1460

¥NP146S

WNP1467
MNPLIATO
MNFP1480O
MNP1490
MNP1S00
MNP1510
MNP1520




(a] (2] [N 2l

lale.

[} on s+ X 5]

"CALCULATE MASS“AND HEA! HALANCE =
CALL BALNCE (] sKKKoPCEE) -
“ﬂﬂ“ﬂ‘ﬂﬂﬂoﬁﬁ’ﬂﬂ“ﬂ‘.#dﬁ.

ERRsUAES {PCLE)

CRECK EHAUN OF ENERGY DALAMCE TU UETERFIht Nuﬁntd Qr 1trnnllu~h -

IF (ERR«LT+0.02) GU T lau

130 CONTIAUE

G0 T0 lb0
14¢ CONTINUE
00 150 I=1lwnNx
DO 150 J=1anNY
AMASS (Law)=AMI]4d)
150 ENERGY (IvJ)=EN(Isd)
160 COATIMUE

EAD ITERATICN LOUP
D0 170 n=1sNBbB

170 X{g)=X1(K)
TIVESTIME +OELT,

PHINT RESULTS =
CALL PDATAIPyHeTIMEsLsnYank)
FHOOCBOBORNOURNLEIONBODORTHRNOD

180 COATINUE

END TIME LOCP

STCP

190 FOKMAT

ENEC

(/715X 1AHLTERA [ 10N NUMHER S [S)

60

el ju
Fhic | awy
¥AKE SOy
Frelany
FAF[Q{U
Makisew

LI R 1]

Farliagay!
Frrjkju
Ml Elbzy
LR
FPoF ltbey
¥Lrlooy
rrrleny
vk lata
Mabklona
LA
rirltuu
Mukilio
thl]ku
Y SRR
L WYY
LI ATV
Far )t
PEar LU
#akLTBY
(43 BWAT
(XY -11]
rRELELY
LAY NY T

PAF LESu~



[ 3] s NaXalpl (g

izl axNal

[aXel

[alaNalalaaXsRsNaRal

SUERQUTINE GDATA(IUPT)

GOG#GOGGQ#OQOQOQQ?DGG. ‘U"r.
IPFLICLIT REAL®Y(A<hi0=2) L. LAY 3y
3 ' TS B
CALLtU FOxM MAIN X : . S ual
FUKBOSES 10 KEaD AMD -HII: PnanEn I“’Uﬁhntxoa _ e

L Y3 -----------------------..--.--.--hu-.----------’--.‘---‘----ﬂ------cf ]
LIMENSIUN TITLE(20) ‘ .. can

‘ ‘ : T kad
CUPMON /INPUT/ PHLLZ0D 10)!lh(ZOilO)|YAIZUOIUI.P(EOOIGI H(ZOolﬂlcl!bnl

LaQQ) 9 AL (400) enF {20 IGJ'NPF(200|21-Ux(dU)cOYIIO]-DllaooIOIoQ!ZHolDthT.

COMMON /CONTRY/ NN-Nkoﬁxxth-NYV-Nu.hcn.ar DELT rlna.»nrur.ur.anc swat
ICCADCOLF +bBETAW IPR] :

CUMMQON /wURKZ AR(21y IU?’bK(EIOIb)|E’(21010)oAV(?ocll1ouVl?OolI) sETUAT
16200112 aTX (210100 o TAKCELa2U) 9T Y (200102 1 TYR(20011) 0AM{Z20020) s XMASHILAT

. R20+10) sEN(Z0+10) sENRENGY {209 0) 9 C(20e20)y 0(£0'103oFI‘holﬂIOGl20|IU)UAP_A
JRF(20¢10) sAN(20, 10]1IM(ZU'lﬂl'019(200103007H(20010l PthlZUtlU!oPLAT

40LL(20510) R Cav
CUNMMON ZEXTHA/ MbweMbE ‘ Lar
-__-_-__-_-_--.-__.___-__-.,_--'--‘------.'_-”-_.-‘ - reamuwlhL]

: . T S ‘ S0 uar
READ aNu whITE UNLTS = o S T Y |
NR=Y _ S Ual
huwzb L . Uatl

: - T : _ Uar
INITIALIZ2E SIHULATION IIME = _ CaT
TIFE=U.UO CAT &

L e CAT
RESLD ANY whiTE TITLE wr pnuaLEr - , - L T % |
HEAD (NRy280) TITLE o e B T tal
wr[TE (hwe290) KT T D
WAITE (Nny300) TITLE : e bat
: T S Lal
KEAD ANU WHITE FINITE WIFPEHENCE INFUNHATIUN e vat
MEBL (hHe3sU) NXSNY o NDINKINT eNSoewHE S [UFT, !Nn T |
NXK = NUMEER OF CULULMNS (X=UIWRECTION) - . - . Lar !
NY = luMbEEw OF HOwS (T=DIRECTICN) e EERCRUSAN /73 &
hg = NUSBEN OF WON=ZEnU olLUCAS R e Lo Dal
NA = BSAAIMUM NUMBER UF NesTUn JTEWATIJNS . Lat
NI = mpaluum NuMPEr OF ‘TI¥E STEPS | ) : Cat
NS = NLUrHER OF SOURCES . cal
Mk - ESTIMATED wANUWILTH ' "n.; o Lat
IOPT = wbal 1 Fuw uPSingar wEIGHTING un PHtssuﬁtt I H B
2 FUR PLUPVINT wEIGHT NG _ Cal
IPRT = NUMBER UF TI~E DTEPD BETwEEN PHINTING THEnvO nAtl "'-_ el
krlTE (hwe320) O L . Lal
wh[TE (Anye330) Nlilifﬂ\b"\ﬂih]ol\S.HL‘E.lUt’T.IPh'{ Sl LeE L Jat
: : I P SRR T |
NXXSNA+ ] ' _ R v Lat
NYYSAY e ce ‘ S T 13
(Y- LI ‘ I ;_  *&_1%:.- . Lal

NIE < TUlAL NUMBER UF tQuallCng
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S ON A0t 00O0eO

o00

[ B aXa] (2]

"M O an

-

KOCl « READ 1 IF X=SPACING IS CONSTANT
KOQC2 =« READ 1 IF Y=SPALING IS CONSTaANI _
" KOC3 = READ 1 IF INITIAL PRESSURE IS CUNSTANT
KOD4 = READ ] IF INITIAL ENTRALPY ]S CUNSTANT
KOCS = READ 1 IF X=PERMEABILITY IS CONDTANT
KGC6 = READ 1 IF Y=PEWHMEAJILITY IS CONODTANT
KQC7 = READ 1 IF INITIAL PCROSTITY IS CUNSTANT
KOCA = READ 1 IF RESEXNYOIR ThICKNESS L[5 CONSTANT
- KQCY = READ 1 IF TEMPERATURE IS REAU [vw PLACE OF ENFHALPY

10

20
. 30

40

-1
-1

"ENTHALPY -

TIFE PARAMETERS = .
READ (NR+340) DELT
OELT = TIME STEP IN SECONUS

WRITE (NwW,370) ODELT

DATA CODES ~-

READ (NR+310) KOD11KOUZ,RUU3I4KOD41KQDS+KGUSIKODT +KOUReKOLY

WRITE {(Nw,260) KODIoKOUZ\NUDJoK006oKOUboKODG,KOD?"UDHpRCUG

SPACING = .

IF (KODl.EQ.1) GO To 1y,

READ (NH»340) (DX(I)el=]1enk)
GO0 TOo 30

READ (NHs340) DX]

DO 20 I=lsnX

DX(I}=Dx1

WAITE (NW+350) N
WHITE (Nwe390) (DX(L)el=z=lehX)

IF (KOD2.EG.1} GO TO U

READ (NMH#340) (DY (J)ed31aNY)
GO Y0 o0

READ (NRy340) DY]

DO S0 ualsNY

DY(J)=DY]

WRITE (NwedbD) .
RRITE (Nwa390) (DY (J)ruzlenY)

PRESSURE =
WRITE (Nwy380)

CALL READ(PIKODIeNYINX}

SRGERLARARNQETODONRRELRE

IF (KOU9.EG.1) WRITE (NWe270)
IF (KODY.NEJ1) WRITE {(MWe400)
CALL REAC tHyKOD&ayNYsNA)D

tdNooRceaDQRCDRCDORRERD

IF (KOD9.NEL1) GO TO Vo

TEMPERATURES READ (COMPRESSED wATEW REGIGN ASSUMED)
COFMPUTE ENTHALPY av_ntNIUN-unPhSON ME TrOD
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NnNao .

S

DG 8O0 JELsNY - .o
OC H0 I=1+Nk -~

IF (R{loulsEUelts) GO TU du

Tzr{Ied}
Hi{l+J)aT241B41004,18
PPab (IvJ)®Q,]10a] .
NH:hlIud)“O l1oe7 -

DG 70 Ju=1ly

Tia-2, 41:3102‘562220 ~Jionh=9,314]5D~ OJ‘PP'PP-Z.ZSGBD 05'FHiHh
UTz2,562220-01-4,5)3bUU=05%Knm

Onz=(Tl=T)/UT

" HAshHeDR

1o

au

90
100

110

120

GONTINUE
HilsJ)zhk] Q087
COUATINUE

HRITE {(NwodyQ)
DQ S0 Js=lahy

WHITE {(Mwaed90) (R{lsd)eIsleNX)

CONTINUE

A= AND Y~=PENRMEAHILLITY =

WRITE (ANweall)
CALL REAV{AK+RODSsNTpNa)
#RAODOPROHATTRTTODUCOROY

WHITE (Nhed20}

CALL REAC{YKsROUG«NYsNA)
(I Y X T X LR R-2-T-L-FFS-E-¥ 1L X X A%

POROSITY =
NHITE (fNwe430)

CALL HEADIPHLsKUDTINYINX)

foodgoauRondbinpboohwes

SAVE PRESSURE AND IN]JTialL FORUSITY

U0 110 l=lsnNX

00 110 uslsNY
POLD(Tsul=H{leJ}
PhIO{Isdl:PHI(IuJI

WESERVUIH THICKNESS (87 BLUCKS)

aR[TE (Nae4s0)

.CALL REAC{QZ+AQDBeNY snA)

dCcatapbtattocaooRasdgdve

SOLRCE/SINR (G/SEC) =~
WHITE {(nwe450)

DO 120 uslanY

DO 120 Is1lsnX
Blle)z=0,00

IF {NS.EG.0) 6O TO 14u
UG 130 &=]1.N§

READ (NH+460} I'J|U|lid)
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LaTivowy
- Gatioly

Datliosu
vatl1o90
Cellloo

CaTlliv
UaTtleo

LaTlldv
UaTllev

- CaATll5u

Lalllood
LAT117v
CaTilow
Ralllvwy
CaTleuu
oatlziu
varizz2o
UaTl2au

. Dallzuo

LaTlesy
CaTléwo

Catlz7T0 -
TUATI28U
vallzao
‘CAY13u0

UaTl3l0
DaT1a2v

0aTYAdY T
DATLI&L, -.%7

UaT1350
UAT1360
CATI13Tv
LAT1anG
CatTlavo
BATLl400

UaTlalu
LAT1e2u
UAT1le3y . ..
"QaTleey e
CaTlese -

DaTlasy
VAT1&T0
VATlabl
Pallevo
Dallsuo0
LaTi5lu
Latl52u
calisio
LAT]Ssp
calleso

~UATLS60



[al &) 2B sNaNaNel an

[a X o N ot

130

140

150
160

170
180
190

200

220

WHITE (Nmed70) DedoGflerd)

HOCK PHOPERTIES «°

READ (MR»340) XKCrCONUYPHFwT+DF+oETA

XKL = MECIUM THERMAL CUNDULTIVITY

COMD = CONFINING BEU [HEmMAL COWOHCTIVATY

PrFWT = ROCK ENTHALPY GERLIvAaTIVE waHaTe [EMPENATLWE
DF = ROCK DEMNSITY

8ETA « . HOCK CUMPRESSIHILITY

WRITE (Nwy4B0) XRCeCONLIPREWTILFIbETA

COMPUTE COEFFICIENT FUM CURDLCTIVE LEANAGE =
IF (COND,LT.041) GU TU 15v
CUEF=OF #PHF wT/COND

GO TO 160

CCEF=0.U0

CONTINUE

NUMBER CRID BLOCKS = i
NP (Ivd} = SEQUENCE NUMBENING OF BLUCKS Ted
16Nz0

D0 190 I=1sNX

DO 180 J=liNY

IF (0Z(Ivd)elToU.00L) ©0 TL 70

IBh=Tuhe]

NP {led)=lBN

GQ TO 180
NP (Lsu)=0
CONTINUE
CONTINUE
WRITE (Nws240Q)
DO 200 JslaeNY
WHITE (hne250) (NPULpJIs]l3]leAX)

CONPUTE [+Jd FON EACH SEOUENTIAL ELOCK NUMHER =
DQ 220 Is]anNX

DO 220 J=]+NY

IJahkP Iy}

IF (IJ.eQ.,0) GO TO 22v

NPRU{IJs1) =1

NPP({IJe2)=d

L GQ TO 220

COMTINUE

INITIALIZE SCOLUTION VELTOW -
DO .230 K=l NB

TIaNPP(Ks1})

JUhPP (R4 2)
X(2oK=1)3apP{I1rJJ)
Xl(2eK=11=P(11.JJ}
X{(2%K}=h (1]l dJ})

Xl (2oK)=F([1leuy)
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LTS
Lreallwew o0
LLaTlswu .0

Lanlleuy
Lellela
Lelitcu
vetleay
Calliteh
Laillénu
valleou
Lallefu
Lallenu

T LaTléEve

CallTuu
Catltlve

T 0all?dv

Lalllay
datl]/faev
Lallidu
vallibu
Ualfillv
JaTlioy
Caelllvv
Callevy
allelv
LeTleet
Callray
CeTlawl
CaTluvu
CaTlewo
Callalti

L GATlenl -
Lallevy

Callynu
Lafivlu
Callslu
CrTlhou
Galisen
Uallwbu
Gullvou
bulle?y
vallwsay
LBLal?ugw
valzZulu
cLléduiy
Laleyadu
UAaTZuuu

CaT2ubv
Caldund-

Lalgtvy
Laleuoy
Cnléivy



230 CCOANTInLE

- 65—

RN : ‘ : ‘ s © 7 uatezlwe

HE TURN o " . uatzllu

N T I PR {13 b2 ¥4}

240 FCRFMAT (11A912nGRIV NUMHERS/ZLLXk2(IR=)) - 7 .. B0 7e  UATL3D-
250 FQRVAT (11Xs1619) o S o vat2leu
260 FORMAT (//774/711%+45hCOUES/L11A+5 (k=) /7 1R49[5) . = = R pavalso
270 FURMAT (/277279 )%t 9nINITIAL TEMPEHRATURE/]LL1X, IQIIH-’/I " vafelev
290 FCKNAT {(Z0ae) ' L . Lal2lity
290 FUKNAT (lHle//77354925R3TEAM=WATER FLO® ANALYSIS//) - ‘ Dat?lov
300 FORMAT tilA'70¢lHﬂll/ll(naunﬁllllX-TOILHOJ///) . vs12tyu
310 FORPAT (16]19) : val2200
320 FGRMAT (/1LA022HFINITE DIFFEREACE DATAfllxuz?tlH-)ll Cat22lu

330 FORMAT (1h 1104+ 11PNUMBER UF =e2Xy THCULUNNSJ23/7Z])Lr|HesZ2XeoMRCUSILAT 220
lIEc/Zngln--ZAc15hNON-nEHu rLOCKS [15/721 80 rA=s2Xo1dnMaX Uy [TERAILATP230
2IUNSy112/21Kelrm=y2Ay OPMAXIMLM -TIME STEPSeI12/2iX01H=02XsTRSVORCESLATAZ41
Ay13/21 X0 1H=r2X 0 19HESTIMATEDY BANDWIDTRLLL1/21Xelh=12YelarweitGhitNGLAT2250

4H0

L4

[z RaRe Ryl

10

20

30

S50

60
10

cal?and
EnL CATZ4oUu~-
wel 1Y
SUBROUTINE READ(oun.nuueonfobll' s el 20
.o......,o..|¢.¢¢¢000¢9.il¢|l0Q ) ‘n't'l.: 30
IMPLICIT REAL®Y(A=Hs0=£) . ' REC 40
T nel 20U
CALLED FHOM GDATA _ ' : el &U
PURPOSE:! TO READ TwO=UIMENSIONAL Anﬂflf-_--------.-.-------------htC fv
---0-----.----—-.--—----:----------——-- ktc )
DIMENSION DUM(20410) TP PP ST TV L
------_-‘_------,---.--ll---------a---- kt{: luu
NReS ‘ . o - KEC 11V
Nwzb ST RED leu
IF {KOBE.EG.}} GO TO'ZU . : KWEL 130
DO 10 J=1lsNY ‘ HEC lav.
READ (NR«T0) (DUM{LsJ)e13lsNK) ‘ nel 1su
60 TO 40 . wel low
READ (NRe70) DUM] c ‘ S . KEC LU
DG 30 J=1leNY : . S RS . HeC 1w
DO 30 I=1.NX : ' R HEL 190
DUN {1 eJd) =DUM] .o nel
D0 S0 J=lsNY - S P : KEL ELV
WRITE {Nmeb0) (DUMLLsd) sI=LlohX) ; Wl e220
- RETURN HEL 23y
We L 2eit
FORMAT ¢/{111.8¢612.5-¢x)l' KL 290
FORMAT (8G10.0)

o UFTIURIL4/2 X0 H=2A05RFAINTING OPTLION|1S/27) Lalldebu
3640 FCRMAT (BGil0L0) Call2é?g
350 FURMAT (27777911 X+22H5FACING [N X= DIHtLTqulllx.ZZ(IH-III Lal2éuo0
360 FORMAT (/777791124220 aCING IN Y=DIRELTIUN/LLA«22( H=)/) UAT2Z2wu
370 FURMAT (//7911A4)ISNTImE PAkAPElEHS/llAnlsq1h-)//11xo?uHIhITInL TI#LaTZ2300

lE STER [N SECUNDSG22.8/) . vatTedlu
380 FORMAT (/7777911 R L6RINTTLAL PFESbUHE/Lllvlﬁ(lh-lll - Lsalédeu
390 FURMAT (/(11xsot1da50eX))) o C UaT2d3v
400 FQWMAT (///7/77911X0L6RLETTIAL ENTHALPY/L1Xol6(1kR=)/) o . ual2ien
410 FURPAT (//7/791)1% 0 L4BAPERMEABILITY/L A ]G (LN=)/) - C tal2350
420 FORMAT (27777911 R lanT=PEnPEASILITY/Z11ALG(In=}/) dal2ing
430 FORMAT (/7777701 ) Xslonin]TLlAL PORCSITY/ZL1IX016(1R=)/) . LCaledly
a8 FURMAT (//7//+1 1 %2190t SERVUIK TRICANEDS/]1As19(Llh=1/) : DAT2Juu -
450 FUHRMAT (/7777411 X0 THSUURCES/ L)X T (lH=)/) Uuat2ivo
460 FChrraT (2)8,:061%.0) UATZ2400
470 FURMAT (L1Av2]91Glo.H) Ual2alu

FURFMAT (/1YA4]1SHRUCK +o0PehrTIES/ZLIX 1D =) /L1 s ZRAHMEI LM IH:HFAL Calruen
LCONLDUCTIVITY=-GE? .5/ 1 A035nL0AFINING Bru THERMAL CUNUUCTIV[TY-hlu.JLAIdaJU
2/711%+25rhOCK ENTHALMY UtnldATlvb-bZU.D/l11&13HHOCN UENSITY=032.9571LAal24a0

IR VROCKR CUMPHRESSIHILLIY=14G24,5/)

. [T
END - )

- é,é’

200

ZnlU= -
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[aRala
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10
29

30
40

50

SUERQUTINE TCALCIUY.DI|D£-AK|YK0TY.TYﬂlTK'TlﬂllKCQuY Nk AYYeNXA) TC
CHEO0AREILISRODNI000ENNONE0ON0EONRAA0UVIEORERSNOERISDRRGRROOO0er [

IveLICIT REAL*H!A-hoU'IJ' TCa
‘o B . * 'LA

CALLED PHLN MAIN & ’ TCa:
PURPYSEL Tu CUMPUTE IHANbPISSldILITY TEAMS = ' Cca
-----u------—--——-—-n-ﬂ—--------------------------p--q------------ICA
t DIVENSION OY({10)y un(lVU)y LU2(20¢10)s AR(20910) 9 Yr(Zaeluds TY(2041TCA
1) TYK{cUsll)s TXUE2Lv10)y TAR(Z21410) . _ . 1Ca
'----------—----------'--"-----------------------n---------"-D-----lcﬂ
1Ca

COMPYTE rHANbMIsSIuILLIY r;avs In 1nE A=DIRECTION = N T1Ca
U 10 Jzlseny TLa
IF OnLY CNE COLUMNe SmiP CALCULATIONS = ICa
IF (MNXJLGa]l) GO Tu 2u Tca
D0 10 I=2snkx ) 1Ca
TJAC=20Y{U)2p2tI=1eu) /0ALL=]) ica
TAC=DY (W) oL2(Tsd)s7un(l) ) TLa
TRASTAC#*AR (I=14} R I
TAESTAUTAK (1 ed) . ) : L TCA
TTIiaTXxa+TAY : . : . Tia
IF (TTT.EWa0.0) GU TO L0 : TCa
PERMEABILITY TERM = ‘ ‘ o Tea
TA(I9d)2Z2,0°TARRTXA/TT ' . ica
HEAT CONDUCTIUN TEmm = ’ o Tea
TAR(1sd)=2,09TXCOTAU/ (I XC+1XD) *XKC " TCh
CONTINUE ' _ ' 1Ca
CUNT INUE ' ! TCa
. ’ ‘ 1Ca
COVPUTE THRANSMISSIoILLIY TERMS IN THE Y=QIHECTION = 1Ca
DO 30 [=1e+MX ) fca
IF INYEQ.]1) GU TV 40 1CA
DO 30 Js2enY B o
TYCEDAILIADL =10 /70T (Y1) : LES
TYC=pX (L)L {l+Jd)/UY{J) .. ICa
TYas[YCRYK (1rd=]}) Tta
TYB=TYDOYR(Led) _ ' TCa
TTiI=TYA+TYH ICao
IF 'TTT.EQ.U-O’ GO TU 30 ' ICA
TY(IsJ)m2.08TYARTYR /T T¢a
TYK(Ivd)=2-0°TYC°TTU/(jYCOIYG)'xKC : tea
CONT INUE" : Tea
CONT INUE fce
’ ’ " Tea

SEI TRANMSMISSIBILITY UFr HUULNCARY HLOCKb lHtGULAR HLLTANuLLAﬂ hcbnllin
TO ZERU (NU=FLOw) = 1Ca
vl 50 I=leng . ) s
Tri{ls+l)=9.00 : . fca
TYKils1)=uaD0 : 1¢a
TY(IWNYY)SU, 00 ICo
TYR{LshYY)=0,00 ica
. Ica
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70

DC o0 J=laMY
TR{leJ)a0ev0
TXK(1vJio0a00
TAINXXsJ) 2000
TAK (NXAru)2UL00

SET THRAASMISSIBILITY OF HUUNCARY BLOCKRD (EXTERMAL ann InTenivalos
JRREGULAR MESH) TO ZtRv =

00 80 Islehx

00 70 Jelshy
IF (DZHMH.GT.O.UUJ Ly TU 70
TX{I+lvd)=0a00
TAR{I+1lesu}=0.00
TY{IsJe*l)=0.00
TYK(I»Jd+1)=30.D0
TXK(1+J)30.00 -
TX(Ist1=0,0D0
TYR({]+J)=0.0U0
TY{1¢J)=0.00
COMT INUE
COMTINUE.
RETURN

EnD
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Tva
fCa
1 a
fLa
1Ca
T(a
ILa
fCa

fce
1¢a

ILta
fca
| F
1Ca
1La

TCa

iLn
1Ca
104
iCa
LA
1(a
fca

IR LLI
S bt
Sav
‘:hp
R RAY
“n
R 18
ndv
nlv
¥4V
oy
b‘fi)
€av
S
ey
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711
120
{3y
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20

30
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50
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40

90

SUBROUTINE MATH (NP INY oMK s WEE s Mtin) ' 7Y

A0AN000900000R000NRGEARDOSELGROY L= e val
IvgELICLT HEALﬂstA-n¢u-4) . MAT
: . . ¥al

CALLED FkOM MAIN T T val
PURPOSE! CUMPUTE MATWLIX HANCwIDTH wuT
L L T L L. L. b T T T Sy T e TP T N ¥
DINENSIOMN W{5}y NPL20+10) . Al
-—n-----ﬁ—--—--------"--------------t---------.--------—-- -----——--PnT
) #al

CONPUTE PAX]IMUMN DlFFEu:ch BETHEEN SEWUENTIAL uLcru uuvvtus ral
UF ADJACENT BLOCKS = _ _ : MAT
MMzl ‘ ' P . : #aT
DG 80 IslaNA ‘ ‘#aT
00 70 u=lynNY - . _ Al
DO 10 KK=]l+4 ' : ) Mat
N(KK)=0 o ] *al
1lzl=t1 : . - ¥at
I2=]+1 - . ral
Wlzu=1 . . ' *al
JénJe]l - ' . ' ¥al
IF (I1.80,0) GO TO 20 ‘ T
wil)=np(I]lsd) . Mol
CONTINUE . . : - val
IF (J2.6TonX) GO Tu Ju . . . . Fal
N{AIeNPlIZ2yW) . . . ol
CONnTINUE . . ) ral
IF (Jl+EG.U) GO TO a0 . . ' val
N{Z)=NP(T4d]) mal
COnT InUE o vat
IF {J2.6T.NY) GO TU Sv ’ . . MaT
N{al=nP (]2 : : baTl
NiS)=tuPvIdy) ‘ _ B o #ul
IF (N{5).tu.0) GO TO lv ) . wal
LG e K=14 _ ‘ val
IF (N[R)eEua0) GO TU By : N 7%
CUNMPUTE DIFFEKENCE = val
CNAah(H)=N{n) raTl
IF (NNLLT.0) NASeNN #al
CUMPUTE. vaXMUM DIFFERENCE = " ¥al
IF INNJGT 4MM) MM=NN ° ¥at
CUNTINUE : raT
CUNTINUE ' ¥l
COnTINUE ' ) ¥al
CUNMPUTE BANUW[DTH = ' ol
Hew=29 (28MN+]) ] ot
FRINT S0+ MowsMHE . ) »al
KE TUnN ’ . - ] ‘ . Mad
¥al

FCHMAT (/711K 'MaxIMmyr HANLWIOTA IS 'ola-ZlulCUhkﬂPhn T t;[lna]tuvul
1 HANCWIULTH UF 'slérr/) Mol

LG . ' ‘ ¥ay
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SUBROUTINE PRPTY(LiKKK} ' B O pup

HoenpBecocRRtBOBeOBERON oo . PrF
IMPLICIT REAL'B(&-H.O‘L! . ' ' ' : ) Fhé
. . ' FrF

CALLED FHOH NAIN ’ - . PRF
PURPOSE: TO COmMPUTE {RERMUDYNAMIC PRUFERTIES , ' FrE
--p--oﬁ-------n-u----------.--- -----.-.""---‘----------------"""-"".“F
DIFENSION SwllEO 100 s JEMP2(20+10) s DeN2(20+10) ) FrF
DIMENSICM CQ(20410) : : Frb
' FrF

COMMOMN ZINPUT/ PHI(20040) o XK{20010)eYRI(200]10}oP{20¢18)erni20ei0)eirnF
14002eX1(400) +NP{20910) +NPPI20042) sUX(Zu)sLY{101sCZ2(20+10)sul200i0)FrF
COMMON /CONTRO/: NK!NXINXX'hffﬂvfoNﬂ;NdDohTtDELroTIHt.PHFlT|UF|ABL-FnP
1CONDyCOEF +BETASIPRT o 1Y
COMMON /HWORK/Z AX(21» IU’Obi|21l10)!51(81'10|ihY(?D 11yemY(2urll) sk VPrF
10200110 o TX(21 0200 oTAK(Z1910) e TY (200112 ¢ TYK(20011) eaAM{20 01N} 0 ANASS(FFP
220+10) 2EN(209010) sENERGY (209101 4C{2001V}s0(20210)4F(EN010)sG{200)0)FkRE

3|0H(20'10)rAN(ZGrIU)oTH(EU!IQ)'OTP(ZO 110)sDTH (200100 PRICI2Us IV aPFRF
40LD(20+10) j T e
COMMON /CHECK/ IND(200) INLOLOC(200) . T FrE
D-------u-n—----‘o—_-n----o-----------------------------—-o---------‘-RF

) , ' Fhi
STATEMENT FUNCTIONS FUN TRERMQUYNAMIC PQUFERTIES PrE
FRE

Fl(Px.n&l-l.OOZOTo».aeoolu-s«Px-5.474:bo-b¢onb oaurqu-riuxﬁwx-l 2FnF
147910~ *HXPHX e

FR(PXsHX)==2,41231+2,502220=]14+X=9,3]14150~ 3*9!'91-8-?56HL-5°HI'HX FrE
FI(PAXsHA)=m2,261620=5%v, 04384b]L0®ra=leT7506D- S'Fx°nx°3 t92Thu=30P
IXPPXOPXOPX 45,1 Th44U=]IVHXORXANXUE)X (e
Fa{PRoHA}2=376.660UU+#7,9921C09PX=0.63I0Ub008PX#EX/ , IGIHGD=50FAtnFnF

IX=3,3372C6/MX/HA/PX/PA*0,0385T1S400/PR/PX/PA=] o] TZSUSINKORACHXOP LAk
22426861015/ X/HX/HA/HA ~ kwF
' Fub

F1 = DENSITY, COMPRESSLD wATER HEGIOM . ) - Baf
F2 = TEMPERATURE. CUMPRESSED waTER REwlON : : Frnk
F3 o DENSITYy SUPER NEATEL STEAM KEGIWN : EnF
F4 = TEMPERATURE - SUPER REATED STEAM MEGLUA FriE
NEKK=NK ) . Fhis
IF {L.NEWl) GO TO 20 FHF
IF (KKKNEL]1) GO TO 2u ] i Fhis
: ' " Prk
INITIALIZE ARKAYS = . Fnr
00 10 I=1eNX | T FRE
DO 10 JslenNY o . "R
AN{IsJ320,00 ) Kb
TMiTsJ)=0.00 Y okmE
ClIeg)=0.00 _ : FrE
Dtlsy)=0.00 . . Frk
'F(IRJI=0-UD . FRF
GiIsd)=0.00 . ) FRF
On(ledi=0,00 Frk

DTF{ledi=0,D0 . : ‘ FeP
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g EzNalg!

Oon

[aNaNel

OTr(led)=laL0
Saltled)mu.00 . .
VEAN2 (v u) 20,00 .
TEMP2{l+Jd1=0,00

10 CONTInUE

20 COnTInLE
DO 20 I=leni
UC 80 J=lehY
IF (UZt1l+J)sEW.Q,LY) bU TU BO
PP=P[I+J)
L LELYSEY
PFcPpRe0,]pe7
NramHpeQ,loa]

K2hF (Tou)
IF (INLIR)) 3000450
30 COATINUE .

CCMPRESSEU wATER REGIUN =

UnzFl{FPsHRN}
TENPF E (PP yHN)
POuPz4.426070=1]1¢5.020750U=]4eHp
T PURRS=5,87456L=12+45,020T5U=149FP=2,499020=148Hn
PTaPs~]262830=92Fp
FTuha2,562220=8+4,5]130U~]2%Hh
WATER VISCUSITY - .
1667 aSHME SIEAM TAOLLS FUNPULA (Fe Ta) =
VIS ] WU=62 (2414421 0.,9%(247.8/(TEMP+]13315)))

CONMPUTE EwUATION cuarrxcxthts -

SPaCg -

An(IoJY=Cu/Vw '

TM([eJ)=EwoHH/VUR] Y, 00 ¢

UTF{I+Ji=PTwh

OTF(JeJ)=PTwP

TIVE =

ClIvd)ZPOWPPPHI (T} 0rno Qo #aTePRFWTOP INEROF® (1. 0=PBT(Jel))

PP
PhE
FRF
FHF
L
HwE
Enf

ErE

PP

FHP

PRF
Frb
F kP
PirF
Prp
Pk
PHp

Frk

PhP
HnF
PuP
Frp
FiRE
Pk
FrF
PrEF
FhF
FhF
1
FRP
Fh¥
Pk
Prb
FmF
Frp
PrE
beF
Frp
Fre

C(l'J)=L(lodl*OC“hH“IoUT'UtTA°rH10(I|JI-PnlU(IgJ)*nhTA’UhGhﬂbulﬂttrnP

Iup

FHE

D EeJISPCWHePHI (T4 J)OHNB )0 0aT7+PRFUTOM INHODFO (1 0mFRI(]leo) ) *LUa*PrFHF

Ltl+)
FUIyd)=PF1 UL 40) 8POWPeUatgE TASPRIO L] s J)
Gllsd)=kr1(IsJ)¢POwWH

Sui(Ted)=1.00
CCTENP2 (LU 2 IEMP

DEN2(Tsu)=bw

HEAT DISCHAKGE =

Qhilsulz3C(lsy)ennajy,oo7

GU T0 6u

n

Frp
Par
FnF

s
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1w

lev .

Tavu
Tav
T5v
Tov
i
1)
T9y

606 .

Hiu

Bev.

bav
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bol
1.1}
uly
noy
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coar1~us - ' .

ThO-PPASE HEGION -

|

HHzT730.9849129,2392PP~10, 0333°PP.PPOO049881'PP'PP.PP
=99.0897/PP+12.9261/PP/FP=(,528359/FP/PP/PP. L

HS#2822,82+39,952/PP+2.54342/PP/PPu0,¥388790PP PP

TENPuF2 (PP HW}

QuaFl (PPyHu} " .

D$=FJ (PP yNS) B | SRR

BATER SATURATION ~. ' o

SBBOS"HS-HH]/(HH”{DH-US)‘(HE‘DNOHS.DS)’

§557s].0~5u

SwCaSw

VISCOSITIES - .

19&7 ASME STEAM TABLES FOHPUL‘ (Pe T4) =

Vuml 0E~06°({264144210.,°%(24T,E8/ITEMP+133,15)))

VS=J.0E*06'!.407°TEMPf60-4)

RELATIVE PERMEABILITY (WATER) =

Xnwa({Sw=0,35)/0.,65)0%4

RELATIVE PERMEABILITY (STEAM) =

XKSE(1e0=((SW=0,35)1/0.05)992)0(] ,0=((S5K=0,351/0, 65))1.2

IF (SWeLT,.043) XKW=0,0

1

IF (SW.LT.043) XK5=31,0

;F ‘SHQGT¢°|95) 8KH=109

IF (SW.6T.0495) XKS=z0.V

DEN=DW*Sn+55T2DS ’

HHR=HHe1,00100 '
ShtDS“(HS-hHH)/(HHH’(DW-DS"(HH°Dﬂ'HS‘US)’
$S5Tu]l,.0=-5w

DENL=OW9SW+D50557

PDwHz (DEN ] ~=DEN) / (HHH=HRN) #] D~7
PPPzPP®.999D0

HHRa730.984412942399PPP=]10,03334PPPoPPP+0,.3988)4PPPPPPepPPP

“9G ., 069T7/PPP+1249206//PPP/PPP=0.628359/PPP/PPP/PPP
HHSe2B22,82-39.952/PPP*2,54342/PPP/PPF=(,938879°PPPOPRAP
TioF 2 (PPPsHHU]

DOw=F] (PPPsHHNW)

DOS=F3 (PPPsHHS)

SNRDDS°(PHSOHH)/(HH'lUUH-DUS)-(HHH“DD'-HHS‘DDS’)
§S5T=],0«5w ‘ .

DEMl=DDwuSW+DDSSST ) .

PDuPc {DEMI=DEN)/ (PPP=PF)a] D=7

TEFPI=T]

PTuPz (TENPl=TEMP)/ (PPP=PP)®) ,D=7

ShnSHO

SPACE -

xN(X!J’=XKN°DN/VHOXKS'US/V5

TREIyJ)} S (XKWEDWeHW/ VW XKSOUSOHS /YS) el U, 0nT
OTPLIyJ)=PTHFP

OTH{Isu)=0,0

72

PHF1070
PRP10B0O
PRE1090
PAP1100 .

. PRPIL11CO

PRF1120.
PRF1130
PRPL1140
FRP11%0
PRF]1160
PRP1170
PRP1180
PRF1150
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. . Pul

FORMAT (///11A+'STEP NUMHER? 3 T4 21 0Xe " TUIMET oE£1043/7134,15(1He)/ /7711 AFNT
Lo *FHESSURE VALUES'/11A+15(ilh=)2r/) PUT
FORMAT (/{)l1XsB(Gl2.9:2X)21" : . FUT
FORMAY (/711X ENTRALPT VALUES!/11Xsl2l]lke) /) PLIT

EnC X PDT

— 8’._

- JLXY)
Ssl
k1Y)
h-1-1Y
Sl
QU
Yyo
ey
olu
L .¥4C
ol
i
nho
oL~

10
2u
Ju

C 40

50
Y]
Tu
80
L2\
100
11
lev
130
1sy
150
leu
17y
180
1vv
20u -
210
2ev
230~
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SUBROUTINE PHREG (INDEX) | . : " PHR

COROGEIBBRCORRBINOERTION L ‘PrR
- 1HPLICIT REAL‘G(A-H'Ofﬁ) _ - PHR
. - PHE

CALLED FORM MAIN - , PhR
PURPQSES TO DETERMINE WHAT Tuenuonvmnxc REGION 4 Pnk
FINITE«-DIFFEHMENCE BLOCK IS IN . PHR
--.----u----—.ﬁu----‘----.-----------.---------—----------------“-Phﬁ
OIVMENSION INDEX(200) PmR
PhR

19

1
1

i

CONMGN ZINPUT/ PHI{209010) o XK(20+10)9YX(20+10)eP(20¢10)¢H{20+10}sX(FrR

400) o X1 (400) sNP {20410} rNPP(200+2) DX (20) DY (10)¢DZ(20+10)+Q(20¢10}FFKR
COMMON /CONTRO/ NKsNXsNXXeNYsNYYsNBoNBOSNT ) OELT o TIME,PHFRTsOF s XKCoFHR
CONDCOEF +BETAy IPRT PHR
INCEX®=) FOR COMPRESSEVL wATER =~ ' PHR
INDEX=0 FOR TWO~PHASE : PHR
INDEX=2] FOR SUPERHMEATED STEAM PrR
D0 10 K=]lsN8 . _ . . PHR
PPaX]l (29K=1)80,]1%87 . PHR
HHsX] (2#K)eQ,]08T . PrA

CONPUTE SATURATED STEAM (HS) AND SATURATED WATER (HW) ENTHALPY = PHR

- HSp2822.82+-39.952/PP¢2«54342/PP/PP=0,938079pPepp . PHR

HasT730.9844129,2399PP=10,0333%PPoPP+0.39B88)oppPappepp

=99, 0697/PP012.9267/PP/FP-0 628359/YP/PP/PP )
INCEX (K) =0 FPhR
IF (HH.LT.HH) INDEX(K)}Rw] . . PHR
IF (HH.GT.HS) INDEAIK)®] PHR
IF TEMPERATURE IS BELOw 50 DEG € (H=20%,33) ASSUHE IN COPP WATER PrR
IF {(HH.LT.208.,3300) INPEX(K)I'I PHR
COATINVE | . PHR
RETURN ' ‘PhR
END : ‘ PHR

210

2490
250
260
270
280
290
00
3lg-
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SUBHOUTINE BALNCE {ICX+KKK+PCEE) - BAL

0000000 ROBONADRRERINNAONNES ‘ . - BAL
IMPLICIT REAL#B8(A=H+Q=2) : : _ - aaL

o ; - : : BAL
CALLED FROM MaIN . BAL
PURPOSE! TO COMPUTE HASS AND ENERGY BALANCE BAL

D L L L L L L T e e I T T e T P -7 18
COMNON ZINPUT/ -PHI(20+10) o XK(20010)9YRK{20020)¢P (200101 eH(20010}¢X(BAL
16001 oX1{400) oNP (209101 *NPP(200+2) DX (2V)+DY{10)+02120+10)90(20+10184L
COMHON /CONTRO/ NKsNXaNXXohYsNYY yNBoNBOaNT, DELY.'IHE PHFuTsDF » XAKCoBAL
ICOND+COEF sBETANIPRT BaL
COMRON /WORK/ aX{21910)9BX(21010)4EX(21s 10).A7120o11)-37¢20 11)sEVBAL
1€20e¢31)aTX{21000) 9 TXK(21010)aTY (209200 9TYK(20011) o XM (20010} 9XHASS(BAL
220+10) +EN(20410) +ENERGY (204100 9C(20+10)4D(2043019F(20410)+6(20+10)BAL
3eQrIZ20910) 1 XN(20G910)+TM(20910)s0OTP{20010}eDTHI20010),PHIC(20910)PBAL

40LC{20+10) gaL
COMMON /CHECK/ IND(200) +INDOLD(200) BalL

.----------—-------—------------o-----------------.---.-‘---.-.---BAL

_ AL

STATEMENT FUNCTIONS FUH THERMODYNAMIC PROPERTIES = BaL

BAL -

FL1(PXoHX)z]1400207¢4.420070=48PX~5,4T456DA 5'HX05o028750 ~TOHX*PX=]1,2BAL

147910«T*rX2HX dat

F2(PXeHX}2=2,41231+2,502220~1%HX=9,31415D=3%PX0PX=2,25680~5*HX*HX Bal
FI(PX1HX)2=2,26162D-5¢+0, 0438##100'P1-1o790830-5‘?!'"!‘3.69276D'B°PBAL
LXSEXPPX#PX¢5,]176440=) IPHXOHXOHXPX BAL
F4(PXeHX)==374,66900+47,9921008PX~0,633606004PXePX+7,393860=5crXsHBAL
1X=2,337206/HX/HX/PX/PXA*+0,035T15400/PX/PX/PX=],]17250=¢OHXSHX®HASPX=BAL

22,26861015/HX/HX/HA/HX 8aL
DR . BAL

DELM=0,00 - , BAL

DELE=0.00 _ 8at

DO 70 I=1,NX . : . BaL

DO 70 J=1lsNY - - . . BaL

IF (DZ(19J)«GT40,00) GU TO 10 . ' BalL

XMy Jy=0,D0 ' BAL

EN(IeJ)=0,00 : . BAL

GO TO 70 o eaL

CONTINUE . 8AL

PPaP (144} BAL

HHsH (T o J) : X - BAL

PPsppPeQ,jee7 : BAL
HhaHH®*0, 1 #07 \ ' BAL

KahP (I+d) T ' BaAL

PHI(l-J)=PH10(I-J)'tl.DOo(Ptlod)-POLD(L.Jll'BETAl Bal

HW2730,9644129,239*PP=10,0333°PPePP+0.3I988] 9PPepPPepp

w1 *99,069T/PP+1249267/PP/PP=0, 628359/PP/PF/PP : ‘
IF (IND(K)} 20+30+40 BAL
20 CONTINUE o . T BAL
DENEF 1 (PP yHH) 8aL
TENPSF 2 (PP eHA) . . . C BalL
GG TO S0 , : ' BAL

83

300

alo
320
330
340
350
360
aroe
a0
390
400
410
420
430
440

470

480
499
503
510



40

‘50

60

70

a0
90

100

110

120

30 COthNUE T 8at
_H5=2822.82-39.95219902.5436z/pp/pp-o 938879 PPepp BAL
TEVP=F2 (PPyHW)- ' BAL
De=fF]l (PPoHW) BaL
DS3F3(PPHS) 8aL
SN:DS'lHS-HHl/(HH'(DH-USl-(Hh'DH-HS’OSl) _ BaL
SSTul,.0=5W . BaL
DENSDWRSH+SST#DS BaL
GO0 T0 50 Bal
CONTINUE Bal
DEMNCFI (PP o HH) . ‘BAL
Hwau730.9844129.239¢PP=10,03334FPaPP«0, J9881!PPODP¢PP
a99,0697/PPe12,9261/PP/PP=0, 628359/PP/PP/PP
HSo2822.82-39.952/PP+2. 54342/PP/PP-0.933879'PPOPP
YT1=2F&4 (PPyHH)
TT22F4 (PP +HS)- .
TTI=F2(PPyHHW) ’
TENMPaTT1=TT2+TT3 o
HRCCKSTEMPE*PHFNWT BaL
VOL2OY (J)#DX (1) ®DZ(1sJ) BAL
XMT=VOLRDEN®PHI(IyJ) BAL
ENT=aVOL® (PHI(J¢J) #HHPDEN®]0, %076 ¢( ], O-PﬂllludiiOHROCKaDF) BaL
1F (ICX.EQ.0) GO TO 60 BalL
DELMEDELM~XMASS (I eJ) +XMT ) ’ T i BAL
. RELESDELE=ENERGY (I+J)*ENT s T oo BaL
XM{1sd)}aXMT o : BaL
EN{I+J)=ENT BAL
CONTINUE BaL
IF (KKK hE.NK} GO TO 90 Bal
DO 80 I=1lsNX BAL
DO 80 JslaNY BaL
XRASS(ToeJg)t=XM(I4y) ) ) BAL
ENERGY (I +J)=ENII ) ) BAL
CONTINUE " BAL
IF (ICX.EQ.0) GO TO 119 "BAL
QAC=0 .00 BAL
EEE=Q.DO ) BaL
DO 100 I=z)aNX BAL
PO 100 J=]1NY : . . BAL
Q0C=00Q+C (s J)WDELT ) . eaL
EEEsEEE«GH{I»J) *DELT BAL
PCEM3 (DELM=GQQ)*100.D0 BAL
If {00Q.NE.0.00) PCEM=FCEM/QQQ BaAL
PCEE=(OELE=-EEE)}®]100.00 BaL
IF (EEE.NE.0.,D0) PCEE=PCEE/EEE BAL
WRITE (64120) QAQEEE+VELMDELE +PCEMPLEE BalL
CONTINUE : BAL
RETURN BaL
. BaL
FORMAT (//11X+23MMASS AND ENERGY BALANLE/Z11Xe23(]H=}/32Xe4HMASSsI]1EAL
1Xs4HHEATZ 15X 9 12HDISCHARGE = 96G15,8+20A¢G15,8/15X,12HSTORAGE = +GBAL
215,8+20X1615,8/15X+12H% ERHOR = 1G15.8420X+615,8) BaL
E-“D Pal

v

84..

520
$30
540
550
560
10
580
590
600
610
620

640
650
660
670
680
690
100
710
120
730
T40
150
160
170
780
190
800
glo
820
830
8490
&S0
8690
8710
aso

‘890

00
910
920
930
940
95¢
560
970

LR
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SECTION 2
DATA INPUT REQUIREMENTS

‘2.1 INTRODUCTION

This section describes the required and optional input data for the program.
Input data forms that illustrate the placement of the various input parameters on
the data cards are described in the text below.

A single computer job can process ‘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 of the flow string (total
depth, lengths and diameters of component segments), mass flow rate, steam
quality and the pressure at one end of the line. . Fluid properties may 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
correlations, '

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 detail 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.



CONTROL PARAMETERS (1415)

CARD TYPE 1
NC | Nz IP NTR | NPR .| NST NREG | IGAS
: 15 20 28 30 35 40 45 go] 5s] 50| 53] 70| | 8o
313111 [ I B A A A I I [N I I I O l1_lljllij_l.ll_lll|_!_l_l_l.1_'.l'_L!-ll_lillillLl‘.ll-ll

[

. NC

Nz

- Ip

NTR
NPR

NST

'NREG

‘IGAS

NOTE:

NUMBER OF CASES TO BE RUN (NOT CURRENTLY USED)

‘NUMBER OF INCREMENTS PER SEGMENT (DEFAULT 5)

OUTPUT CONTROL

-. DO NOT PRINT INPUT DATA

- ECHO PRINT INPUT DATA =~

- PRINT INPUT DATA WITH DESCRIPTIVE TEST .
- ECHO PRINT AND DESCRIPTIVE PRINT

[0 S )

NUMBER OF ENTRIES IN SUPERHEATED VAPOR TEMPERATURE TABLE (CARD TYPE 4A,0 <NTR <8)
NUMBER OF ENTRIES IN'SUPERHEATED VAPOR PRESSURE TABLE (CARD TYPE 4B, 0 <NPR< 20)

NUMBER OF ENTRIES IN STEAM TABLE (CARD TYPE 3). PROGRAM SUPPLIES OWN TABLE IF ENTERED AS
ZERO OR BLANK (MAXIMUM OF 200). )

FLOW REGIEME MAP CONTROL

0 -~ ROS/GRIFFITH MAP USED , S , N 1
1 -  AZIZ MAP USED '

CONTROL OF SINGLE-PHASE STEAM | o

0 -  TWO-PHASE SATURATED STEAM-WATER - _ r
1 -  SINGLE-PHASE SUPERHEATED STEAM - \

THIS CARD INPUT ONLY ONCE PER JOB



CARD TYPE 2-_| BASE CONDITIONS (2 F10.0)
-PBASE TBASE
8] 10 T 20 25) 30] 3s] 40] 45} 8o} s3] ‘ 801 &8 - 7o} 75| 80
'll1||4111_||1111||1 llll_LlIIlllll.!llIIIII!!J!IIIJ_[L_Illlllll._l-l:l'll!llll!ll?l:_lllf

" PBASE - BASE PRESSURE, PSIA. IF NOT.SPECIFIED, ASSUMED AS 14.85 PSIA

- TBASE ~ BASE TEMPERATURE, °F.1F NOT SECIFIED, ASSUMED AS 60°F,




CARD TYPE 3

SATURATED STEAM TABLE (6F10,0) _
PST . TST SVF -~ SVG EHF EHG
8] 10 15] 20 28] 30 33{ 40 45 80 35} 60 asf 70] 15 80
llll'liill | T W Y T Li 1 b1t 01 L x t g 2 2 2 0 G &t t 0 0 0. 2 3 1 1 ]Jlilt!ll_J_l'lllllll_lll_l!_llll_t
INPUT NST TYPE 3 CARDS. IF NST = 0 ON CARD TYPE 1, THIS CARD TYPE IS NOT INPUT AND
PROGRAM SUPPLIES ITS OWN TABLE. :
PST - SATURATION PRESSURE, psia |
TST - SATURATION TEMPERATURE, °F
SVF - SPECIFIC VOLUME OF LIQUID, cu.ft./lbm.
SVG - SPECIFIC VOLUME OF GAS, cu.ft./lbm,
EHF - SPECIFIC ENTHALPY OF LIQUID, BTU/Ibm.
EHG - SPECIFIC ENTHALPY OF GAS, BTU/lbm.
NOTE ‘ 1.) SVF IS MODIFIED BY SGW ON CARD 9 TO ACCOUNT FOR GRAVITY OF BRINE.

2.) THIS CARD IS USUALLY NOT READ UNLESS ANOTHER FLUID SUCH AS CO

-IMPURITIES CAUSE MEASURED DEVIATION FROM PURE WATER PROPERTIES.

2

IS BEING CONSIDERED OR




CARD TYPE'4A—' SUPERHEATED VAPOR TEMPERATURES (5F10.0)

PROVIDE ITS OWN TABLES, AND CARD ‘I‘YPES 4A, 4B, 5, AND 6 ARE NOT READ.

TRC (1) TRC (2) TRC (3) TRC (4) TRC (5) | TRC (6) TRC (7) TRC (8)
s| 10 8l 20 25} 30 33] 40 45| 5D 5s} 80 65] 70 1s] 80
HJ(tI!JJlJ_Ltfttlcr.1;rL|1111_Lclf!rlflln:.ljgnix_m!lllll_ltl.n_'l'lnll-ll [ A BRI |
INPUT NTR VALUES (MAXIMUM OF 8) GIVING REFERENCE TEMPERATURES FOR TABLES SENTH AND SVOL,
Op. O
IF IGAS =0 OR NTR=10 ON CARD TYPE 1, THIS CARD IS NOT READ
NOTE: IF SUPERHEATED VAPOR TABLES ARE NEEDED SETTING IGAS =1 AND NTR =0 WILL CAUSE PROGRAM TO




CARD TYPE 4B

JRES (8F10.0}

SUPERHEATED VAPOR PRESS
NPR () NPR {0 NPR (I) NPR (1) NPR (I} NPR (D NPR (1) NER (1)
5 10 18] 20 23] 30 A 40 45 50 ss| 50 63 70 75l 80
vy oty vty 1ot 43 % 1 1.1 lll';ll!lJ L I O N B A O N A A T O I N | | T O }ll-LlllLll J I T O T N

INPUT NPR VALUES (MAXIMUM OF 2{]) GIVING REFERENCE PRESSURES FOR TABLES SENTH AND SVOL,

-PSIA.

[F IGAS =0 ORNTR =0 ON CARD TYPE 1, THIS CARD IS NOT READ



CARD TYPE S

SUPERHEATED VAPOR ENTHA

PIES (8F10.0)

SENTH (1,J)

SENTH {1.J)

SENTH (1,J)

'SENTH (1,J)

SENTH (1.J) 1

SENTH (1,J)

SENTH ({1.J)

SENTH (1J}

s

LY

15}

20

23| 10

3s] 40

48] 40

ss]

EQ

53] 70

78] 80

LI IR NI B B A

L1 3.3 1 v 1. ¢

SN

] ¢+ & 1 L.t 1} t

| I I T O T T T |

B I I I O |

ll'l'lllllll

I B T W S B |

INPUT NTR SE'i‘S OF TYPE 5 CARDS, EACH SET CONSISTING OF NPR VALUES OF SUPERHEATED VAPOR
ENTHALPIES, BTU/lbm. (MAXIMUM OF 20 PER SET). FIRST SET OF NPR CARDS CORRESPONDS TO FIRST

TEMPERATURE O

4B.

IF IGAS = 0 OR NTR = 0 ON CARD TYPE 1, THIS CARD IS NOT READ.

N CARD TYPE 4A, AND ENTHALPY VALUES SHOULD MATCH PRESSURES ON CARD TYPE



{CARD ’I‘YPE‘ 6 SUPERHEATED VAPOR SPECIFIC VOLUMES (8F10.0)
T
SVOL (1,J) SVOL (1,J) SVOL (1,J) SVOL (1J) SVOL (1.J) SVOL (1J) SVOL (1J) SVOL (1,d)
sl 10 ts] 20 25} 30 35| 40 as) 80 5s] 0 s3] 70 73] 80
;TS S T O O I | S N O Y O O ) ‘1||111|l| Loy ¢y & ¢t v by sty gt Jlll!l!ll.lll'l_l_ll_l.l! THN S S I I A

NOTE:

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 'I‘YPE 4A, AND SPECIFIC VOLUME VALUES SHOULD MATCH

PRESSURES ON CARD TYPE 4B.
. ¥F IGAS 1] OR NTR = 0 ON CARD TYPE 1 THIS CARD IS NOT READ

THIS CONCLUDES THE INITIAL DATA READ ONLY ONCE PER JOB



CARD TYPE 7 CASE IDENTIFICATION (18A4)
) IDENT

\

\

75} 8p

Al 0] 15 20} 28] 30| 35l 40| 4] s0| 55} ‘ so| g9 70]

Pt vy 113

[N W A T U N WA N AN A O VAN N TS N NN T S NN N W NN U TN NN N N TN N U WO % M O Y NN G N U 2N T N T SN NN T NN O A NV SN AN NN I DR B S T D NI B AN U |

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.




|CARD TYPE 8

CONTROL PARAMETERS (10 15)

wpial. nour | vopr !l wio Vv Viwtx [NV kE | mix Voaen |

3

0

t3

20 28| . 30 35 40 45 50 53| sol ea} . 70) 18]

B0

1&1\\1-111

1.1 .1

) S I I O O Y | 1_|l|_|111 [ N B T .t 13 II_LLLIIIIIJ'1'|IJ|l111lJlIJ!ll1

" NDIA

NOUT

VOPT
IFLO
ITv

IHTX

"KE
- MIXT

LIFT -

I T I | N R { Y | nmA.un

Q) b e O

B

—o o
L)

el

NUMBER OF TUBING/CASING INPUT CARDS (TYPE 13) TO BE READ (MAXIMUM OF 15 - MINIMUM 1)

INHIBIT PRINTING OF RESULTS OF INTERMEDIATE CALCULATIONS ’
PRINT HEAT BALANCE SUMMARY TABLE
. PRINT INTERNAL VARIABLES USED

" OBTAIN PRINTOUT OF PHYSICAL PROPERTIES USED

- AZIZ AND GOVIER

HAGEDORN AND BROWN - I 3 :
4 - BEGGS AND BRILL

ORKISZEWSKI

nn

FLOW IN PIPE IS UPWARDS (ITV=1)
FLOW IN PIPE IS DOWNWARDS (ITV=0)

-PRESSURE TRAVERSE IS CALCULATED FROM TOP TO BOTTOM
PRESSURE TRAVERSE IS CALCULATED FROM BOTTOM TO TGP

. ANALYTIC HEAT L.OSS FROM WELLBORE TO ROCK AROUND WELLBORE |
WILLHITE WELLBORE HEAT LOSS CALCS
TRANSIENT HEAT LOSS IN ROCK SURROUNDING WELLBORE (CARD TYPES 16 THROUGH 19 MUST
BE INPUT) -

NUMBER OF RADIAL RESERVOIR GRID BLOCKS (5 IS USUALLY SUFFICIENT)

INCLUDE KINETIC ENERGY TERM IN CALCULATIONS
EXCLUDE KINETIC ENERGY TERM IN CALCULATIONS (CAN BE USED ALMOST ALWAYS)

MIXTURE DENSITY WITH SLIPPAGE IS USED EVERYWHERE .
"MIXTURE DENSITY WITHOUT SLIPPAGE IS USED EVERYWHERE -

CALCULATE PRESSURE PROFILE GIVEN RATE :
* SET PRESSURB. AND CALCULATE DELIVERABILITY




CARD TYPE 9

FLUID PROPERTIES {8F10.0)

- GLR SGG S5GW. ‘ VGC VvWwC PC TC

5] 10 18] 20 28] 30 23] 40 4s} 50 as] 80 &3] 70 78] 80
ST 000 S OO N O T T, SN Y S T K AU O O N T T N W S N O (U O T S O O N TN N Y Y YU OO O T T S T N N N T TN T A TN U B T U I A PN

: GLi{ SOLUTION GAS/WATER RATIO, SCF/STB

SGG SOLUTION GAS GRAVITY

sGw . - GRA'VITY‘QF WATER W.R.T. PURE WATER. IF NOT SPECIFIED, ASSUMED AS 1.0

VGC - STEAM VISCOSITY FACTOR (DEFAULT = 1.0)

VWC - - WATER VISCOSITY FACTOR (DEFAULT = 1.0) -

TC CRITICAL TEMP‘ERATURE, OR, OF STEAM. IF BLANK, SUPPLIED BY PROGRAM. )

pC -

CRITICAL PRESSURE, PSIA, OF STEAM. .IF BLANK, SUPPLIED BY PROGRAM.




4

SARD TYPE 10 CASE DESCRIPTION DATA (8F10.0) .
DEPTH - EDI OP TBOT ' :
5] 10 18] 20 23] 30 3s] 40 45] so| as] . 80] &3] 70] 7] 80

BRI |

1.y ¢t Tt 0 32 3

Lt v 1 1

TR T S Y N I |

‘DEPTH - TOTAL LENGTH OF PI'PE, FEET (MEASURED DEPTH

- EDI

TTOP -~ SURFACE ROCK TEMPERATURE, °F.

-TBOT - BOTTOM HQOLE _Rbcx TE-MP'ERATUR.E,VOF.

T .\_,{‘;hr M Are llang- Jowez -

[T O N S0 TR T T O T O (N YO T T K I T A U 2 Y O N T T I O O T O Y

- TUBING ROUGHNESS, IN CHES. IF NOT.SPECIFIED, ASSUMED AS 0.000% INCHES.




{CARD TYPE 11

'CASE DESCRIPTION (8F10.0)

RE

UWELL DHOLE TIME URES TDIS - ‘
5] 0 15 20 28] 50 as] 40 sl 80 as} 0 s3] 70| 75] 80
B T O O S N OO T T N T L e vty e s v e e by ey 111;;||;|_1‘|‘111|||41111J.;Lj‘4
'UW;ELL - OVERALL WELLBORE HEAT TRANSFER COEFF, B'I‘U/(hr-oF-ftz) - APPLIES FROM FLUIDTO OUTSIDE CEMENT.
DHOLE - HOLE DIAMETER USED AS BASIS FOR HEAT LOSS UNLESS DICAS IS. SPECIFIED, INCHES
TIME | - TOTAL TIME WELL HAS BEEN FLOWING DAYS. USED FOR ANALYTIC HEAT LOSS CALCULATIONS
URES - OVERALL RESERVOIR HEAT TRANSFER COEFFICIENT, BTU/(hr- F-ftz). USED FOR ANALYTIC HEAT LOSS,
o THESE YALUES SHOULD RANGE FROM 1 TO 10, BUT CAN BE HIGHER IN A GEOTHERMAL WELL.
TDIS ° - THERMAL DIFFUSIVITY OF ROCK, BTU/(OF-f.tz). IR NOT SPECIFIED, ASSUMED AT 0.04 B'I‘_U/((_)F-—ftz)'
RE - .- _A.EXTI;ZRIOR RADIUS OF GRID, FEET (200 1S SUFFICENT) ..
NOTE: IF IHTX (CARD 8) IS ZERO, THEN THE OVERALL

. COEFFICIENT IS COMPUTED AS

FOR MORE DETAILED WELLBORE HEAT TRANSFER
TREATMENT SETIHTX =1 AND READ CARDS 124, B, AND C.

£

PE) e e e e o o ——— o —
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)
EARD TYPE 12 |

WELLBORE H

(READ ONLY IF IHTX = 1)

EAT TRANSFER
AKINS . AKHA KCEM AKE EPSTO PSCI UTOL
sl 1 i8] 26 22| 30 3s] 40 5] 50 ss| €0 65i 70 13 80
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CARD TYPE 12

"WELLBORE HEAT TRANSFER

(READ ONLY IF IHTX = 1)

)

RT! RTO RINS RCI RCO )
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RTI _ RADIUS INSIDE TUBING, FEET
RTO RADIUS OUTSIDE TUBING, FEET

" RINS RADIUS OUTSIDE INSULATION, FEET
RCI RADIUS INSIDE CASING, FEET .
RCC 'RADIUS OUTSIDE CASING, FEET




SARD TYPE 12C

WELLBORE HEAT TRANSFER
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UMUAN
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TEANN

(READONLY IF JHTX = 1)
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CAN ~
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ANNULUS FLUID DENSITY, Ib/ft°>

ANNULUS FLUID VISCOSITY, cp

ANNULUS FLUID HEAT CAPACITY, BTU/IYF

ANNULUS FLUID TEMPERATURE, deg.F
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CARD TYPE 13

SQURCE DESCRIPTION DATA (5F10.0)

WT

XMAS

PREF

TREF

HREF

j

51‘
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WT

XMAS

PREF

TREF

HREF

- TOTAL MASS FLOW RATE, Klbm/hr. FOR DELIVERABILITY CALCULATIONS (LIFT # 0), THIS IS THE INITIAL

RATE GUESS.

- MASS FRACTION STEAM QUALITY AT PREF. NOT REQUIRED IF HREF SPECIFIED.

- PRESSURE, PSIG, AT PIPE END WHERE CALCULA’I‘ION OF TRAVERSE BEGINS AS SPECIFIED BY ITV
(IF ITV =0, THEN PREF IS WELLHEAD)
(IF ITV = 1, THEN PREF IS BOTTOMHOLE)

- TEMPERATURE, °F, AT LOCATION OF PREF.
'~ ONE, LEAVE BLANK AND TEMPERATURE IS AUTOMATICALLY SET TO THE SATURATION TEMPERATURE AT

PREF. IF TREF SPECIFIED AS LESS THAN SATURATION TEMPERATURE, STEAM QUALITY IS SET TO ZERO
AND PROGRAM CALCULATES A FLASH POINT INSIDE THE WELLBORE

IF STEAM QUALITY IS GREATER THAN ZERO AND LESS THAN

- ENTHALPY, BTU/lbm. AT PREF AND TREF. IF LEFT BLANK, PROGRAM SUPPLIES CORRECT ENTHALPY
CORRESPONDING TO PREF AND STEAM QUALITY



ITY PARAMETERS (215,4F10,0)

CARD TYPE 14 DELIVERAB! ‘
NMAX |LBASE PSET EPS DQ - ~ QLMIN -

5 10 18] 20 23] 30 asf 40 43| 80 3s} sol e —_7o] - 7a} 8O
118 11 ¢ o1ttt ¢ 1 .41 !lllill.l] L s 1 3+ ¢ v 1 1 1 | T O O O I O | ' N I T | l.l']_il.lilJJ lJll‘]ll]l.

THIS CARD IS NOT READ IF LIFT = 0

IF LIFT = 1:

NMAX

LBASE

PSET

" EPS
DQ
QLMIN

MAXJMUM NUMBER OF ITERATIONS ALLOWED (10 to 30} .

NOT USED

SPECIFIED PRESSURE TO BE MATCHED, psia - .
WELLHEAD PRESSURE IF IFLO = 0 (ITV = 1) ON €ARD 08.
BOTTOMHOLE PRESSURE IF IFLO = 1 (ITV = 08) ON CARD 08.

CONVERGENCE TOLERANCE FOR PRESSURE, FRACTION, DEFINED AS (TRUBHP-PCALC)/TRUBHP

LIQUID RATE DAMPING VALUE FOR INTERVAL SEARCH. IF NOT SPECIFIED, ASSUMED AS 2.0.

MINIMUM RATE BEFORE POTENTIAL ASSUMED TO BE ZERO, Klbm/hr.




\ARD TYPE 15|

FLOW COND

IT DESCRIPTION (6F10.0, 15, 5X. F10.0)

HTCH . DIA DICAS WTHIC UHT THETA NTUBE FRK
a| 10 18] 20 24] 30 ~xs] 40 as| 50 as) 60 € 70 78l 80
Llll!!lll_llll!l!ll']ll.l'I![l'Illlllfj]_l"lllijJII.I.J'.ll L1t ¢ s b 1) ovog 8 it

|0 Y I L D D

"INPUT EXACTLY NDIA TYPE 15 CARDS

HTCH -
DiA -

DICAS

WTHIC

UHT -

THETA

"NTUBE

1

‘ROCK TEMPERATURE AT CORRESPONDING DEPTH,
GRADIENT IN PLACE OF TTOP AND TBOT ON CARD TYPE 10,

TRK -

NOTE:

DISTANCE FROM SURFACE TO DEPTH WHERE THIS SECTION BEGINS, FEET.

INSIDE DIAMETER OF TUBING, INCHES.

INSIDE DIAMETER OF CASING, INCHES NOT REQUIRED IF NTUBE = 0.

.TUBING WALL THICKNESS INCHES. NOT REQUIRED IF NTUBE = 0.

.

'OVERALL HEA'I’ TRANSFER COEFF BTU/(HR SQ FT F) DEFAULT USES UWELL AND URES FROM CARD 11

ANGLE OF CON DuIT INCLINATION FROM VERTICAL DEGREES.

.‘SPECIFIES WHETHER FLOW IS THROUGH 'I‘UBING OR ANNULUS h

0

TUBING FL oW

ANNULAR FLOW

e

(USED FOR ANALYTIC HEAT TRANSFER CASE ONL Y)

FOR MORE INPUT.

6F .

CAN BE USED TO SPECIFY TEMPERATURE

IF IHTX (CARD 8) EQUALS: ZERO OR ONE 'I‘HEN ANO’I‘HER. CASE MAY BE READ BY RETURNING TO CARD 7




CARD TYPE 1A RESERVOIR ROCK PROPEERTIES : ' . (READ ONLY IF IHTX = 2)
. RC - RK ' ' :

P " B % 28] s0] sa] 0] m 20| 23] sol TR 7ol 73] 5

].llll!l‘I_LllJJlnglJl!lllllll_l.l.l.:L_l!_l!Ii.[li_l__!'lllllllllll!llrlll

1.1 3 ¥ 114 TS U L B

INPUT NDIA CARDS, BEGINNING WITH DATA FOR TOP LAYER

RCH) - ROCK HEAT CAPACITY, BTU/(ft> - °F)
RK@ - ROCK THERMAL CONDUCTIVITY, BTU/(DAY £1-OF)

NOTE: CARD TYPES 16 THROUGH 20 ARE READ ONLY IF TRANSIENT HEAT LOSS CALCULATIONS ARE TO BE MADE.
IHTX ON CARD TYPE 8 MUST BE SPECIFIED AS 2." IF IHTX = 0, ANOTHER CASE CAN BE INPUT BY RETURNING

-TO INPUT STEAM AT CARD TYPE 7 AND BYPASSING CARDS 16 - 20.




CARD TYPE 17 "THERMAL PROPERTY OVERREAD (415) - : (READ ONLY IF [HTX = 2)
1§12 Kt | K2 | | L
s 0 i 20) 23] 0] 33] 40] 45] sol . as| so] s3] 70} 7sf 80
1.1 % 1 11'1_ 11 11 l.114llli-l.llllllltI|JJli|IL11111|4J.JIIIJLIIIIG_|'I'|IIllilj_zllijnill
11, 122 - BEGINNING AND ENDING RADIAL BLOCKS FOR WHICH NEW THERMAL PROPERTIES ‘ARE TO BE ASSIGNED

K1, K2 - BEGINNING AND ENDING LAYERS FOR WHICH NEW THERMAL PROPERTIES ARE TO BE ASSIGNED

NOTE: IF NO OVERREADS ARE DESIRED, INPUT A BLANK CARD HERE AND SKIP TO CARD TYPE 18. FOR EACH
CARD TYPE 17 INPUT, ONE CARD 'I‘YPE 17A MUST FOLLOW. FOLLOW CAST OF CARD TYPE 17 AND 17A PAIRS
WITH A BLANK CARD.




CARD TYPE 17

~

" THERMAL PROPERTY OVERREAD (2F.10'.0') |

“(READ ONLY IF IHTX = 2)

.. URC URK , :
5] 1 5] 20 25| 30| 33] 40] ‘ 45) sof as| &80 &s] . 7o]_ rs| 80
[ T I T T O I TN T T O L O O llllllLllIllll_l_J_ll11111'1IIIJJII-Ll_Lil‘lll_l‘l:.l'lllllLlllll!ll_L.L!
UR.C - ROCK HEA;I‘ CAP_ACi’i‘Y, B'I‘U/(fl:3 — 0F), TO BE USED IN REGIQN DEFINED BY CARD TYPE 17
: TjRK - ROCK THERMAL CON-DUCTIVITYLBTU/(DAY—ft—oF), TO BE USED IN;RE_GI(jN DEFINED BY CARD TYPE'17 |
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ARDTYPE 18 RECURRENT CONTROL DATA (418) i ___{READ ONLY [F IHTX = 2)-

IGO0 |- IFLO | NOUT | NMAP
5 I 15 20 23] 30] ssf . a0] 45) 50] gs} ao} 61 70] 7s] 20
. . . L]
| I 2% . T T I O 1.t .1t 3.t q .3 IJIIlll_LLJ]Jl_l‘_l_l_lJ_L_t_lllJLlll;!;L_l!-]ljll\lji|'l'!|l_ll_LJl_lJl_l_1!lJr

THIS CARD IS READ- ONCE FOR EACH TIME STEP DURING TRANSIENT HEAT LOSS CALCULATIONS

IGO0 = 0  QUIT, NO MORE CALCULATIONS TO BE MADE

=1 CONTINUE CALCULATIONS .

TFLO® = 0 FLOWIN PIPE IS UPWARD (ITV= 1

S = 1 FLOWIN PIPE IS DOWNWARD (ITv-u)
]

NOUT '= ¢  INHIBIT PRINTING OF INTERMEDIATE RESULTS
= 1 . PRINTOUT WELLBORE HEAT BALANCE . . | :
= 2 PRINTQUT WELLBORE PROPERTIES AND INTERNAL VARIABLES

NMAP

0 NO PRINTER MAP CONTROLS READ
1 READ CONTROLS FOR R-Z TEMPERATURE MAP TO BE OUTPUT

- NOTE: RECURRENT DATA CONSISTS OF CARD TYPES 18, 19 AND 20. IF MORE CASES ARE TO BE RUN, INPUT IGO 0
) " {(BLANK CARD) AND RETURN TO INPUT STREAM AT CARD TYPE 7 :




' ~ARD TYPE 19

(READ ONLY IF IHTX =2)

"RECURRENT RATE DATA (5F10.0)

. DTC . WT XMAS \_PREFIX TREFX HREFX
| 3] 10 3] 20 23] 30 23] 40 as] 80 as] 80 1| 70l 7s] 80
‘l--ljl!llljl | I I L I N O llf.l_ll!ll ]llll(‘llj‘JJJljjl]l 'Illl!llll_1:1'L11|1111J1LL§_11.11

DTC - TIME STEP USED FOR TRANSIENT CALCULATIONS, DA YS -

WT - _TOTAL MASS PLOW RATE, Klbm/hr

XMAS .-- MASS F.RA.C'I‘ION'STEAM QUALITY AT PREP“X' .

PREFX - PRESSURE, psig, AT PIPE END WHERF; CALCULATION OF TRAVERSE BEGINS

TREFX - TEMPERATURE, °F, AT PREFX (SEE CARD TYPE 10). IF VALUES OF PREFX AND TREFX A_RE" NOT

o SPECIFIED, VALUES FROM PREVIOUS TIME STEP ARE USED : -
HREFX - REFERENCE ENTHALPY




"ARD TYPE 20 "RECURRENT MAP CONTROLS - (415, 4F10.0) - o (READ ONLY IF IHTX = 2) .

IR1 . [IR2 KZ1 KZ2 XLGTH YLGTH TMIN TMAX
5 10 15 20 28} 50 3sf 40 45] 80 as} 60 &3] - 70| 73] 80
L'1_||| Ll ot [ W O I lLllLl-tll [ GV T T S T Y | I W T T T O O I | 11!‘1!:1!!+'|'|11'|J_J_1-'v11_|_11_tlu

READ ONLY IF NMAP = 1

IRl - BEGINNING RADIAL BLOCKS TO BE MAPPED

IR2 .- ENDING RADIAL BLOCKS TO BE MAPPED
KZI - BEGINNING LAYER TO BE MAPPED : L L S
KZ2 - ENDING LAYER TO BE MAPPED | |

- XLGTH - HORIZONTAL MAP WIDTH, INCHES
YLGTH ' - VERTICAL MAP'WIDTH,#INCI-.IES S o - |
TMIN -’ MINIMUM TEMPERATURE TO BE MAPPED, °F R
TMAX - MAXIMUM TEMPERATURE TO BE MAPPED, °F |

IF TMAX = 0, NO MAP PRINTED

" DATA APPLIES TO LATER TIME STEPS UNTIL READ AGAIN
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ABSTRACT

The lack of reservoir material property data.has been identified as
a major obstacle to geothermal development énd_cémmercia]ization. To .
meét fhis need a high presﬁuré/high temperaturé~test facility was de-
signed and cdnstructed_at:Terra Ték under Department of Energy |
.fﬁnding. Testing capabilities 1nélude confining and pore fluid pres-
sures to 200 MPa and temperatures to 535°C. Rock sémples to 10.2 cm
diameter can be accommodated. ' n
| The program summarized herein is the second year {October 1977-
-September 1978) effort (DOE Contract DE-ACd?—??ET28301). Test techniques
were developed to meet the geothermal community needs and tests were
conducted to determine:k mechan%cal properties, thermal conductivity,
thermal diffusivity, thérma] expansion, permeability, electrical resistiv-
ity and u]trasoﬁic velocities. Sandstones, graywackes, granites, and
- basalts, from KGRA's in Baca,‘:New Mexicd;'Mi]ford, Utah; Geysers,

California and Northern Nevada, respectivéIy were characterized.
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TABLE 1

Geothermal.tore"Iesting.Capabi]ities

Maximum Maximum Max imum
] Conf1n1n? Pressure | Pore Pressure { Temperature Pore Overall
Test Parameter MPa (ksi) MPa {ksi) °C Fluid Accuracy | Application™=
Mechanical 200 (30) 200 {30) 535 Gas 11 Drilling
Response Water Stimulation
: 8rine Subsidence
Thermal 200 {30) 200 {30) 535 Gas 5% Surface Exploration
Conductivity Water Subsurface Evaluation.
8rine Reservoir Engineering
Thermal 200 (30} 200 {30) 535 Gas 5% Surface Exploration
Diffusivity Water Subsurface Evaluation
Brine -Reservoir Engineering
Thermal 200 (30)' - 535 Gas 5% Reservair Engineering
Expansion Hater Subsidence
Brine
Permeabil{ty 200 (30) 69 (10) 535 Gas +10%° Reservoir Engineering
| : Water . Stimulation
Brine
Acid
Caustic
Electrical ' 200 (30) 200 (30) 300 Gas 12,5% Surface Exploration
Resistivity Water Subsurface Evaluation .
Brine
Ultrasonic 200 (30) 200 {30) 300 Gas 1% Surface Exploratioﬁ
Velocity Water Subsurface Evaluation
Brine ’

* Not available at present.

‘** References 2-7

Contained within the appropriéte individual description sections are

data on saﬁdstones, 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-

ing and subsidence, and .in support of resource development activities by

several industrial groups.




FACILITY DESCRIPTION

| :'.:‘Cgpabi1itfes

'The geothermal material property test facility is shown in Figure 1.
DataLacquisition and associated controf equipment are. shown in the fore-
ground separated from the load frame and pressure vessel (background) by
a ¢lear protective barrier., A schemati; detailing major components of

- the load frame is contained in Figure 2. Capabilities of the high

2 pressure-high temperature test facility are summarized:

o Confining pressure.to.200 MPa (30,000 psi)
Temperature_to.535°C. (1000°F)

Axial.load to 4.5 x 108 (105 1bs)

s Sample size: 5.1 cm (2") diameter (to 535°C)
10.2 cm (4") diameter .(to 200°C)

'Nﬂi1e maintainﬁng these previously described environments the follow-
ing geotherma] material properties can be determined: |

(] Mechanfca1-prpperties: complete stre;s-ﬁtrain response in-
cluding longitudinal and lateral strains {volume response)
and pore fluid pressure. '

) fhermal.properties:' thermal conductivity, thermal diffusivitf, '

- thermal expansion coefficient - -
. Matrix,andqfradture.permeabi]ﬁty/conductivity:to gases and liquids
o Electrical.resistivity | |

o Ultrasonic.velocities

(]
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Figure 2. .Geothermal material test system schematic.
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.FiQUEeja‘cbntains a photogfﬁph of complementary equipment at Terra
) fﬁk.jncldding-an identical vessel in .a configuration desfgned specifically
for iqng term consolidation (creep) tests, and a high temperature, high
flow circulation system. This flow system is Eapab]e of pressures to
69 MPa (10,000 psi), temperatures to 312°C (600°F), and flow rates to
37 liters per minute (10 gal/min). As we]l as circulating fresh waters,

it can transport mixed brines, 1light acids and 1ight caustics.

Ve

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 pressures to 200 MPa (30,000 psi). A mild steel

5



cooling jacket/safety liner surrounds the vessel. Cooling water cir-
‘cu1ating in the jacket maintains a constant Véssel Qa]] #emperatu}e
during extended}duratioh testing. Elevated sample temperatures are
achieved by internally_mounted heaters (up.in.9.kilowatts) which promote
fast test times due to the avoidancé of 1§ng heat uﬁ ;nd cool down times
associateq with externq]ly heated vessels. |

Dowtherm A (1iqqid) was se]ecfed as éhaonfined medium after test-
ing detérmined that 1t.remaihed electrically non-conductive at 200
MPa (30,000 psi) and 535°C{1000°F). Degradation 5egins in the fluid at
approximately 400°C (750°F) but this does not prove to be a serious limita-
tion sincé_very 1ittle of the total fluid is exposed to the higﬁ tempera-:
ture. Dowtherm A will not vaporize at afmospheric pressu;e until approx- .
imately 290°C (560°F). A pressure of 7 MPa (1000 psi) is sufficient to
maintain the fluid phase to 535°C (1000°F)

A1l load, strain, temperature, and ﬁore pfessure measurements are made
| inside the prégsure vessel. Pressure effect on each of these transducers

~ is carefully documented. SamplesurangingmfromWZwS-cmp(lyinch) diameter-x
5.1.cm (2. inch) length to.10.2.cm.(4. inch). diameter~x-20.3-cm-{8--inchj

length can be accommodated.

Load Frame and Control

The load frame Ts capa_b]e_ of applying an axial l1oad of 4.5 x _10‘5 new-
tons. (1 million poﬁnds) via fhé servo-controlled upper actuator, Co1umn
and rod design are used in the'1oaa fréme.._Prestressed rods and columns
maintain - a rigid ffame. Pressure vessel to iowér platen clearance

allows for assembly of the test stack with heaters apd multiple ceramic



-Shrbuding'prior tb the insertion of the lower closure into the vessé].
A keactfon column is used to support the 10Wér.glosure. This type of
design al]ows.for qﬁick stackland vessel aéseﬁbTy thereby reducing
test times and costs. The capacity is sufficient to brovide loading
to fqilure of all except the strongest rocks..

Load feedback and displacement feedback are avaf]ab]e to provide
constant load or actuator position operational modes. An electronic
ramp generator i§ used to eﬁtab]ish a constant displacement rate of
the upper actuator and therefore -allows accu}ate contfol of strain rate

during triaxial compression testing. :



TEST TECHNIQUES AND TEST DATA

Samp1e Prgparatfon‘

" 'When applying a confining stress to a rock sample it is necessary to
isolate the ipterna] pore fluid from the confining fluid. In-low..tempera~
ture_:ock«mechanics"testsrfthinﬁurethane-jackets-are used to-ﬁealqthe
sampJe.' At temperatures above 175°C (350°F) urethane degrades; For
tempetaturesutom30096.(:600°F).a.pre—molded silicone. rubber (RTVY) jacket,
isaused. End sealing is accompiished bj wiring the jacket to stainless
.sfeé1,endcaps. Iesting.at.temperatures .abave.300°C. (+600°F) . requites
the-use.of'0.025~cmm(0.010~inchf.thick annealed copper jackets. Seal-

ing is accomplished by tapered endcaps; press;fit'sea]ing rings allow
quick assembly and reuse of the endcaps. Jacketing of this type has

been used frequently in high temperature research and has been ;hown to .
have negligible influence on the measured strength of competent rock
{aranite, basa]t)g. Jacketing effects of weaker, less competent materials
(éahdstone, shale) at large strains requfre docymentation on a case by
case basis. -

. For tests requiring no bore fluid between thé Samp1e and‘thelinside
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 samp1é sizes, 2.54 cm (1.0 inch) diameter to
 16.2 cm (4.0 inch) .diameter can be accommodated by both sample prepara-

tion techniques.

No cf,%.?ﬂta 2! e 8



Mechanical Response

The quasi-static stress-strain response of a material under simulated

.geothermal conditions is determined in the testing cconfiguration of

?igure 4. Both lateral and axial strains can be measured allowing the

evaluation of failure cha

racte

ristics, elastic properties and volumetric

response characteristics. 'Pore pressure, confining pressure, and axial

Joad 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 fo minimize the longitudinal temperaturé
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‘Figure 4. Mechanical response test configuratfon.
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gradients. Heating elements are coiled abodt the Tower aluminum insd]a-
Itor and the lower portion of the sample. A é}]indrica] ceramic shroud
is placed over both the sample and the coiled héafer to localize the
_flqid convection currents. Convection within the vessel is further
minimized by a second all-encompassing ceramic shroud. These ceramic
~ convection baffles enable temperatufes of 535°C (1000°F) to be reached
within the inner shroud while maintaining the fluid surrounding the
exterior shroud to remain at less than -100°C (?00°F), well below the
maximum allowable for the internal instrumentation and pressure seal.
Supporﬁing 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 (1inearly variable
différentiai'transformers) contained in the lower vessel closure. The§é
_ transducers are attached to the top of the test sample by quartz rods.
‘Quartz was se]ected'because of its very low thermal expansion. Lateral
strain measurement is made by a cantilever arrangement qéiné iong, stiff
cantilever arms with_strainfgaged seétions near the bottom of the pres-
sure vessel outside of the high tempéra;ure environment. .

| Axial strain measurements with appropriate éa]ibration for tempera-
ture and pressure effects can be m&de 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_aré accurate to 0.003 cm
{0.001 inches). Confining pressure, pore pressure and axial load are

accurate to within +1 percent of the measured value.

11



Dufing debugging of the mechanical response system, various un-
confined and triaxial compression tests weré‘conducted. Figures 5, 6,
7 and 8 contain typical mechanical resbonse data. Figure 5 shows the
stress-strain response of a‘graniﬁe_matefial undergoing‘triaxiaT Toad-
ing to failure. This sample wés tested dry, without any pore fluid,
at a temperature of 200°C (-400°F) and a.confining pressure {o3) of
13.8 MPa {2000 psi). Both axial and lateral strains are shown versus
axial stress difference {o,-03). Figure 6 shows the v§1ume résponse
for the same test. Note the difference in behavior of the saturated
and dry samples.

| Figures 7 and.8 contain a fai]uré enve1oﬁe and failure stress ver-

Sus tempefature behavior respectively, of Westerly granite.
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Figure 5. Mechanical response of a dry granite material
at temperature.
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Thermal Conductivity

AS

Thermal conductivity can be measured in the Simulated temperature-
pressure environment by the transient line heat source (“needle-probe")
method as used by Woodside and Messmerg. A detailed discussion of the .
theory appliicable to this festing is contained in Appendix A.

Easic sample heafing and insulation are accomplished in the'éame
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 line heat soufce is placed along the 1ongitudina1,axis of

\ ~

Ty -
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Figure 9. Thermal response test configuration.

a 5.1 cm (2.0 inch) diameter by i0.2 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 mixfuré 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 internal

SO heaﬁer_]ength, 13.4 cm (5.25 inches), gives a heater length to heater

10 1as shown that a L/D ratic of 30 is

‘diameter ratio of 42. Blackwell
minimum 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 pres-
sure, Saﬁp]e 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_théory requires) as though it were
"infinite in size. Thermal conductivity for the material is calculated
from the internal heater temperature histofy and the‘power 1npyt; Due
to the aBseﬁcé 6f thermaﬁ conductivity standards in this range, accuracy
définition is uncértain. It 1s_estimated that thermal conductivity
values are accurate to within 25 percent.

Therma1 conductivity testing was performed following calibration
with fused quartz (K @ 20°C = 1.36 W/m.K) at temperature and pressure.
Major 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 performed on Nesterly
granite is contained in Figure 10. Comparison is made with published
- "data contained in Clark's Handbook of Physical Cohstantsll. 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 conduct1v1ty
as can also be seen from Figure 11. Even for a very Tow porosity ‘rock

the variation of thermal conductivity with pressure is significant.
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Thermal Diffusivity

Thermal .diffusivity-is~the.ratio-of..the.system's.ability. to-conduck
heat-to.the system!s.ability.-to.store heat. Thermal diffusivity («),
thermal conductivity (K), density (p) and specific heat (cp) are related

)

by the following:

Thermal diffﬁ;iv{ty measurement of core materiél under simulated in sit#
conditions is .important: 1) for geothermal reservoir modeling énd 2) as
an alternate method of determining thgrma]'conductjvity (assuming the
density and specific heat are adequately known). |

Density can be measured and corrections for ovefburden pressures and
temperature can be chtained from hydrosiatic compression tests and ther-
mal expansion tests, respectively. Because.specific.heat is.a.mass.ree.
lated.phénomenonhjimcaﬁwbeﬂaccuréte]yuestimatedufor;rock_from‘mjnera]ogd-

weighted specific.heats.of..the.individual.mineralogical-componentss

Somentonlz.has_shown‘theuchanges,jnwheatﬂcapacjryﬂwjth_temperaturg,for

rock.are.similar. for. rocks.of. different.mineralogical composition
(Figure.13). Cérrections muét be included to account for the influence
of pore fluid. ;

Several methods have been developed to experjmenta]ly determine
thermal diffusivity of thermal systemsla. 0f these various approaches,

the one best suited for determining thermal diffusivity in geologic

" materials under in situ conditions is based upon a classical heat transfer

18
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mode) presented by Carslaw and Jaegerlq. This model requires that a

sinusoidal temperature oscillation be induced at the surface of a
finite cylindrical sample while thé internal temperature is monitored.
Under such conditions the center temperéture will lag the surf;ce‘tempgraa
ture by some time, t;. This measured time lag, period of oscillation,
-and'samp1e radius are then used to analytically determine diffusivity.
A detailed presentation of the theory is contained 1"n Appendix. B.

The festing configuration is very simi{ar to that of thé thermal
conductivity test set-Qp (see Figuré 9). A thermocouple is plotted
along the . center axis of the sampie cylinder using a potting mixture
of ceramic cement and powdered copper. A second thermocouﬁ]e is |
placed upon the outer surface of the sample and cemenfed to the rock
surface. The sample is jacketed with material suitable for the anti-
cipated temperature and pressure.

The sample is convectively heated with the temperature'oscillation-.
controlled by a programmable temperature/contro]ler. The insulating
shroud minimizes the quantity of heated fluid and confines it to the
region near the samﬁ]e surface. Because of .the simplicity of the
measuring devices and the accuraty with which the radius of the sample,-
period qf_dsci11ation and time lag can be determined, diffusivity can
be determined to within 5 percent. |

Thermal diffusivity changes significant]y wfth temperature, see
Figure 14. This is to be expected due to the temperature dependence
of both heat capac{ty and thermal conductivity‘(and to a much lesser

extent, dénsity). Figure 15 shows the comparison of thermal conductivity
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measured d1rect1y (needle-probe method) and values ca]cu]ated from ther-
-~ ma) diffusivity measurements w1th the appropr1ate dens1ty and heat

.'capac1ty. Est1mates are based upon published m1nera1og1ca1 compositions

and density values.

Thermal Expansion

Thermal expansion Eharacteristics of geologic materials have not
been studied extensively at in situ conditions. Studies_penformed-qb
eleyated-temperatures“havehshoanthenéxpansion.coefficientnto.have
cnhsiderab]e.temperétureJdependence and~signifﬁcant.nonreéoverable-thené
mé]»strai;,“generally attributed.to;microcnacking. Nuring heating and
cooling, fragmentation may occur within a rock sample as a result of
anisotropy and thermoelastic property differences between adjacent grains.

The magnitude of internal stresses will depend on the distribution and
| orientation of individual grains. The thermal fragmentation process
depends, amqng other factors, on thermal gradients during heating and
the réaction of rock material to induced thermal stressesls.'-Heating
rates less than 2°C/min. have been found to cause significantly less
fragmentation in small rock samples than higher heating rateslﬁ.

Thermal expansion of geo]ogic.materia1s can be evaluated at

in situ conditions in the configuration shown in Figure 16. Although

the basic components, such as the ceramic shroud}ng and heater, are

- the same as- prev1ou51y presented, several unique aspects of this set -up

are worth noting. A1l 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 16'6 cm/em®C.  Fused quértz.ehdcaps and a fused
quartz stack spacer support the sample. Quartz rods attached to the
top:qf the test sample suspend the core e1éments of the LVDT trans-

-forﬁérs at the basé. The expansion of the rods and\stack components
ténd to offset one another except for the expansion of the sample.

dh- S§§ﬁ§m expansidn-consists of the expansion of the fused quartz rods

.err a distance equal to the éamp1e iéngfh. Compéred to the anticipated

range of rock expansion (~8-10 x 10'6 em/cm®C), the expansion of the

quartz is small.
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High resolution LVDT's located near the base of the stack measure

the axial strain induced by sampie temperature change. Thermal strains

-of up to 2.5 x 10" cm ( 0.010 inch) can be measured with an accuracy
'Abf.tﬁ.z x 1072 ¢m (2.5 x 107° inch). Averaging the outputs of the

) -ﬁtyQ'LMDT's removes any false strain due to tilting. Calibration was

ccqmp]ished with three materials; fused quartz, steel, and aluminum.

““DUsing accepted expansion coefficients for these materials, the system

‘“expansion was determined as that amount of expansion in excess of
pub]rshed values for the cal1brat1on samp]es The system expansion is

typtcally 0.5 x 10 ? cm/cm°C, and is repeatable regardless of the
samﬁ]e material. |

]

iasamp1e temperature is"monitored by a thermocouple placed at mid-

'“ point on the sample, continually in contact with the sample jacket.

:TSamhle 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 producee increased hysteresis. With heating rates of Tess

than 1°C/m1n » hysteresis is minimized and overall accuracy of +5

percent is achieved.

' 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« 1073 ¢m (0.001 inch).. Before jacketing, the sample is bonded to
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the endcaps, with a minimum sized peripheral ring of adhesive along

the interface line. A prestretched silicone jacket is sealed to the
fused'qqartz endcaps by lock wire. Silicone jackets are preferred to
copper in this type of testing because of.the low Young's modu]gé of

the silicone. |

A typical test procedure includes stabilization at room temperature,

followed by a programmed heating and cooling cycle. Stabilization at
particuiar:temperatures for up to 10 minutes assure uniform temperature
destributiqn and incréase the accuracy of strain measurements over a
;.certain temperatufe range. -HowéVér;_best results over a broad tempera-
ture range'are achieved by imposing a quasi-static temperature increase-
Qgpn,the'sample and sufroundiqg system. Results of such a test with
7éustee1 sample is shown in Figure 17. When scaled from the graph,

the coefficient of expansion for the steel sample is 12.2 x 1078 °C'1;
this includes sysiem expansion. This compares well with published
values for the thermal-expansion coefficient of steel, which is‘approxii

mately 11.6 x 107 °¢”!

~ An examble of 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

Permeability:neasurements at temperature, confining préssure and pore
fluid pressure are accomplished in a test set-up similar to those pre-
_viously described. Although both gas and 1iquid can be used as flow
media, this d{scussion will focu§ on the liquid (principally water and

brinc) flow medium, 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 plaEed at each

end. - These highly permeable, isotropic discs distribute the pore

fluid over the sample end faces. Behind each disc is a ceramic in-

équtor.andstain1ess steel endcap. A coating of two component cat-
'iié]fzéd.silicone rubber (RTY) is applied to the test sample, adhering

tq'the circumference of the sample and filling any irregu1arities.

Flow is therefpre 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 Tock wire to the endcaps.
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f1ow lines -are attached to the base discs. Inlet f]éw is intro-
duced at the top of the test sample to allow preheating of the permeat-
ing f]uid'ﬁrior to'qntry'into'the top endcap. Confining pfessure and
pore fluid bressure‘ére estab]fshed and the sémp1e is allowed fo
stabi]iie. Stabi]iza£ion times'Qary‘based on porosity and estimated
permeability. For the tests, flow across the sample can be controlled
by two different_means, constant f]oQ rate or constant head pressure.

In the constant flow rate sygtem, Figure 20, a constant displace-
- heﬁt pump is uséd to establish flow. Differential pressure is measured
between the upstream and downstream faces of the saﬁp]e. dhe-flow -is
severa]‘hundred.timeswthe-toﬁal_sampleﬁporero]umeJinﬂorder-to.achieve
steady-sfate, |

The.other.steady-state method currently being used.is_ the constant
headfpressurémtechnjque. Schematically the system is shown in Figure
21. Gas prgssure,,he]d.constant by precision regulators, is uséd to
pressurize one side of a separation'accumu1ator. This in turn pres-
surizes the fluid at the upstream end of the sample. Aftér fiowing
‘through the test sample, the permeating fluid is collected in a down-
§tream separation accumulator maintained at a lower constant pressure.’
Piston location in each accumulator is monitored electronically and
is used to determine flow rate. Differentia) pressure across the
.sample is ménifored by a transducer and recorded continually. éressure
aﬁd'flow_rate accuracy is better than +1 percent. Provisioné have been

made to allow sampling or precision weighing of the circulated fluid.
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Permeability. is.calculated according. to.the_Darcy law;

Vg Qr v L

2 A AP

K =

where:

K = permeability, darcies

........

vt;v = specific volume of fluid at temperature and at reference
point, respectively, m3/kg

Qr = flow rate at reference point, ml/sec {(measured at T = 23°C,
constant) ’

p = viscosity at flow temperature, ¢ (temperature dependent)
N \

L = sample length, cm

A = cross-sectional flow area, cm?

4P

pressure differential, bars (absolute)

The specific volume ratio at the front of this equation constitutes a
volumetric correction for fluid volume expansion at the flow tempera-
ture since flow rate measurements are made at a reference point with
constant 23°C temperature. Pressure differential is maintained constant
during the course o; the test. ~ All other parameters on the right sideA
_ of this equation can be physically measured from tﬁe sample or deter-
- mined from published data on the properties of water at temperature
and pressure appropriately corrected for sa]inityl7.
.Iheﬁabovemtechniques allow.fluid permeability. (brines, water,

oils,.or..light acids).to be determined.under simulated.in-situ condi=-

tions~for-rocks-ranging.in permeability_from.50.udarcies. to 1 _darcy.
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Special systems allowing permeating fluid preheat are available for

”Sifhféh[fﬁﬁwﬁhigh temperature circulations. Transient techniques can

i

“ f§éje@pfq¥gd for materials below this permeability range.
-  ,Péfﬁeabi1ity responses for two sandstones are shown in Figures
-522 and 23. Test temperatures were limited to 200°C because pore

fluid pfessure was less than 2.07 MPa (300 psi) and flashing of the

. water to steam was not desired. 1In both cases, permeability declined

. significantly with temperature. This effect is discussed jn detail

- iiby Casse and Ramey

18 19

and Danesh, et. al.'” and is generally attributed

'-U.‘.to‘watehfpdré surface interactions.

CASTLEGATE SANDSTONE
300 . PERMEABILITY TO WATER
CONFINING PRESSURE , Oy » 20.7 MPa
MEAN PORE PRESSURE, P, » 2.0TMPg

200

PERMEABILITY , K, MO . _

- . i - 1 A L
R - B 80 100 150 200
) SAMPLE TEMPERATURE , *C

Figure 22, C(astlegate sandstone permeability to water.
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MIXED COMPANY SANOSTONE
wl PERMEABILITY TO WATER
CONFINING PRESSURE, Oy » 20.7MPo
MEAN PORE PRESSURE, Py » 20TWPo
[=Y
=
« 20f o
»
h
-
o
a
w 8
3 Te——
« o]
x ) ———
a 'O 2]
A 1 . - 1
[\] 50 100 150 200

SAMPLE TEMPERATURE , *C

Figure 23. Mixed Company sandstone permeability to water.

£§*E1éctrica1 Resistivity
‘ Parameters. relevant_to.the.resistivity. of geotherma]“rockuére~th61:"l

',ftempénature, pressure,. pore.fluid pressure,.initial.saturation,-pore

fluidnchemistry'andmfrequency. This particular area of study is some-

what complex and only a brief d15cuss1on will be g1ven here. An ex-
.;_panded presentation is conta1ned in Appendix C.

A detailed schematic of the test sample is shown in Figure 24, A'?,.‘f

four pole electrode arrangement is used; two current, two poten;iaf.

A porous, 0.03 cm (0.010 1nch) thick d1ameter ceramic disc is p1aced

at each sample face, fo\]owed by a platinum mesh potent161 electrode.

A porous ceramic spacer connects the titanium endcaps to the

32



EQUIVALENT CIRCUIT
TITANIUM
ENDCAP

LOCKWIRE
 ——SEAL

]
2 LAYER RTV
" JACKET

PORCUS
| _—CERAMIC
-1 spacer

I~ POTENTIAL
ELECTRODE

{PLATINUM)
TEST SAMPLE _

ffe——— POROUS
CERAMIC SPACER
{BOTH ENOS )

{1

PCROUS
CERAMIC

|, <<< i i J',:
/ TITANIUM
ENDCAP

Figure 24. Electrical resistivity sample configuration and
equivalent circuit.

zéample;__The eﬁtire assembiy is then coated with high temperature sili-
¢6heAEUBbéf‘f0r isolation from the confining medium. Samples of porous
material are saturated for approximately 24 hours under vacuﬁh with
jacket material in place to pheventlleakage péths due to jhcketing
wrink]és. Since the response of the'pest sample is electrically com-
plex, impedance ahd phase angle measurements are made tdidetermine the
electrical response. Measurements are made using a Hewlett-Packard
mo@éi;ﬁZ?QA MuTti-Frequency LCR meter at approximately 2-vqlt alternat-
ing curfeht.(to prevent electrode polarization) and at frequencies rang-

ing from 100 Hz to 10 Khz. The potential electrodes are isolated by

§
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.anproxamate1y 1012
at high impedance values (10 Xq and up).
,ment.and sample arrangement is shown in Figure 25.

B Data obta1ned during the debugging of this test set- -up is con-

"ta1ned in thure 26. As expected, the resistivity of the sandstone

”J-material declines with temperature, an effect that is primarily due- to

“the 1ncreas1ng charge mobility caused by decreasing pore fluid v1scosity

Pressure and temperature effects on the pore fluid also contribute to
this effect*
dominate, espec1a11y with heavy concentrations of ions.

Present capabilities allow measurement of electrical resistivity

Hf;gfogioo?C.and 207 MPa (30,000 psi) confining pressure. Accuracy of

“resistivity measurements are :2.5 percent.

HEWLETT-PACKARD v
MODEL 4274A LCR

' Low Miow Vnion ‘inH

- |

ISO:A:IDN w102 onm

M IMPEDANCE
' N L
L Sdre

TEST SAMPLE"

Figure 25.

- * See appendix for more complete discussion.
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ohms impedance improving the instrument's accuracy -

A schematic for the.instru- -

In a.material of this type, electrolyte effects tend to

Electrical resistivity‘circuit’éonfiguration:;:jffjﬁn;ﬁ




ELECTRICAL RESISTIVITY
COLTON SANCSTONE
CONFINING PRESSURE 2000 PSI
PORE FLUID ~TAP WATER

2000)

' .
PAATIALLY SATURATED

OMM-METER -

.t

SATURATED

TEMPERATURE °C

Fiéure 26. Electrical resistivity of partially and fully safurated:
: ' Colton~sandstone at temperature.

Ultrasonic Velocity Measurements

::ﬂ-fin solids has been employed for some time at Terra Tek

- The 1bngitudina1 (p-wave) and shear {s-wave) velocities can be mea-

2:sured at e1evated temperature conf1n1ng pressure and pore f1u1d pres-

sure These data, together w1th the bulk dens1ty of the materiaI, are

o -'used to calculate dynamic e1a5t1c moduli.

The velocities are obtained using a "through transmission system"

adapted from a technique introduced by MattaboniZ®. The equipment

- configuration is shown in Figure 27. This method of measuring velocities"

21, 22, ane is

:;Hnot part of the development in this program.

Figure 28 shows the sample configuration that 1is presently being -

used A ferroelectric ceramic material (lead titanate zerconate PZTS)
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FRE GUENCY

SYNTHESIZER

HP 33204
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TEKTRONIX-TTO4 4
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TRANSDUC)
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AMPLIFIER
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Figure 27. Ultrasonic measurement system schematic.

RETAINING RING —

CEAAMIC INSI'.RY\ / 1
' W

RECEIVING i

TRANSDUCER |
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/
.
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[

NEEWN
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B
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RECEIVING
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WIRE SEAL |
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(S-WAVE)
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Figure 28. Ultrasonic velocity sample configuration.
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was selected for use as the transducer elements. The desirable fea- S
tures of this material is its high Curie point (360°C) and piezo-

. . .. 23%
electric coupling coefficient

.A single transducer, cut to produce -
a shear wave is used as the emitter. It has been found froﬁ experience
- that this transducer produces sufficient p-wave energy to allow botﬂ_A
:Qﬁéar and‘1ongitudina1 velocity measurements if separate receivers @ré
“'ﬁsé&ﬂto detect the respective signals. The electrical leads are ceramic
'%nsﬁlatéd and all connections are either brazed or mechanically made |
‘wfth a posjtive contact force. | |
~ The témperature effect on the endcéps 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
;.éxteﬁdihg to 300°C in the near future. | |
'Figyre 29 shows the velocity data obtained on an aluminum reference
sémp]e and Westerly granite. The Teast squares'fit of the,aluminum data -

24

is well within 1 percent agreement'with published data™" as indicated

in Table 2. The velocity data for aluminum and HesterIy_granite were
obtained with the hydrostatic confining pressure held constant at 13.8

MPaf(ZOOO psi) for all measurements. The slope of the least squares

" fit of the granite data is -4.65 x 107°

per °C for the p-wave and -2.46
-3 :

x 1077 per °C far the s-wave. The RMS error is 3.75 x 10'2 (km/sec)
for the p-wave and 1.88 x 10'2 (km/sec) for the s-wave. The measured

velocities, calculated Young's moduli and Poisson's ratios are tabu-

lated in Table 3.

..:*'Apprdximately a factor of seven (7) larger than that of standard
+ quartz transducers. .
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_ TABLE 2
_ Comparison of Terra Tek and Published Data on 6061-T6 Aluminum i *

asay(17) m
Density (g/cF) o 2,704 2.702
Longitudinal velocity (km/sec)| 6.428 - 9.1 x 10°*1"[ 6.459 - 9.4 x 10°%"
Shear velocity (kn/sec) 3.188 - 8.6 x 1074 |3.217 - 1.16 x 1071
Poisson's ratio 0.336 + 1.1 x 10747 {0.337 + 0.82 x 107%1
Young's modulus © 7,35 x 10% - ar.67 [7.38 x 10% - 43,407

e )
T » Temperature in ¢

TABLE 3

Ultrasonic.Velocitieshand_Elasticdeduli.as.aWFUnction;ofrIemperatUte
with.the.Confining-Pressure.at.13.8-MPa

Velocities |
Sample A Young's - - :
Density | Length | Temp. | P-Wave S-Wave | Modulus | Poisson’s | . - -
atertal | (gucc) | (m) | (%) |(ka/sec) | (km/sec)| (6pa) Ratdo i
{ A1 (6061-T6) | 2.702 50.80 | 76 6.384 3.115 | 70.46 '0.34$q 1
Al (6061-T6) | 2.702 | 50.80 | 99 | 6.358 3.094 | 69.57 | 0.3449
.| a1 (6061-T6) | 2.702 50.80 | 152 6.313 3.035 | 67.18 | 0.3097
‘Al (6061-T6) | 2.702 | 50.80 | 173 6.295 | 3.021 | 66.00 | 0.3508
Al (6061-T6) | 2.702 50.80 | 202 | 6.278 2.983 | 65.12 | 0.3562
AV (6061-T6) | 2.702 50.80 | 225 6.252 2.954'| 63.96 | 0.3563
M (6061-Te) | 2.702 | s0.80 | 280 | 6.216 | 2.930 | 6296 | o2 |
Granite | 2.631 48.97 | 75 5.624 3.297 | 70.82. u,;aéé,‘; s
Granite 2.631 48.97 | 101 5.478 3.265'{ 68.14 b.zzsiﬂu.'"
Granite 2,631 48.97 | 151 5.8 3.15 | 63.18 | 0.2061
Granite 2.631 48.97 | 200- | 4.978 3.020 | - 58.01 | 0.2088
Granite 2.631 48.97 | 250 4,822 2.860 { 52.88 | 0.2287
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SUMMARY . 4D

The fo110wing geothermal material properties éan_bé evalu&ted at :
simulated in aitu conditions:
¢ Mechanical response
-9 Thermal conductivity
¢ Thermal diffusjvity
¢ Thermal expansion
¢ Permeability
o Electrical resistivity
. Ultrasoﬂic velocity
Major developments are now complete in each of tﬁgég.éreas a]!owingv .
basic testing capability in each. Sample configuratjaﬁ%‘and testing
procedures have beep defined and verified through bo;h;;débugging“ and N L
actual testing experience. £, | |
Following is a geﬁera] discussion of the data‘bbfa}ned in each test-
ing area with references where appropriate to_simi1ér work in the 1itera-
ture. The data contained 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 or brittle) to be strongly pressure

‘ dependent.' Ihe_naiuné_nﬁ_the_ponewflujdmmedium_(liquid,@gas,mormtwo:phasé' S
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‘€luid)._and.its pressure.state can also.have. conSJdetﬁble.iniﬂuencemgp
the.elastic. modulus.of.the.material. Temperature demonstrates a signi-'
f1cant effect upon u1t1mate fa11ure strength and may play an 1mportant .

role in determining the material compaction character1st1c525.

 Thermal Conduct1v1ty

Ihermal conduct1v1t1es-genera]1y decline. wlth«increasdng tempera'-;,na_;;

ftuneuln,the_granite and.sandstone. materla]s.tested.. This 1s consistentf}{fﬁ¥ '

26. The app11cat1on of confining pressure can alter

with published data
this decline and in some cases reverse it. Materials in wh1ch fractures 1
and micro-cracks control the porosity'séem more susceptible to the in-

fluence of pressure. The nature of the pore‘fluid‘can also significahtly T
affect the thermal conduct1v1ty with water saturated rocks being more |

thermally conductive than dry or partially saturated rock27

Therma] D1ffus1v1ty

‘l‘.".' B

" Thermal. diffusivity-of.geologic. mater1alshtested decreaserwlth
increa51ng“tempenature. This effect is interrelated to the dependence
of diffusivity upon thermal conductivity and specific heat. Specific

heat has been shown to be strongly temperature dependent12

and there-
fore has-a significant influence on thermal diffus1qi;y. Thermal con-
ductivity is also temperature dependent and the fwoLpérametérssaqgljp;__V-u
- such a way (see text for complete discussion) as tdi?;u§éf§;ﬂe¢}bé§iﬁéﬁgLa}uv 

-

thermal diffusivity with temperature.
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Thermal Expansion

Datq obtained under En'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 (britt!e.._
polycrystalline, heterogeneous and anisotropfc mineral aggregéteéj..f
microcracking can occur during temperature cycling as a result of

dissimilar expansion and contractionls.

Lo

Permeability .

In.geqeral,,permeabilities_in—porousxmatenial;-(eagwmsandstoned‘

demonstrate.significant declines.with increasing.temperature. This

" phenomenon is believed to be due to rock-water interaction at thg'rlf

"higher temperatures. C]ay_swéi]ing and adsorption characteristics are

“believed to play a big role. Some very low permeability materials
| ‘

(granites in particular) have shown a somewhat different trend. Data

obtained on a few such.materials demonstrated permeqbilities that in-
crease with températurézs;%9'30. h

id i

Electrical Resistivity

.. Data generated in this test system have demon;trdted trends and

‘phenomenon that agree with published values. Highprrbéity-materialsj.

such_as _sandstones_show.dramatic resistivity decreases with.temperature,

an_affect.that is.primarily.due to .increasing mobility-caused by de-
cneasing*poce;fluid.xisnaiilxa1’32.

t

Ultrasonic Velocity

To date successful testing has been conducted to 250°C and ‘it is -

anticipated that testing capability can be extended to 300°C+ in the .
' 43



near future. In general, velocities in very competent crystalline ma-:
terials, such as granite, tend to decline with increasjng_temperaturef '
Different tendencies have been observed in recent testing on saturated

' 33
porous materials-at elevated temperatures™™,

l/7
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ABSTRACT

" Physical properties testjng techniques have been evaluated, and, in
particular, the applicability of these techniques tp the determinaiion of
Mevada Test Site tuff properties. The physical properties include the as
received bulk density, dry bulk density, grain density, effective and tota!
porosity, permeability and microscopic analysis (arain size, grain spatial
orientation and mineral coptent) for rocks. Multiple.testing techniques
are described w#th 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 measdring accuracy. The Beckman Gas Pycno-
meter reduces test time for obtaining grain density values while improvinc
accuracy. Water immersion methods are presently being used for grain den-

sities where gas reactions with zeolitic materials may occur.
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INTRODUCTION

Physical properties data are a valuable éid in predicting and under-
sfanding the variations in the mechanical response of materials. In par- -
ticular, the Nevada Test Site has used physical propéfty data in estimating
the stemming and containment potential of a site for nuclear testing. It
is essential to accurately determine the densities for containment evalua-
tion app]icatiOns38. ‘For instance, butk and grain density acédfacies of
'0.001 gm/cm3 when combined produce deviations in the calculated air void
- content* in excess of x0.2% (not +0.2% error but %0.2% air voids). Thus )
new and presently used physical property techniques wére calibrated and ~
compared to eﬁa]uate accuracy. The new methods primarily involve improved
volume determination.

Material volumes are usually determined by bither‘direct measurement
(calipers) or fluid disﬁ]acement (immersion). Due to surface irreqularities
voTume determination déing direct caliper measurement usually results in
high volumes, therefore low densities. Immersion tecﬁniques produce more
accuraté volume measurements on materia]s since they account for irregular
sdrfacesa To improve vdlume determination accuracy, -immersion teChniqhes
have been investigated. One method involves bu]k'volume determination
using mercury or water while the other method determines grain volumes
using helium. | |

A genefal understanding Of/rock structure and fabric is.also heipful.
Permeability, porosity and microsfructure 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,'grientation and
mineral content analysis as well as pore size,

This report provides the testing techniques and present accuracy
capabilities at Terra Tek for physical properties measurément. The phy-
sical prbperties test include as-received density*, dry bulk density,
grain density, water content, effective and total porosity and gas or
liquid permeab%]ity. Multiple test methods are given for most of the

properties. . Table C-2-] lists the symbels and interrelations between the -

physical properties. , : .
TABLE C-2-1

Physical Property Symbols and Equations
Symbols

K = permeability in darcy's

e = effective porosity in percent

dt = total porosity in perceﬂt
3

P {gm/cm in situ bulk density ( wet or "as-received" density)

I‘d (gm/cmj)
3) -

dry bulk density after oven drying

Pq {gn/em grain density (density of solids)

Sr = degree of saturation in percent
Vav = air void content in percent

w = woisture content in percent of wet weight

Edquations
. {"w - "d)
w = 100 x o . (1)
_ n'd N .
\t-1oox(1-'r-> ) (2}
¢
A |
Sro= 100 x' —--¥
i {3)
Vay W00 x 1+, (1 - l/ng) - o (4)‘

*Wet and as-received_density are used interchangeably in the
text; wet does not infer that the material is fully saturated.
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SUMMARY

Table C-2-2 summarizes the testing techniques and accuracies for the
physica]‘proﬁerty methods. Accuracy was obtained from calibration tests.
Error may be calculated using average Nevada Test Site tuff values (pg = 2.40
gm/cm3, oy = 1.8 gm/cm3, py = 1.45 gm/cm3, and w = 19%).

Moisture content: The moisture content is determined by weighing a

sample before and after oven drying with a resulting accuracy of 0.13% H20

due to loss of water during crushing,

Bulk density: Dry or "as-received" bulk densities may be found from

the volumes determined using 1) calipers, 2) the Ruska Mercury Porometer or
3) the water immersion method. If a precision machined sample is not.avail-
able for ca!iﬁer measurement, then for samples 30 e’ of larger the Ruska
Mercury Porometer should be used, whereas the water imhersion method is °
better for volumes Tless than 30 cm3.

Grain density: The National Bureau of Standards powdered silicon {SRM

640) and-the crystalline quartz tests ipdicate that the Beckman Gas Pycno-
meter technique is more accurate‘and preciée'than the water imﬁersion method
(0.001 gm/cm3 as compared to 0.010 gm/cm3 respectiﬁe1y). Materials contain-
ing zeolites 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 poros%ty
accuracy is within —Q.35 percent Ny to 0.07 percent ny-. o
Effective porosity: Effective porosity is determined using water im- |

mersion, mercury injection (Ruska Mercury Porometer) and gas pressurization
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Accuracy and Error of Phyéical Property Methods

TABLE C-2-2

PHYSTICAL PROPERTY

HOW DETERMINED

ACCURACY*

STRUCTURAL INTEGRITY
ROCK NECESSARY FOR
MEASUREMENT

Moisture Content
(w}

Weight determined using
electronic balance

fmr——

Volume measured using

poor to good

wet Nulk Density 1} Calipers 1) -.014 to -.028 gm/cc | 1) fair to aood
{e,) 2) Ruska Mercury Porometer| 2) .001 om/cc +.002 gm/cc | 2) fair to good -
3) Water Fmmersion L 3) -.002 gm/cc +.004 gm/cc| 3) poor-to good 'ﬂ
Ory Rulk Pensity’ 1) Calc, using w and O 1) .004 gmfcc + .002 gm/cc] 1) refer to w & P
{rg) 2) Calipers 2) -.017 to -.031 gm/cc 2) fair to good
3) Ruska Mercury Porometer| 3) .004 am/cc +.002 am/cc | 3} fair to good
L 4) Water Immersion 4) .001 gm/cc +.004 am/cc | 4) poer to good
. Volume measured using
Grain Density 1} Water Immersion 1} .01 amfcc + .04 gm/fcc | 1) pooer to good
(ng) 2) Gas Pycnometer 2) .001 gm/ce + .005 gm/cc 2) poor to good
Total Parosity** Catculated from Py and Py ~0.14%ng £ . 21%ng o fair to good
{nt) :
Effective Morosity 1} Ruska.Mercury Porpmeter 1) fair to good
(ne) 2) Water Immersion 0.53% ng 2) poor to good
. 3} Gas Pycnometer : o 3) poor to good
Permeability (K) Permeability equipment Repeatable to within 20% poor to good

VAir Voids**

refer to densities

Analysis {Grain size,
orientation and
mineral content)

ustng Bausch and Lomb
Monocular

2) Medium grain method
using Zeiss

3) Medium grain method
using universal stage
4} Small grain methed
using scanning electron

methods accuracy is
dependent upon magnifi-
cation level and
smallest grain size.

microscope

(Av) Calculated from Fg. agr Bl - 16% Av £ .44% Av
Saturationwx : refer to e, Ngs P
(sr) Calculated frONIw,nt 4 Pu n,26% Sr + .56% Sr hd
I . —. - e
Microsconic 1) Large grain method For all microscopic 1) poor to aqood

2) fair to good
3} fair to good

4) poor to good

* Errors may be calculated using average NTS tuff values (
Py = 2.80 gm/cm3, pg = 1.45 gm/cms, and w =

19%)

p

q = 2.40 gm/cm3,

** Accuracy calculated from Ruska Porometer and Beckman Pycnometer values.

t Dry bulk density accuracy includes moisture content error,
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tBeckman G;s Pycnometer). The Ruska Mefcury Porometer requires knowledge of
tﬁe mean sample pore size for complete effective volume determination. . While
the gas pycnnmeﬁer can detefhine effective pore volume, it cannot e;si1y
measure bulk volumes thus requiring another method to. determine sample bulk
volumes. Only the water ﬁmmersion method 1is se]f—containéd in that both

bulk volume and effective pore volume hay 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'nef

Percent saturation and percent air voids: Enumeration of these pro-_

perties is subject to accumulated error from density, porosity aﬁd percent
moisture determinations. The accumulated accuracies for each property are
shown in Table C-2-2. The'percent saturation and percent air void accuracies
are computed using the most accurate techniques for density, ‘porosity and
percent water.

Permedbi]ity: Permeability may be determined by>either a transient.or

a stéady—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,
, f

spatial orientation and mineral content determinatién. Four methods are
avajlable, each of which has its advantages. Minera]'content analysis is
not possible using the scanning electron microscope {Method IV). However,
it provides means of testing low cohesion rock fabrics as does the "large
grain method" (Method 1). The "medium grain techniques" (Methods Il and I1I)
require fair to good cohesive rock fabrics because of thin-sectionihg and
handling. As stated in Table (C-2-2, the determfning 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

N
described here according to the function performed.

Balances

The three balances used for measufing weight are the Mettler H 33
baI@née, Mettler Gram-Atic balance, and the Sartorius type 225-4S0-400 .
ba?an;e. Both of thelMett]er balances have én accuracy of 15.x 10'5 gms'
aﬁd @ maximum capacity of 160 gms, while the Sartorius is accurate to

+5 x 10'3 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 H oven. The'oven has a 300“6 capacity but fof physical properties
testing purposes a setting of 105°C (ASTM standard) is maintained. The
oven operates undér fofced afr convection, thus promoting maximum drying.

-A Pyrex brand desiccator with calcium chloride drying agent is used to

‘hold oven dried samples during cooling.

Ruska Mercury Porometer

The Ruska Mercury-Porometer is used to measure volumes by mercury
displacement., The porometer and its components are shown in Figures
C-2-1 and C-2-2. It consists of a hand operated_pump'connected to a
pycnometer, 2 1/4" x 3" in diameter, with an internal volume of 260 cm3.

A manometer, two pressure gauges and a volume pump are connected in series

with the pycnometer. The manometer and volume puﬁp are used for volume
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Figure C-2-1. Control panel with the Ruska Mercury

Porometer {right) and the Beckman Gas Pycnometer
(foreground).
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(a) Beckman Gas Pycnometer (b) Ruska Mercury Porometer

Figure C-2-2. Control panel schematic.
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determination while the pressure gauges are used for determining the in-

jection pressures dubing effective porosity’testingi'

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 Equipment

.Permeabi1ity is measured with Terra Tek designed equipment at atmo-
spheric or confined pressure. This eqyipmenf uses either gas or liquid'as
a permeating f]uid and is capable of performing the tests via either a"
fransient method or é steady-state method. The transient method test can
be run with a pore pressure regulated from 0 to 60 ksi. A_differentia]
pressure across the specimen cén‘be reguiated from 0 to 1 ksi, which. is
'on1y limited by the range of the differential pressure transducer in pre~.
sent use. Steady-state tests can be performed also from 0 to 60 ksi pore
pressure.’ Figure C-2-4 shows a schematic of the vessel configuration for

permeability tests.

Microscopic Methods

Dependfng on the technique employed, there are three hicroscopes which
may be used. The Bausch and Lomb model 31-33-61 monocu1a} (0.7 to 3.0 x's
magnification) is used for large gréin size distribution tests. “Fof medium
grain size samples the Zeiss model RP-48 §tandard scope with binocular vision
and photo attachment is used. For three dimensiona]xstudies, a universal
stage is employed in conjunction with the Zeiss microscope. With the stage

~

N
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Figure C-2-3. "Simplified Beckman Pycnometer Schematic.
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Figure C-2-4. Vessel Configuration for (Permeabﬂity Tests.
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preferred orientation of grains can be determined. Magnification of the
A

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.
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MEASURING TECHNIQUES AND CALIBRATIONS

This section discusses the measuring techniques and their relative
accuracies using calibrated specimens. A brief explanation of the sta-
tistical methods and procedures ysed in this section may be found in Appen-

39

dix A. A 5 percent level of significance (a} was used in all statistical

analysis excépt during gffective porosity data comparison for which a 1

H

percent level of significance was used. Detailed machine operation, cal-

culation procedures and data sheets are available upon reguest.

Periv. .

Percent Moisture Content

The percent moisture content is expressed as the percentage by weight
of the wet sample. To determine the moisture content a prepared sampfe
is weighed immediately after removal from its hermetic container. The
sampie is then oven dried.at 105°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 Wy ' |
w(% H20) = .__w.._.._._':l x 100 . (5)
' wet

. |
Tests have shown that crusinag the samples beyond the bulk volume
' 38

state results in eliminating additional water residing in occluded pores.

The measured moisture content has been shown to increase by as much as 1.5 per-
cent upon crushing (i.e., from 15 percent water to 16.5 percent water)., Samples
are therefore broken off from the original core samole (to eliminate water cut-
ting effects), crushed, and then oven qried. Tests have shown that at most

an 0.13 percent water loss 'occurs during crushing, using-Nevada Test Site

tuff samples. Assuming all pore water tolbe eliminated. the error gener-

ated from crushing.for a sample of 20 percent moisture content would

be 0.65 Dercent; The moisture content errour generates an error in dry
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density of at most +0.003 gm/cm3 when using average Nevada Test Site Tuff

values.

Bulk Density

The term bulk density refers to the weight per unit volume of a mat-
‘erial including all of its constituents: solid, 1iquid and gas. Both
an “as received" and a dry bulk density may be found. The bulk den-
sifies may be determiﬁed by two different techniques. The weight i; deterl

mined and then the volume measured by either direct measurement with cal-

iperS'(for competent rocks) or fluid volume disp]acement. For the fas re-

cejved 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
‘poré water from the sample. Thus measurement accuracy is a function of

both volume and moisture content accuracy.

Mzthod I: Divect Measurement

The direct measurement technique is best suited for competent rock samp]es
that have easily ca]Fu1atéd-volumes, e.q., samples that may be readily cut
into cylinders. Typically, a core sample is cut to a desired length %rom 2
wrapped NX size core (this core sample is usually the one used for mechani-
cal testing). The cylinder is immediately weighed on the Sartorius ba1;
ance and measured with calipers. The wet bulk density is determined using
the weight and calculated volume while the dry bulk density is calculate&
using the sémp]e moisture cbntenf as ﬁeasured 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 df a liquid cool-

ant. The error in weight resultino from the use of this coolant is less
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than #.03 percent for saturated ash-fall tuff. Howeyer,'other materials
which are tess than "fully" saturated, have been shown to gain consider;
able amounts of water (10 pefcent to 20 percent of the rock gamples weight)
from being subjected to the coolant. Thus, the direct measurement method
requires that caution be exercised when samples have irregular surfaces
and/or less than "full" saturation. When errors caused by cutting water
and surface irregularities are anticipated, the mercury immersion tech-
nique should be used with a sample chipped from the core }ather than ﬁsing

a

a prepared specimen.
A prior Terra Tek investigation determined fﬁe "as received" density .
for selected tuff sampTes3 using caliper measurement, mercury immersion and
water immersion-techniques.38 The samples were 1 inch cylinders cut ad-
jacent to each other from aﬁ ercore. The caliper method gave 1 percent
to 2 percent lower densfties than the immersjon methods. This suggests
that the immersion techniques may.give more accurate volumes based on fluid
conformity to irregular surfaces. More accurate volumes could be obtained
with the caliper technique if the samples were machined to "perfect” cyl-
inders. However, due to sahple exposure to air, moisture loss woulq cause

" errors in the "as received" .weight.

Method II: Mercury Immersion (using Ruska Mercury Porometer)
The mercury immersion technique may be used with materials which

range in competency from poor to aood. Soft, 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 sémple-l
breakup: Sample volumes are deterﬁined by ihmérsing a sample into a cal-
ibrated volume of mercury and measuring the displaced volume.

| The primary source of error for this method is air trapped on the

sample surface, To determine the exteat of the error, volume calibra-
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uncoated and coated cylinder data respectively. “Zero"
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Figure C-2-7. Percent volume error -vs -sample volume
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of steel calibration data. “Zero" error is the micro-
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expected error band for sample measurement. Curves A and
8 are the uncoated and coated cylinder data respectively
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tion tests were performed on metal cylinders and spheres with volumes

3 to 93.07 em>. The “"true® volume was considered to

ranaing from 8.58 cm
be the volume determined fiom micrometer measurement. The results indi-
cated that 1) the porometer measured volumes a}e consistantly higher than
the "true" volume with the absolute difference increasing with increasing
sample vo]uﬁe, 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 shows the jinear'1east square fit for the uncoated and
"waxcoatedi steel cylinder data {curves A and B respectively) including the
95% confident interval curQes 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% confidence interval curves. Figure C-2-7
shows curves A,B, and C where the shaded region represents an approxfmaté
range of mean volume ervror.

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, tfz—ﬁ and C-2-7 can be used for volume cor-
rection.

waxrcoating the sample offers three distinct advantages: 1) it allows

reuse of the sample for grain density determination, 2) it maintains
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a constant surface between the mercury and the samnle and 3) it does not
allow mercury to penetrate the sample. A statistical (student t) comparison
of the wax-coated and uncoated steel cylinder data showed that there was

no significant difference in the volume errors thus indicating that the.

wax coafing does not change the calibration curves. Microscopic examina-
tion of three rock samples (limestone, sandstonz ard tuff) after wax coafinn
indicated no significant wax intrusion into surface nores. Tests on tuff

and sandstone have shown moisture loss due to wax coating to be neg]igab1e;

(.03 percent or less moisture loss).

To check the use of the porometer having corrected for the volume '

based on curves A, B, and C in Figure C-2-7, Arkansas Quartz crystal den-

3

sities were determined with sample volumes ranging from 13.39cm” to 28.86

cm3. The mean quartz density determined from thé mercury system was 2.649
gm/cm3 with a standard deviation of 0.002 gm/cma. for ambient temperatures
and pressures at the Terra Tek laboratory the most ﬁrobab]e density value
for a colorless natural a-quartz crystal is 2.6€5] nm/cm3 according to Dana's
Silica Volume40 whefeas X-ray ﬁowder diffraction measurgments41 give densi-
ties of 2.647_gm/cm3. The porometer determined density did not significant-

1y vary from the published values using a statistical (student t) analysis.

Figures C-2-5 and C-2-6 show that the scatter in volume measurement may

be significantly reduced by using samples 1arger than about 30cm3. A 30cm3

volume is the suggested minimum sample volume for porometer testing since a

3 3

corrected volume accuracy is cobtained to within -0.015 cm’® to +0.015 cm

J .
with a.resulting "as received" density to within -0.001 gm/cm® to +0.001 gm/cm’

at a 95% confidence interval. The dry density includes the moisture content-

3. Recall that the

error (+.003 gm/cm3) giving accuracy to within 0.004 gm/cm
above accuracies are calculated from steel samples. Tests on uncoated ash-
fall tuff samples suggest scatter tn within -0.001 gm/i:m3 to +0.001 gm/cm3.
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- Method III: . Water Immersion
Volume determination by water immersion is suitable for méteria]s

ranging in competenﬁy from fair to good. The sample is first presoaked
in disti]]ed water so that no water absorption:occurs during immersion.
The specimen is then immersed in a distilled water bath and weiahed, be-
ing sure that thermal equilibrium of sample water and bath water ts main-
tained.” The sample is removed from the bath, quickly surface dried and
weighed in air. The resulting difference in sample weiocht submerged and in
air gives the sample volume when the distilled water bath density.for the -
ambien; temperature and pressure is known,

Calibration of this method involved the volume determination of pre;
cision machined metal cylinders and spheres identical to those used for

3 to 28.94 cm3.

mercury immersion calibration. Volumes ranged from 8.58cm
The metal samples indicated that all measured volumes were low by 0.06 per;
cent when compared to the "true" (micrometei measured) volumes.

A calibration check was made using Arkansas duartz crystals. Using
the 0.06 percent correction for the quartz crystal testsl a mean gquartz
denstiy of 2.649 gm/cm3 was obtained from sevén samples with a standard deQ
viation of .002 gm/cm3. Analysis (qsing 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-
der diffraction measurement). The accuracy may,thenhée stated to be within
-0.006 gm/cm3 to +0.002 gm/cm3 at a 95% confidence intérva] using the 2.651
gm/cm3 published quartz crystal density). D;y 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 ﬁu]k density tests on ash-fall tuff sam~:

L

ples have shown data scatter to be within the above stafeﬁ'bounds.
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Grain Density

In general, geologic matefia]s contain fhree distinct phases: solid, lian-
uid, and gas. The term "grain density" deals with the densiiy of only the sal-
id phase. Thus it is necessary to eliminate the effects of the liquid aﬁd nas
nohases to obtain a true grain density. To measure the solid phase only, the
material must be ground sufficiently small to eliminate the occluded pores, and
a vacuum pulled on the sample to assist surface tension in assuring maximum
saturation of the microscopic voids. The grain density accuracy on materials
such as ash fall tuff is highly dependent on the nulverizing step and on the

ability of water to penetrate the zeolites. It has been shown42

that for max{-
mum penetration of water into the zeolites, the sampie powder shoulq be soalkea
in distilled water for 3 to 4 da}s while a partial vacuum is pulled.’ There =re
also indications that different immersion fluids may caﬁse density chénges.'
Standard laboratory procedure is to pulverize samples to -100 mesh (;0.149
millimeter) based on results investigating the effect of mesh size on grain en-

sity43. Studies on ash fall tuff]6

indicate that vnid sizes range from several
"millimeters to 10'7 millimeters with void shape ranging from spherical to Tim-
ellar. The same study also suggested‘that some ynids do;remain intact after’
nulverizing and seem to bé contaiﬁed such that water molecules cannot access
them. Thus, it would appear that thé smallest occiuded vaids are not accessed

by grinding to -100 mesh material. Grain density tests43

showed an averane
0.007 gm/cm3 density increase when tuff samples were pulverized from -100 mesh
material to -200 mesh material. This density increase causes a change in air
void content of -.iB% Vav. However, since tﬁe additional crushing time neces-
sa}y to obtain -200 mesh material iS considerable (5 minutes in pulverizer vs.
4 hours in ball m111)44, obtaining this additional accuracy in density and air
.vbid content is not practical for Nevada Test Site annlications. Nevertheless,
a -200 mesh material is obtainable forlspecial apnlications where maximum ac-

. . it - ad . .44
curacy is required. With -325 mesh tuff Lawrence Livermore Laborator1es4‘
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derived inconsistent density results. This may be due to poor statistical
sampling caused by grains of different density migrating in the ground mix-
ture prior to testing or by the increased surface charge density on the grain‘
boundaries further enhancing zeolitic rgactions. Thus, even thoﬁgh accuracy
for tuff is a function of the volume magnitude of the inaccessiﬁ]e voids,
data indicates that grinding the tuff to a -100lmesh allows for maximum
accuracy with minimal preparation. ~

Two techniques for determining grain densities are given in this sec-
tion: a water pycnometer and gas pycnometer téchnique. The former method
has been used as the standard grain density method at Terra Tek. 'Howeveri_
because of improved techniques the gas pycnometer method is being implemen-

ted into standard laboratory usage.

Method I: Water Pycnometer Technique

This technique requires approximately 48 hours to obtain grain density.
values. A sample weighing approximately 50 gms is first ground to a -100
mesh particle size. The pulverized material is dried in the forced con-
vection oven set gt 105°C for 24 hours. Approximately 25 gms of dried
material are placed into a volume claibrated 50 mi. flask and immersed
in distilled water. A vacuum is drawn on the flask and the subsequent :
water displacement volume in addition to the oven dried sample weight de-
termines the grain density. - |

The accuracy of this method was determined using Standard Reference
45

.

Material 640 ~ obtained from the National Bureau of Standards. ISRM_64O
is a -200 mesh powder composed of high purity elemental silicon. The
National Bureau of Standards has not yet determined the density of SRM‘

640. However, since SRM 640 is the powder form of solid SRM 99046

the
density stated for SRM 990 is used as the calibration density value, that

being 2.329 gm/cm3. In addition, hoth materials came from the same in-
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dustrial source thus assuring uniformity in production technique., The mean
density detérmined 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 of 2,329 gm/cm3. 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

‘within -0.05,gm/bm3 to +0.03rgm/cm3 at a 95 percent confidence interval.

Method II: Gas Pyenometer 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. (Tepting 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 zeolitic reaction. The volume contribution of the free

water is determined 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 éas due to fté small
m01ecu1e.A Using SRM 640, the Beckman Gas Pycnometer determined a density
of 2.330 + .005 gm/crn3 ét a 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
gm/cm3 with a standard deviation of 0.006 gm/cm3. A statistical (student
t) comparison showed no significant difference between the gas pycnometer

40,41

mean quartz density and published a-quartz densities determined from

Dana's Silica Volume and x-ray powder diffraction measurements,

Grain Density Comparison (Water Immersion -vs- Cas PWCnometér)

In order 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, 2.3] g'm/cm3 and 2.330 gm/cm3 for the water
and gas pycnometer techniques respectively, were sthn nof to be statisti-
cally different.. (This result was due primarily to the 1érge standard de-
viation of the water immersion techﬁique.) Howevef, upon analyzing the
standard deviations of the two techniques it was found (using the F sta-
tistic) that the gas pycnometer standard deviation was significantly less
than the water fmmersion standard deyiqtion. Thus for maximum'accuracy

and Jow data scatter the gas pycnometer should be used.

Porosity
Porosity of a material is the volume fraction of pores. The pore

volume may be found by either measuring the sotid volume (i.e., volume oc-
cupied by the solid arains) 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 techﬁique 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. Conseqpently.

the effective porosity is less than or equal to the total porosity.
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Method I: Total Porosity (using dry and grain densities)

This method requires that both the arain density and the dry bulk
density be determined for the material. Using pg and pg, the porosity is
then calculated using equation (2), Table C-2-2. |

The error in the total porosity value is a result of the efrors in
measuring the dry bu]kldensity ana grain density. Usjng the mercury poro-
meter and gas pycnometer densify accuracies, the calculated porosity ac-
curacy is within -0.348 percent to +0.074 percent nt'using D

g

= é.4 gm/cm3
and p, = 1.45 gm/cma. _ :f-

Metﬁod II: Effective Porosity

Effective poroéity is the connected pore volume divided by the bulk
volume. To determine the connecteé pore volume the sample may be impreé«
nated with ﬁercury, gas or water using for volume measurement the Ruska
Mercury Porometer, Beckﬁan Gas Pycnometer or Mettler Baiance respectively.
Using the Ruska Mercury Porometer, an oven dried bulk sample is placed into
the pycnometer with mercury injected into the sample under pressure.. The
injected mercury volume is equivalent to the connected pore volume to a
first approximation when using equation 6: |

P

— 1y _va+avs (6)

1.
Pal- Py

where Vc is the connected pore volume, Vm is the injected mercury volume,

Ve = ¥m () +

P1 is atmospheric pressure, P2 is the internal trapped aif pressure cor-

47,Va is the volume of air trapped on the sample

rected for capillary forces
surface and aVs is the volume change due fo matrix shripkage. The de-
rivation for equation (6) may be found in Appendix B. The Beckman Gas
éycnometer‘requires standard volume measurment of an air dried bulk ;amp]e

from which an apparent grain volume is determined after correcting for the

144



free water volume (recall the grain qensity‘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 immeréed 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 bulk volume-

determination the effective porosity may be calculated.

A_synthetic material, Tegraé]as (3M product), was used to compare
the effective porosity techniques. The material was selected becaﬁse
of its uniformity, availability in various pore sizes, and its compari-
bility to rock faﬁric.- A comparison to an absolute value was not pos-
sible since no stqndard porous méteria] exists; The three techniques
determine the effeétive vd1ume directly thus allowing direct calcula-
tion of the effectivg densfty. Table C-2-3 1ists the obtained. effec-
tive density means and standard deviations. To analyze the difference
in the three methods, a statistical comparison (using an analysis of
variénce and Duncan's multiple range test) of the mean effectiverden;i-
ties was conducted for each grade of material. The analysis showed that
no signifi;ant difference in means was observed for gradés 15 and 90
materié]é suggesting that the three methods wére 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 materia] corresponds to an effective porﬁsity
difference of 0.53 percent porosity using equation 7. This would

correspond to an error of 1.9 percent (% error not % porosity). For
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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 pore size) with a maximum un-

certainty of about 0.53 percent porosity (% porosity not % error).

TABLE C-2-3

Mean Effective Densities (pe) Using 3M Tegraglas

ne = (1= Wileg x Vpqu)) x 7000 (7)

Material Grade | Beckman Density | Ruska Density | Water Immersign Densify
{in microns) gm/cm3 gm/cm3 _ gm/cm
154 po = 2.118 pe = 2.111 pe = 2.117
s = .006 s = .002 .} s = ,006
40 pe = 2.212 pe = 2.196 pe = 2.208
s = .003 s = ,002 s = .001
901 Pea =/2.357 pe = 2.353 pp = 2,358
s = .003 s =.003 s = .00

Permeability

The Terra Tek permeability eduiﬁment allows determination of permea-
bility at confining pressure, deviat?ric stress, and pore fluid pressure.
A difficult problem is that of determining when a sample has reached equil-
ibrium at the pofe pressure at which it is to be tested. If a pore 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 s%ab]e.A'
The equipment is capable of gas or 1fquid permeabilities using either a

transient method or a steady-state method. Appendix C outlines the equa-
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tions in calculating the permeabilities.

The transient methodqg, requires tHe application of a differential
pressure pulse (= 1 percent of the confininé pressure) across the sample.
}ﬁé-}eéﬁitﬁng 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 nore 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 flow of fiuid through a sample for a small pressure dif-

férentié1 across the samplé. The permeability can be calculated 1f the

flow rate,~pressure drop, fluid viscosity and sample geometry 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 example, comparisons were made with sandstone samples obtained from

the United States Bureau of Mines that had been tested over a range of

confining pressures. Comparisons indicate values to be accurate and re-

peatable to within 20 percent depending upon sample permeability and test-

ing conditions.

Microscopic Methods

The texture and fabric of a rock is often used to aid in explaining

16,17,49 Microstructure studies include ahé1ysis

its anisotropic behavior.
of particle size distribution, spatial orientation andlminerai contentl It
is important that an unbiased sample population be obtained and that a
statistically sigpificant number of particles be counted. The sample size
will depend upon the fabric complexity but studiesso have shown that a

minimum of 100 grains must be samnled to obtain a first approximation of
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Figure £-2-10. Grain Orientation Frequency Histogram

Depending on the grain size and rock fabric three possible micro-

scopic techniques may be employed: :

1} An opaque; light reflecticn methed for grain diameters greater
than 10-3 in with fabric cohesion ranging from poar to good,

2) A thin section, light transmission method for fabrics having fair
to good cohesion with grain diameters -greater than 2 x 10-5 in., and

3) For grains smaller than 2 x ]0'5 in., with poor to good fabric co-
‘hesion a scanning electron microscope (SEM).

The University of Utah SEM is available for the purpose.

~The two sources of error which exist for the three techniques are 1) in-
sufficient number of counted grains (discussed in proceeding paragraph) and
2) a biased estimate of the diameter caused by surface preparation. '~ The surface

plane may disect a particle at any diameter not necessary the average dia. Con-
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sequently, grain size analysis yields an apparent diameter. Numerous correction
factors have been proposed for converting from the apparent to the true dia-

~meter51. Reported coefficients range from 1.126 to 1.5 and may be used

for true diameter estimates.

‘Method I: Large Grain Technique (dia. » 10-3 in, )

This technique utilizes the Bausch and Lomb monocular énd 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 Grain Technique (dia. > 2 x 207° Iin.)

The Zeiss model RP-48 standard scope with binocular vision. and photo
attachment is the only equipmenf necessary for this test. Prepared samples
require thin sectibning. Thin section work is done for Terra Tek by
Western Petrographic of Tucson, Arizona. The thin séction is made from a
1/4" cube with etching and dyes introduced during the sectioning prdcess
to highlight grains. o

K random unbiased sample popu]étion 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 axié being established for the top thin section,
east-west, top and bottom axis for one side and north-south, top-b&ttom

axis for the other side.
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Method III: Medium Grain Technique (alternate method using the universal stage)
An alternate technique is available for grain oriéntation studies.

Thjs involves the use of the universal s£age which ]ocates linear and p]anar-."
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 fo]low.Method 11 for grain size,
orientation and mineral Eontént studies; the only modification to the pro-
cedure being the additional two angles {strike and dip) recorded for each.

grain.

Method IV: Small Grain Technique (dia. < 2 m_10"5 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 thellack of color, mineral con-
tent cannot be easily determined., The calculational procedures and error
are similar as for those of Method Il of this:section. Mgasuring is dif-
ferent, howeQer, 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 on the material structure, cqmposition, and condition of the rock;
Most of the properties are dependent on the-pore structure. For example,
the permeébi]ity and effective porosity are directly re]afed to the intercon-
nected pores while measurement of grain density and moisture éonfent require
the accessibility of all pores (occluded and interconnected) after crushine
or pulverizing the sample. The composition of the rock is important when
considering physical property techniques. For instance, the water immersiﬁa
techniqué woﬁ]d disintearate certain shales while care in samp]erpreparatinp
is required to preve&f zeolitic Eeactionskdurinp orain density determination
using theigas pycnomefer method. Obbious1y, 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 testiqg method. Ex-
amples of this would be a rock which is dﬁy or fess 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 or&er
to prevent sample breék-up during bulk volume determination.

With rock structure and composition known, tha rroper physical propert:
tests may be'selected. It is then desirable to construct a testing sequence
to determine standard Nevada Test Site physical properties (pw, Pq? w) which
would give the most accurate results. The followine test sequence is pro-
nnsed:

1} Immediately upon unsealing a core, obtain a chip of materiai
of approximately 50 cm3 adjacent to the sample which will be
mechanically tested. Clean the chip, weigh it and seal it

in beeswax. Determine the combined weicht of the sample
plus wax. '
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2) Determine the sample bulk volume using the Ruska Mercury Por-
ometer. The wax volume is eliminated by knowing its weight
and density.

3) The butk 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 to a -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 evaiuate its usefulness
in determining grain densities for Nevada Test Site zeolitized
ash-fall tuffs. o ‘ o

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 biece of‘equipment must be known
prior to its use in a testing program.’ Accuracy is the ability to produﬁe the
true value while precision is concerned with data reproducibility. When
dealing with normally disturbed-random observations, accuracy is best
determined by comparing mean va?ues (x) while the best measure of precision
is the sample standard deviation (s). Thus when analyzing a single
machine or method, X and s usually sufffce in describing its measurement i
characteristic. Howevef, when numerous methods and equipment are
being aha]yzed it is notralwayslobvious now they statistically compare

-with each other using only the mean and standard deviation. For example,

suppose two' machines (A and'Bi were'used to determine a density from

seven samples withqmachine A giving x = 2.641 gn/cc, s = .009 gm/cc and

t

machine B giving x = 2.649 gm/cc, s = .002 gm/cc. Using the proper
statistical procedure {Aspen-Welch student t method, o = .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 refine; statistical measures must be
‘used to evaluate numerous performance'characteristics.

Seven statistical measdres 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-we]ch'formulation of the student t test,
5) the F test, 6) the analysis of variance and 7) Duncan's multiple
range test. A1l the above tests requires normal sampie distributibn

and random sampling. The meaning and use of each statistic is briefly ‘

given below. Detailed‘eip]anations may be obtained from reference (39).
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The sample mean value (x) commonly called the "average value's
is the summation of 511 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 scatfer of the data about
the mean value.

The student t statistic uses the values X and s as well as the
number of observations (n) for analysis. Simply p&t, the student t.
test compares the sample mean X to the "true" mean {u). The result is
that statistically x is shown to either equal or not equal u thus
indicating whether the observations used in determining x are a subset
of the cobservations which determine the value‘u The Aspen-Helch
formulation of the student t test is used mainly.to compare the means -
of the two sets of independent observations. Typic$11y this test
involves the comparison of the'samh]e means of two machines or methods.
For example, a comparison of ?A and ?é is done from machines A and B

with the result being either RA = RB or iA # RB' (Tests for EA(‘iB and

Xp > iB may g]so 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 sB) of two machines A and B were statistically

‘either equal br if ope was larger than the other. If it is concluded that

S then the two machines A and B are equally precise in measuremen%

A B
capabilities.

H

When comparing more than two means, an analysis of variance is used

S

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., Xg = Xg T ... EE. If one or
more means varies significantly from the other means, then the test says
all means are not equa) but not which mean (or means) are unequal. To
determine the mean (or'means)lwhich are unequal reﬁuires 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 (o) is selected by the experimenter when |
using the published tables and charts during the statistical tests. The
term {a) then 1ndic§tes the probability the experimenter is willing to
accept that the results of the statistical test are not occurring by chance.
~ For exampie, Qhen comparing a mean mineral density as determined from
two machines A and 8, (EA = Eé), if the experimenter chooses ana = 5 percént

it means that upon determining'ih # ?b using one of the statistical methods,

he can be 95 percent certain that the outcome of the test did not occur by

chance. Likewise, if an a = 1 percent w}s chosen, a 99 percent probability
that the outcome iA # iB was not chance would be obtained. 1In the text an

a = 5 percent was used except for the effective porosity data comparison for

which an o« = 1 was used.
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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. ‘Impregnation i;
accomplished by pressurizing the sample from atmospheric to 750 psig (manu-
factures suggested pressure). However, this injectea vofume 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.

/;
/
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Figure C-2-11A: Porous sample prior _ Figure C-2-11B: Porous sample
to mercury injection. 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 r
presents the mercury.
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Certain assumptions must first be made: (1) the mercury is in equilib-
rium and incompressible and (2) the perfect gas Taw 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.

Hote the folluwing variables:

Vp] = initial volume of air in pores

Va = initial volume of air trapped on sample surface
sz = final volume of air in pores

Vm = mercury impregnation volume

Vc = connected pore volume

It may be seen that the total volume of air before pressurization is

equal to the volume of injected mercury plus the final air volume.
Vp, + Va = Vm + Vp, ' Mm

Furthermore, using the perfect gas law, the initial and final volumes of

air may be related as being:
Py (Vpy + Va) = P, x Vp, (2)

where P] and P2 are the initial and final absolute pressures used during
injection. Since the connected pore volume is equal to Vp], equation (1)

may be rewritten as:

Ve = Vm + Vp, - Va (3)
Combining equations (1) and (2) anq substituting into {3) gives:

Ve = vm (1 + P,/ (PZ-P]) ) - Va - (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 calculate the trapped air

volume Va if the bulk sampte volume is known,
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To account for the capillary forces within the pores a simple model of
a circular capitlary tube is used. By assuming circular pores a capillary

pressure, Pc, may be derived as being:

~ Fm,

: . -430 dynes/cm
Pc = 4 Fm cos am

C = ————2
d am

140° “(5)

by solving a simple force balance problem., The term Fm is the surface ten-
sion 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 valpe:

= - ﬂ_ﬁl]COS an ' )
2 T2 d ' (6).

Since a hydrostatic pressure is beiné applied, a simple addition to the

equation involving the matrix shrinkage may be included. Let aVs be the.

matrix shrinkage. Thus the basic form of the correction equation becomes:
Ve = m (1 + P/(P,' < P) ) - Va + Vs (7)

The matrix shrinkage is an'additive correction since it represents a void
shrinkage and thus reduces the amount of mercury which may be-injected into
the connected pores. The term aVs méy be obtained if the bulk moduius and
volume of the matrix fs known for a given sample. The matrix volume may be

obtained from the bulk volume minus the total porosity volume,

Vs = Vo -V

1

B T | : o _— (8)

where Vs is:the matrix volume, Vg 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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Ve=Vm (1 + P]/(Pz' - Pl) ) - Va + (PZ-P]) %% (9)

where Ks is the matrix bulk modulus. In samples where Ve : VT equation (8)

_ becomes:

Ve = Vm (1 4Py /(Py" - Py) ) - Va k(P - Py) Vg

Ks (10)
[ Pa Py
[t

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 side of the equation are determined

during effective porosity testing. The bulk modulus Ks may easily be found

-

AS

by conducting hydrostatic loading tests on the sample matrix in a triaxial
configuration. The term Pz' 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 reduction of the pressure drop vs.
time plot, Figure C-2-8, to obtain the siope a. Nith a known along with
the fluid constants, length and volume parameters, the permeability may be

calculated.

A brief outline of the theory involved in measuring permeabilities
using the transient teéhnique is given below. A detailed treatment of this
analysis is presented in reference 48.

The equation for compressible flow in a compressible media is:

ool 1)

where

pw = fluid viscosity

g = fluid compressibility

Kk = pe}meability |

C = a term which includes the compressibility of the rock matrix
and

P = pressure

If the following assumptions are made concerning fluid fiow characteristics
1. Darcy's law is Qalid. |
2. The fluid flow is laminar.
3. The change in flu{d volume in the pores in the rock, due to the
step pressure change, is negligible compared to 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 sélution to Equation (1) is given by:

-xt . .
-l Y2 e 2
&P "P[Vﬁvz]' (2)
AP = Initial step pressure added
AP = (Instantaneous 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':

K= 2Bk '
ATV, - T/V,) . 7(3)
P. - P .
a = Ln '—'"———"1P f : T ‘ l (4)
-i .
where
a = the slope of the semilog plot of the naturaI log of the decay1ng
pressure versus time.
2 = the sample length
A = the sample area

Thus, the permeability can be determined with no direct measurement
of the flow rate. Clearly this is a major advantage for making measurements

of the permeability_at high pressure.

Steady State Method

The steady state method requires knowing only Q, the fluid flow rate

in ml/sec and P, and P,, the upstream and downstream pressures in atmospheres.
! 2
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The permeability is then K(d . = —
arcies) _
| A(P1 ?2)

where L is the sampie length in c¢cm and A the sample area in cm
\ .
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GEOTHERMAL EVERGY EXPLORATION AND PRODUCTION

T. William Thompson
Subpanel Chatrman

INTRODUCTION

The exploitation of geothermal energy involves tapping the heat energy stored
in the earth's crust. Hot rocks can always be found at some depth, but drill-
ing and production costs and complexity limit the economic development of this
energy source to areas where high temperatures are found near the surface. ‘
Localized upward displacement of isotherms can occur in areas of high-conduc-
tivity rocks, where near-surface rocks form an insulating blank~t or where
upward migration of molten rock, or hot waters, heats the upper strata. Many
classical geothermal areas occur-in areas of known volcanic or tectonic activ-
ity, where surface manifestations have led to the discovery of geothermal

reservoirs.

In any geothermal area the mode of exploitation is dictated by the -
nature of the resource but always involves the removal of heat to the sur-
face, where it may be used directly or converted to other forms of energy.
Two major types of geothermal 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 (hydrothermal) and
steam reservoirs, There is a gradation between these two kinds of reser-
voir and the type may 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 small to allow direct extraction of heat energy..
This is the class of resource, commonly referred to as "hot dry" rock, from
which heat must be extracted by injecting fluids. A third type of resource,
allied closely to the first, is geopressured geothermal reservoirs in which
the high-temperature 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.

From the standpoint of rock mechanics, geothermal reservoirs may be di-
vided into nonporous, which will always be hot-dry reserv01rs, and porous,
the latter class being further divided into reservoirs where the porosity is
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FIGURE 1.1 Schematic illustration of a steam-dominated
hydrothermal geothermal system,
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FIGURE 1.2 Schematic illusfration of the hot-
dry-rock geothermal energy-recovery method.

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 resources, 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 better understand1ng
of the mechanical behavior of producing fractured and nonfractured 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 critical 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 thousdands 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 mechanics, 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 with small areas, 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 proven 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 che timely
identification and development of new geothermal resources in the future
and the development of known sites to 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
practical, '

Given the imperfect basic understanding of many aspects of the geology
. and mechanics of geothermal reservoirs,. detailed projection into the inter-
mediate 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 and development. ' Given
su’ficient effort to overcome the various problems, whether caused by geol-

-ogy, rock mechanics, or limitation in surface technology, geothermal re-
sources form a potentially massive energy base whose explo1tat1on would be
env1ronmenta11y acceptable.
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ROCK MECHANICS LIMITATIONS IN GEOTHERMAL ENERGY EXPLORATION AND PRODUCTION

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 major limi-
tations without detailing many of the problems 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 order as would be followed in resource develop-
ment and exploitation: exploration, evaluation, drilling, stimulatiou.,
production, and environmental impact. These divisions are somewhat arbl-
trary and overlap in some areas, but they clarify the situation for the
reader, :

Exploration
Problems affecting exploration include the following:

o Imperfect characterization of geothermal resources in terms of
.exploration parameters

e Limited experience in applying deeper-soundlng 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
phy51ca1 particularly electrical, properties of rocks
Poor interpretive ability for detailed deep- soundlng 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
regional basis. There is a growing understanding of the geological setting
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, part1cu1ar1y 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 partlcularly magnetotelluric
techniques have a potentially significant role in exploration. These tech-
niques suffer from imperfect knowledge of the dependence of rock properties
on temperature and from poor characterization of geothermal sites, These
shortcomings lead to limitations in interpreting data. ‘

These techniques should be subjected to’ further research, and others
should be sought and developed, 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 zone, are considered to
be of limited application,
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Evaluation

Barriers to successful evaluation of geothermal resources include the
following:

o Inadequate down-hole techniques for characterizing the rock away
from the boreholes

¢ Inadequate characterization of fractured formations

o Imperfect understanding of the mechanics of recharge and poorly
developed techniques for identifying and tracing recharge in wet reservoirs

o Lack of down-hole instrumentation for heat-flux and conductivity
measurements

e Absence of electronic components capable of sustaining high temper-
atures for reasonable periods

¢ 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 temperaturc 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. Several techniques might
help. These include passive seismic monitoring, 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 orientation could help significantly.
Advances in these techniques would help to evaluate and manage sites now
under development,

From the standpoint of down-hole technology, the main limitations ‘are-
the poor high- temperature stability of electronic components and of synthet-
ic materials used in down-hole tools. Many 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 limitations were identified in the characterization of recharge
for hydrothermal or steam reservoirs. Knowledge of recharge potential and
areas will be.essential in evaluating the availability of hot fluids and in
ths rational use of reinjection. Techniques currently under investigation
to help 1n 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-
uation and management of existing reservoirs.
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Drilling
The problems of successful drilling are as follows:

e Temperature limitations on drilling equipment

o Scarcity of high-temperature lubricant-mud additives for low-
pressure high-loss zones

o Underdeveloped technology for temporary scaling of high-loss
fracture zones .

Drilling technology, in itself a wide field that continues to reccive
much attention, has been the subject of similar workshops. Many 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 beén
specifically identified other than those,pecullar to geothermal energy.

Stimulation
Hydraulic Fracturing
Rock-mechanics limitations to hydraulic fracturing are as follows:

¢ Imperfect understanding of the detailed mechanisms and controls
for hydraulic fracture propagation
- @ Lack of effective techniques for mapping fractures
e Lack of suitable high-temperature proppant-carrying fliid

Hydraulic fracturing is a critical component in the development of un-
fractured hot-dry-rock resources. In this development, fractures are used
to establish 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 propagatlon will be
controlled by the stress field and by lithology, but little is known of the
interrelation of these controls, and prapagation 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 mapp1ng these fractures after their
production.

These factors form a major limitation on the economic development of
impermeable geothermal resources. Several 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
studies of various geophysical techniques for fracture mapping.

The whole area of defining fracture propagation and of mapping fractures
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,

' v
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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 suitable high-
temperature carrying fluids for proppants. These problems are being ad-
dressed, and the work will probably continue under the impetus of current
site requirements,

Exotie Fracturing
Progress is affected in particular by the following:
e Poor understanding of thermal cracklng 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 ex1sts.1

Other exotic fracturing techniques that may be applicable to geotherQ
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 ceuld 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.

Chemical Stimulation )

. 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 gpplicable
to the overall geothermal program, nor are they thought to be severe.

Production

The following are limitations to production of geothermal energy:

¢ 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 monitoring instruments

The gross behavior of porous unfractured 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. Some 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. '

Environmental Impact

Knowledge of the environmental impact of geothermal development is re-
stricted by the following: ' '

¢ Very limited understanding of subsurface- and surface-subsidence
mechanisms

o Inadequate understanding of seismic-hazard potential resulting
from production and reinjection

e 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 reservoir 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 broad sense. The limiting areas, and their relevance to -
different types of geothermal reservoirs, are summarized in Figure 1.3.

RESEARCH PROGRAM
General Recommendations
Although many of the most urgent problems in gebthermal-development are not

concerned with rock mechanics, timely and extensive future development will
require a much better understanding of the mass behavior and properties of
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FIGURE 1.3 Relation of the various limitations to different classes of geothermal reservoirs.
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geothermal reservoirs and the ‘overlying rocks. The current level of knowl-
edge in this area and the complexity of the problems inveolved demand a major
research effort.

Assessing priorities for the various programs is difficult, Geothermal .
energy covers a wide range of rock types and productlon 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 technological
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 should, nevertheless, be kept in mind and their soclution 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, , :
e The program should be carried on in diverse research localities and
by researchers with diverse backgrounds but with careful coordination by
some central body.

o 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 possible.

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 initial 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. o

Characterization, Identification, and Evaluation of Potential Geothermal Sites

o The characterization of the geological setting of commercial geo-
thermal sites and the isolation of geological indicators that may help to
identify future sites.

e An investigation of the influence of temperature on the phy51ca1
properties of rocks from geothermal areas, particularly those properties that
may apply to geophysical prospecting techniques.

o The development of geophysical techniques capable of identifying and
characterizing geothermal sites, including development of both equipment and.
interpretation techniques., This program should be preceded by a fea51b111ty
study and should be closely related to the previous program,

e 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 evaluating techniques developed in the
preceding program.

o The 1dent1f1cat10n 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 Reservoirs ;

o The investigation of recharge mechanisms by hydrological and geo-
logical interpretation methods an. by flow studies.

e The development of technigues for identifying recharge areas and
geothermal fluid provenance. This development should be preceded by a
feasibility study. -

The Mechanics 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 technlques
for predicting this influence.

e An investigation of known geclogical structures as possible 1nd1ca-
tors of preferred orientations or induced fractures,

e The development of technlques for determining the down-hole triaxial
stress field. -

e . The development of techn1ques to be used for mapping fractures. This
development should be preceded by a feasibility study. '

e An investigation of thermal fracturing in stressed rocks and the de~

“velopment of mathematical techniques for predicting this.

Compaction, Thermal Mechanies, and Flow Studies

e The evaluation of existing theories for the behavior of porous rocks
urnder elevated and varying pore pressures and temperatures, upgrading and
extension of these theories, and development of new models where necessary.

® The development of theories and models for the behavior of naturally
fractured rocks under elevated and varying pore pressures and temperatures.

o An investigation of fluid flow in natural fracture systems under-
going compaction and the development of theory and models to predict this
flow.

Environmental Imp&ct Studies

8 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.

e An investigation of the effect of fluid pressures and of temperature

on seismic activation in geothermal areas, with particular reference to .
reinjection.

CONCLUSIONS

Limitations imposed by rock mechanics on geothermal 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 some peripheral problems in technology caused by
the hostile environment in a geothermal reserveir,

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 medjum-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 areas of site 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
withstanding the harsh geothermal environment should also be encouraged.

In summary, geothermal energy forms a potentially massive resource for
this nation, but the nature and mechanics of the reservoirs are poorly
understood. ‘1t is imperative that this imperfect understanding be subjected
to a large, well-coordinated research program now, if this resource is to
reach its full potential in the future.
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WATER. CONTENT, POROSITY, DENSITY.

SUGGESTED METHODS FOR DETERMINING

ABSORPTION

AND RELATED PROPERTIES

NOTES

(iy Mechanical significance of porosity and density data

The presence of pores in the labric of a rock malerial
decreases its strength, and increases its deformability.
.A small volume fraction of pores can produce an appre-
ciable mechanical effect.

Information on the porous nature of rock materials
is frequently omitted from petroiogical descriptions, but
is required if these descriptions are to be used as a
guide 10. mechanical performance. Sandstones and car-
bonate rocks in particular occur with a wide range of
porosities and hence of mechanical character. igneous
rocks that have been weakened by weathenng processes
also have typically high porosities.

Most rocks have similar grain densities and therefore
have porosity and dry density values that are highly
correlated (see note (v) equation 4). A low density rock
is usually highly porous. It is often sufficient. therefore.
10-quote values for porosity alone. but a complete
description requires values fof both porosuy and
density.

Microscopic techniques used to determine volumetric
content of mineral grains, do not provide a sufficiently
dccurale estimate of volumetric pore conlent, and ex-
perimental techniques are required. However. micro-
scopy and also techniques such as mercury injection
and permeability testing. can provide usefu! supplemen-
tary information on the shape and size ol pores.

{i)y Nature of the rock sample

A representative sample for testing should generally
comprise several rock lumps, each an order of magni-
lude larger than the largest grain or pore size. Micro-
fissures of similar size to that of a rock will cause
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.

The sample should if possibie be large, 10 minimise
the influence of experimental error. Alternative test
methods are available calling for samples in diffecent
form: selection [rom among these should be based on
the nature of rock to be tested.

(ii) Rock constituents

The following terms and symbols will be used 10
denote the masses and volumes of rock constituents
when calculating physical properties such as porosily
or density.

Grains (the solid componcm of the sample). mass M,
volume V,

Pore water mass M,. and volume V,

Pore air, 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

(it) Definitions, terminology and preferred S.1. units

Those physical properties pertinent 1o the methods
of test about to be described may be defined in terms
of the rock sample constituents listed above.

Waler content w = %J: x 100 ©.)
. V.
Degree of saturation S, =y X 00 (°,)
) V.
) Vv, '
Porosity n =3 100 )
V.
Void rati = _
oid ratio e v (=)
Density = bulk density p = %‘- = EA_'_:;& i{:‘_g;)

(mass density)
81
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Relative density d =t (~)
{specific gravity} P
: ’ M (kg)
Dry density p, = —\-,-' (_I;%—l
Dry relative density (dry)d, J2 (=)
(specific gravity) e
. M,+V.p,. k
Saturated density p,, = v P {Er;g’l)
Saturated relative densityd,,, = L} (=)
(saturated specific gravity) P
Grain density p, = %ﬂ EET)
{density of solids) s (m?)
Grain relative density d, = (=)
" (grain specific gravity) [ : .
o (N)
Unit weight ¢ | = py. iy

(v) Interdependence equations

The physical properties defined above are interre-
lated, so that any one property may be calculated if
others are known,

For simplicity only three properties will be referred
10 in the text, namely, waler content, porosity and dry
density of rock. The equations listed below may be used

to caleculate any of the remaining properties from these -

three. .

Whereas walter 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 have been given
to conform to the above.

S, = 100wp, o)
np,
n
€= 100 - n -
_ w {kg)
Fi (l + |00)p‘ {m3)
_ 100, (kg
Pr= 100 - n (mJ)

{vi} Determination of the grain mass M,

The grain mass M, of the sample is defined as the
equilibrium mass of the sample after oven drying at
a temperature of 105°C.

A thermostatically controlled, ventilated drying oven
capable of maintaining a temperature of 105°C accurate
to 3°C for a period of at least 24 h is required.

The sample is regarded as “oven dry’ when successive
mass determinations at intervals of 4 hr yield values
differing by less than 0.t% of the sample mass,

b

The sample should not take up water in the interval
between drying and mass determination. Where necess-
ary the sample container should be covered with an
airtight lid and stored in a desiccator during cooling.

(vii) Determination of the bulk volume V

Caliper method. The bulk volume of specimens in the
form of regularly shaped prisms or cylinders may be
calcutated from vernier or micrometer caliper measure-
ments. An average of several readings for each dimen-
sion, each accurate to 0.1 mm, should be used in the
calcutation of bulk volume.

Buovancy method. The bulk volume of regular or ir-
regular specimens may be calculated using Archimedes
principle, from the difference between saturated-surface-
dry and saturated-submerged sample weights. The
method is not suited to [riable, swelling or slaking
rocks. .

The sample is saturated by water immersion in a
vacuum of less than 800 Pa (6 torr) for a period of at
least one hour. with periodic agitation to remove
trapped air.

The sampie is then transferred underwater to a
basket in an immersion bath, Its saturated-submerged
mass M_,, is determined 1o an accuracy of 0.1 g from
the difference between the saturated-submerged mass
of the basket plus sample and that of the basket alone.

The sample is then removed {rom the immersion
bath and surface dried with a moist cloth, care being
taken to remove only surface water and to ensure that
no rock fragments are lost. lts saturated-surface-dry
mass M, is determined to an accuracy of 0.1 g,

The sample bulk volume is calculaled as
Mual - M\uh
. pu .

Mercury displucement method. High surface lension
prevents mercury penetrating all but the largest pores °
in rock. The specimen is forced under mercury and
its volume determined from the displaced fluid volume.
A calibrated tube may be incorporated in the apparatus
for this purpose, or the displacement may be measured
by a micromeler screw gauge—clectric contact tech-
nique. Alternatively a technique may be employed
where the displaced mercury volume is obtained by
mass determination. The apparatus should give results
accurate to 0.5% of the specimen bulk volume, and
should be periodically calibrated using a standard
sphere or cylinder.

Water displacement method. The bulk volume of a
saturated-surface-dry sample may be determined by
water displacement using a technique similar to that
for mercury displacement. Alternatively the dry or par-
tially dry sample may be coated in wax or plastic and
its bulk volume determined from the water volume dis-
placed by the coated sample, corrected for the volume
of coating material. The method requires accurate
determination of coating volume and is best applied -
to large bulk samples where other techniques are im-
practical. '

V=
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(viii} Determination of pore volume (volume of veids) V,

Suturation method. The pore volume of a rock
sample may be determined from the difference between
saturated-surface-dry and oven-dry masses. The sample

is saturated by water immersion in a vacuum and its

saturated-surface-dry mass M_,, is determined. 1t is then
oven dried to determine the grain mass M,
The pore volume V, is calculated as

Mun - M,
Pw

The Washburn-Buming method (Washburn & Buniing,
1922). A rock specimen is oven-dried and immersed
in mercury. The pressure on the mercury is reduced so
that the pore air expands, leaves the rock and is trapped
above the mercury column. The volume of pore air
V, is measured directly in & calibrated tube, aller press-
ure has been equalised with that of the atmosphere.
The method is rapid but is best suited to rocks with
high porosity.

Y, =

P

{ix) Determination of grain vohime V,

Boyle's law 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
V, of incompressible grains, and this volume may be
calculated from the results. One type of Boyle’s law
singie-cell porosimeter employs a graduated mercury
pump to measure volume displacement, together with
1 Bourdon gauge to measure pressure change. Boyles
law double cell techniques employ pressure equaliza-
tion between Lwo containers at different initial pressures.

Pulrerization method. Alter determination of bulk
volume and grain mass, the oven-dry sample is pulver-
ized and its grain volume G, determined by displace-
ment of an equivalent volume of liquid (e.g. taluene)
in a volumetric flask,

Porosity calculated from bulk volume and grain
volume using the pulverization method is termed total
porosity, since the pore volume obtained includes that
of “closed’ pores. Other tlechniques give effective po-
rosity values since they measure the volume of inter-
connecled pores only.

1. SUGGESTED METHOD FOR
DETERMINATION OF THE
WATER CONTENT OF A ROCK
SAMPLE

I. SCOPE

This test is intended to measure the mass of water
contained in a rock sample as a percentage of the oven-
dry sample mass.

2, APPARATUS

(a) An oven capable of maintaining a temperature
of 105°C to within 3°C for a pcnod of at least 24 hr.

(b) A sample conlainer of non-corrodible material,
including an airtight lid.

{c) A desiccator to hold sample containers during
cooling.

{d) A balance of adequate capacity, capable 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 determined.
(b} A representative sample comprised at least 10

“lumps each having either a mass of at least 50g or

a minimum dimension of ten times the maximum grain
size, whichever is the greater, is stlected. For in situ
water content determination sampling, storage and
handling precautions should be such that water content .,
remains within 1% of the in situ value.

(¢} 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 temperature of 105°C,

{e) The lid is replaced and the sample allowed to
cool in the desiccator for 30 min. The mass C of sample
plus container is determined. :

4. CALCULATION

pore water mass M,
grain mass M,

B-C .

TC-A

Water content w = x 1007

x 1003

5. REPORTING OF RESULTS

The water content should be reported to the nearest
0.1%; stating whether this 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 AND CALIPER
TECHNIQUES

1. SCOPE

{a) This test is intended to measure the porosity, the
dry density and related properties of 2 rock sample
in the form of specimens of regular geomelry.

(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. APPARATUS

{a) An oven capable of maintaining a temperature
of 105°C 10 within 3°C for a period of at least 24 hr.
(b) A desiccator to hold specimens during cooling,

{c) A measuring instrument such as vernier or mi-
crometer caliper, capable of reading specimen dimen-
sions to an accuracy of 0.1 mun,

(d) Vacuum saturation equipment such that the
specimens can be immersed in water under a vacuum
of less than 800 Pa {6 torr) for a period of at least one
hour.

{e) A balance of adequate capacity, capable of deter-
mining the mass of a specimen 10 an accuracy of 0.01%.

3. PROCEDURE

(a) At lzast three specimens from a represcntative
sample of a material are machined 10 conform closely
1o the geomelry of a right cylinder or prism. The mini-
mum size of each specimen should either be such that
its mass is at least 50g {for an average density rock
a cube with sides of 27 mm will have sufficient mass)
or such that its minimum dimension is at least ten
times the maximum grain size, whichever is the greater,
. {b) The specimen bulk volume V is calculated from
an average of several caliper readings for each dimen-
sion. Each caliper reading should be accurate to
0.1 mm,. .

{¢) The specimen is saturated by water immersion
.oz vaenum of less than 800 Pa (6 torr) for a period
of at least 1hr, with periodic agitation to 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 ensure that no fragments are lost. Its
saturated-surface-dry mass M, is determined.

(e} The specimen is dried 1o constant mass al a tem-
perature of 105°C, allowed to cool for 30 min in a desic-
cater, and its mass is determined to give grain mass
M,. Specimens in this test are generally ol sufficient
coherence nol to require corntainers, but these should
be used if the rock is at all friable or fissile.

4. CALCULATIONS

Pore volume Vv, = M - M,
Pw
Porosit ' _ loov,,
Y n=—g—%
Dry density of rock pe = .MV_’

5. REPORTING OF RESULTS

{a} Individual results for at least three specimens per
rock sample should be reported, logclher with average
resulls for the sample.

{b) Density values should be given to the nearest
10kg/m? and porosity values to the nearest 0.1%,
(c) The report should specify that bulk volume was

" obtained by caliper measurement and that pore volume

was obtained by water saturation.

3. SUGGESTED METHOD FOR
POROSITY/DENSITY
DETERMINATION USING
SATURATION AND BUOYANCY
TECHNIQUES

! 1, SCOPE .

{a) The test is intended to measure the porosity, the
dry density and related properties of a rock sample
in the form of lumps or aggregale of irrcgular geotmetry.
It may also be applied to a sample in thc form of
specimens of regular geometry.

(b} The method should only be used for rocks that
do not 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 least 24 hr.

{b) A sample container of non-corrodible material, in-
cluding an air-tight lid, _

(¢) A desiccator to 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 (6 torr) for a period of at least 1 hr.

(e} A balance of adequate capacity, capable of deter-
mining the mass of a specimen to an accuracy of 0.01%;

() 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 of the balance
to determine the saturated-submerged mass. The basket
should be suspended [rom the balance by a fine wire
so that only the wire intersects the water surface in
the immersion bath.

3. PROCEDURE

(a) A representative sample comprising at least 10
lumps of regular or irregular geometry, each having
cither a mass of at least 50 g or a minimum dimension
of at least 10 times the maximum grain size, whichever
is the 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 Lo remove
trapped air.

{c) The sample is then transferred under water to
the basket in the immersion bath, s saturated-sub-
merged mass M, is determined to an accuracy of 0.1g
from the difference between the saturated-submerged
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mass of the basket plus sample and that of the basket
alone. '

(d) The sample container with its lid is cleaned and
dried, and its mass A is determined. -

(¢) The sample is removed from the immersion bath
and surface-dried with a moist cloth, care being taken
to remove only surface water and to ensure that no
rock fragmems are lost. The sample is transferred to
the sample container, the lid replaced, and the mass
B of saturated-surface-dry sample plus container is
deiermined.
if} The lid is removed and the sample dried to constant
mass at a lemperature of 105°C, the lid replaced and
the sample allowed to cool for 30 min in a dessicator,
The mass C of oven-dry samplc plus container is
nwcasured.

4. CALCULATIONS

4. Saturated-surface-dry mass M.=B-A
Grain weight M,=C-A
Bulk volume Va M—-‘f
Pw
~M

Pore volume V. = M = M,
Pu

4 100V, o
Porosity n= -®
. M
Dry density of rock Py = V'

5. REPORTING OF RESULTS

ta) The report should include porosity and dry den-
sily values for the sample, and should specily that bulk
volume was obtained by a buoyancy technique and that
pore volume was obtained by water saturation,

(b} Density values should be given to the nearest
10kg/m?* and porosity values to the nearest 0.1

4. SUGGESTED METHOD FOR
POROSITY/DENSITY
DETERMINATION USING
MERCURY DISPLACEMENT AND
GRAIN SPECIFIC GRAVITY
TECHNIQUES

1. SCOPE

{4) The test is intended to measure the porosily, the
d'! density and related properties of a rock sample
in the form of lumps or aggregate of irregular geomeltry.
It is particulariy suitable if the rock material is liable
to swell or disintegrate if immersed in water. The test
May also be applied 1o regularly shaped rock specimens
Or to coherent rock materials, but other techniques are
usually found more convenient in these cases,

2. APPARATUS

{2) An oven capable of maintaining a temperature
of 105°C to within 3°C for a period of at least 24 hr.
It should have forced ventilation exhausting to outside
atmosphere.

{b) Specimen containers of non-corrodible material,
including airtight lids,

{c) A dessicator to hold specimen containers during '
cooling.

(d) A balance of adcquatc capacity, capable of mass
determination to 0.001 g.

(¢} A mercury-displacement volume measuring
apparatus capable of measuring specimen volume to
0.5%,.-

{0 Grinding equipment to reduce the sample to a
pulverized powder less than 150 um in grain size.

(g} A calibrated volumetric flask and stopper (con-
veniently 50 cm?).

(h) A constant temperature water bath

{i) A vacuum apparatus capable of maintaining a
vacuum with a pressure of less than 800 Pa (6torr).

(j) A soft brush of camel hair or of a similar softness.

3. PROCEDURE

{a) A representative sample is selected comprising at
least ten rock lumps, the shape and size of lumps suit-
ing the capabilitics of the volume measuring apparatus.
The minimum size of each lump should preferably be
either such that its mass exceeds 50 g or such that its
minimum dimension is at least ten times the maximum
grainsize, whichever is the greater, Specimens of swelling
or fissile rock should be sampled and stored to retain
water content to within 194 of its in siru value prior
to testing.

(b} Each specimen is brushed 1o remove loose mater-
ial and its volume V is measured by merciry displace-
ment. Mercury adhering to the specimen is carefully
removed, ensuring that no rock fragments are lost.

(¢) The specimen container with its lid is cleaned,
dried and its mass A is determined.

{d) The specimen is placed in the container, the lid
replaced and mass B of container plus specimen at
initial water content is determined.

{¢) The lid is removed and the specimen oven dried
to constant mass at a temperature of 105°C and-
allowed to cool for 30 min in a desiccator. The mass
C of container plus oven-dry specimen is determined.

{) Steps (b}-{¢) are repeated for each specimen 'in
the sample. .

(g) Together the specimens are crushed and ground
10 a grain size not exceeding 150 um. A number of repre-
senlative sub samples of about 15g of the pulverized
material are selected and oven-dried.

{h) The mass D of a clean, dry volumetric flask plus
stopper is determined to 0.001 g.

{i) The flask is filled with a Auid such as toluene that
is non-reactive with the rock, is brought to equilibrium
temperature in the constant temperature bath, and the
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liquid level is adjusted accurately 1o the 50 cm?® gradu-
ation. The flask is removed, stoppered and its mass
E determined to 0.001 g.

{i) The flask is empticd and dried, and the 15g sub-
sample of dry, pulverized rock added with the aid of
a funnel. The mass F of fAask, sample and stopper is
'measured to 0.001 g.

{k} The fiask and subsample are evacuated for about
20 min and sufficient fluid added to thoroughly wet the
sampte. Further Auid is then added and the flask care-
fully evacuated to remove air. The flask is replaced in
the constant temperature water bath and the liquid
level adjusted accurately to the 50 em? graduation.

(1) The stoppered flask with its contents is allowed
1o coo! and its mass G is determined 1o 0.001 g.

{m) Steps (j)—(1) arc repeated for each subsample of
pulverized material.

4. CALCULATIONS

B-C
(a) Water content W= CTA x 1007
(b) Grain densily P, F-D .
v.li- G-F
! E-D
where V, = calibrated volume of ﬁask usually
50cm?
(c) Grain mass .M, C-A
M,
{d) Dry density of rock Pe=
(¢} Porosity lOO(p;) )%

5. REPORTING OF RESULTS

(a) Individua) dry density values for each specimen
in the sample should be reported, together with average
values for the sample. Porosity values for each sub-
sample should also be reported 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 {rom grain volume
measurements using a pulverization lechnique.

{c) The grain density or grain specific gravity for the
sample should be reported. The water content at which
bulk volume measurement took place should be speci-
fied, stating whether this corresponds to in situ water
content,

{(d) Density values should be given to the necarest
" 10kg/m? and porosity values to the nearest 0.1 percent.

International Society for Rock Mechanics

5. SUGGESTED METHOD FOR
. POROSITY/DENSITY
DETERMINATION USING
MERCURY DISPLACEMENT
AND BOYLE'S LAW TECHNIQUES .

LT 1. SCOPE

{a) This test is intended to measure the porosity, the
dry densily and related properties of a rock sample.
A sample in the form of spccimens of a specific size
and shape 1o suit the apparatus is usually rcquued to
ensure accurate results.

(b) The method should only be used lor rocks thai
do not shrink appreciably during oven-drying.

2. APPARATUS

The procedure given below relates to a test using
the Kobe type of single cell Boyle’s Law porosimeter
(Fig. 1). Any similar- apparatus of equivalent accuracy
may however be used. The apparatus consists essen-
tially of the following:

Oven drying equipment: :

{a) An oven capable of maintaining a tempcralure
of 105°C to within 3°C for a period of at least 24 hr,

{(b) A specimen container of non-corrodible material
including an airtight lid. ‘

(c} A desiccator 10 hold specimen comamcrs durmg
cooling.

(d) A balance of adequate capacny, capable of deter-
mining the mass of a specimen to an accuracy of 0.01%.
A Boyle's law porosimeter such as a Kobe porosnmcler
having the following features:

(¢) A mercury screw-piston pump with micrometer
graduated to measure the volume of displaced mercury
to an accuracy. of 0.01 cm?. Conveniently one turn of
the screw pump changcs the volume of the specimen -
chamber by 1cm?.

{) A specimen chamber with rcmovable cap to allow
insertion of the specimen.

{g) A sight glass inscribed with a reference line, an
clectric indicator-contact or other means of registering
a mercury datum level in the cap.

(h) A gas inlet and outlet, each with a shutoffl valve,
also a source of inert gas such as helium. Air may be
used with some loss of accuracy, but must be ade-
quately dried. '

(i) A precision pressure gauge or pressure transducer
with a range from 100 kPa to about 400 kPa, connected
to measure the gas pressure in the specimen chamber,

3. PROCEDURE

{a} At least three specimens are selected from a repre-
sentative sample of material and each specimen IS

- tested separately to obtain an average resuft for the.

sample. The size and shape of a specimen should allow .
only a small clearance with the specimen chamber to
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' Fig. 1. Schematic diagram of a

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 minimum
dimensions are at least ten times the maximum grain
size, whichever is the greater. N

{b) The specimen container with its lid is cleaned,
dried and its mass A is determined. '

{c) The specimen is placed in the container, dried
to constant mass at a temperature of 105°C and the
lid is replaced. Tt is allowed 1o cool for 30min in a
desiccator, and the mass B of oven-dry specimen plus
container is determined. : ‘

{d) Use of the porosimeter: the mercury pump read-
ing at the start of each compression or displacement
cycle is termed the ‘start point’. Inlet and outlet valves
are closed at the start of a compression cycle so that
the initial pressure P, is atmospheric. The start point
and also the pressure P, at the end of a2 compression
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 thal
might occur if specimens became deeply immersed.

(¢} To flush the specimen chamber with gas; inlet
valve is closed, the outlet opened and the pump
advanced until mercury reached the datum. The outlet
is then half shut, the .inlet opened and the pump

LS IV

Kobe Boyle's law porosimeter,

retracted 1o beyond the start point. The inlet, then the
oullet valve is closed.

() To determine the compression factor C,; for the
cell: the specimen chamber is first flushed with gas,
the outlet valve opened and the pump advanced to the
start point. The outlet valve is shut with the specimen
chamber at aimospheric pressure. P,. The pump is
advanced and a micrometer reading C, taken when
the pressure reaches P;. The chamber is sgain flushed
with gas, and with the outlet valve open the pump is
advanced to a new start point 10cm?® beyond the ori-
ginal one. The outlet is closed with the chamber at

. atmospheric pressure P, and the pump advanced, a
micrometer reading C, being taken when the pressure
again reaches P,. 7

The compression factor is computed from the for-

mula: : .

10

G ==, <Cy

This factor is dependent on ambient pressure and
should be periodically checked. .
{g) Each test comprises a displacement stroke fol--
lowed by a compression stroke with the specimen
chamber empty (a blank run), then a displacement
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stroke followed by a compression stroke with the speei-
men in the chamber. The procedure is as lollows:

(h) With the inlet valve shut and the outlet open,
the pump is advanced until the mercury reaches the
datum. The micrometer reading R, is recorded.

(i) The chamber is flushed with gas, the pump
advanced to the start point and the valves closed with
the chamber at atmospheric pressure P,. The pump
is advanced and a micrometer reading R; recorded
when the pressurc reaches P,

() The specimen is removed from the dcslccator and
inserted in the chamber. The chamber is flushed with
gas and step (h) repeated, recording the displacement
stroke micrometer reading R, at which mercury
reaches the datum. i

{k) Stcp (i) is repeated, recording the compression

stroke micrometer reading R, when the pressure again
reaches P,.

4. CALCULATIONS

Bulk volume B, = R; — R,

Grain volume G, = C/{R,— R,) .
Grain weight G.=B-A

Porosity n= B.~ G x 100%,
Dry density of rock pa = G,/B,.

5. REPORTING OF RESULTS

(a) Individual dry density and porosity values for
each specimen in the 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 porosity was calculated from grain volume
measurements using a Boyle's law technique.

(c) Density values should be given to the nearest

kg/m* and potosity values to the nearest 0.1 porosity
percent.

6. SUGGESTED METHOD FOR VOID
INDEX DETERMINATION USING
THE QUICK ABSORPTION
TECHNIQUE

1. SCOPE

(a) This test is intended to measure the void index,
defined as the mass of water contained in a rock sample

after a one hour period of immersion, as a percentage
of its initial desiccator-dry-mass.

_(b) The index is correlated with porosity, hence also
*h such properties as degree of weathering or alter-

.on. The test is designed to call for a minimum of

equipment. Where suitable equipment is available,

however, the porosity and density of the rock material
should be determined directly using lechniques such
as those proposed earlier (methods 2-5).

{c) The test Should only be used for rocks that do -

not appreciably disintegrate when immersed in water,
|

2. APPARATUS

(a) A sample container of non-corrodible material,
water tight and of sufficient capacity lo contain the
sample packed in dehydrated silica gel.

(b) A quantity of dehydrated silica gel.

(c) A balance of adequate capacity, accurale to 0.5g.

3. PROCEDURE

{a) A representalive sample is selected comprising at
least ten rock lumps. The size of each lump should
be such that its mass exceeds 50 g or such that its mini-
mum dimension is at least ten times the maximum
grain size, whichever is the greater.

(b} The sample in an air-dry condition is packed into
the container, each Jump separated from the next and

surrounded by crystals of dehydrated silica gel. The

container is left to stand for a period of 24 hr.

{c) 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 replaced in the container and water
is added until the sample is fully immersed. The con-
tainer is agitaied to'remove bubbles of air and is left
to stand for a period of one hour.

{¢) The sample-is removed and surface-dried using a

moist cloth, care being taken to remove only surface
water and 10 ensure-that no fragments are lost. The
mass B of the surface-dried sample is determined to
0.5g.

4. CALCULATION

"B-A

Void index L= remle 10005,

5. REPORTING OF RESULTS

(a} The void index for the sample should be reporied
to the nearest 154,

(b) The report should specify that the void mdcx is
defined as the water content after desiccalor drying
followed by a one-hour period of immersion.
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PART 2: SUGGESTED METHODS FOR DETERMINING
SWELLING AND SLAKE-DURABILITY
INDEX PROPERTIES

NOTES

i) Mechanical_ significance of swelling and slake-duro-
bility data

An abundant class of rock malerials, noably those

with high clay content, are prone to swelling, weaken-
ing or disintegration when exposed 1o short term
weathering processes of a wetting. and drying nature.
Special lests arc necessary to predict this aspect of
-mechanical performance. These tests are index tests:
they are best used in classifying and comparing one
rock with another. The swelling strain index should
not, for example, be taken as the actual swelling strain
that would develop in situ, even under similar condi-
tions of loading and of water content.

These tests simulate natural wetting and drying pro-
cesses. Other types of lest are better suited 1o estimat-
ing resistance to such weathering apencies as lrost, salt
crystallization or attrition {De Puy, 1965).

(ify Nuture of the rock sample

Where possible undisturbed rock specimens should
be tested, since rock fabric has an important effect on
the other properties to be measured. Where the sample
15 oo weak or 100 broken to allow preparation of un-
disturbed specimens, as is usually the case with joint-
filling materials for example, the swelling lests may be

carried out on rémoulded specimens. Remoulding.

should be according 1o standard procedures for soil
Corppac:ion. and the procedure followed should be de-
scribed when reporting the test results.

(i) Application of the tests to hard and soft rocks

These tests arc commonly required for classification
of characterization of the softer rock materials. They
May also be used, however, for characlerization of
harder rocks where the rock condition, its advanced
state of weathering for example, indicales that they are
appropriale.

Rocks that disintegrate during the tests should be
further characterized using soil classification tests such

as determination of the liquid and plastic limits, the
grain size distribution, or the content and type of clay
minerals present.

1. SUGGESTED METHOD FOR
DETERMINATION OF THE
.SWELLING PRESSURE INDEX
UNDER CONDITIONS OF
ZERO VOLUME CHANGE

1. SCOPE

This test is intended 10 measure the pressure necess-
ary 1o constrain an undisturbed rock specimen at con-
stant volume when it is immersed in water.

2. APPARATUS

The apparatus may be adapted from that used for
soil consolidation testing, and consists essentially of the
following:

{a) A metal ring for rigid radial restraint of the speci-
men, polished and lubricated 1o reduce side [riction
and of depth at least sufficient 10 accommodate the
specimen. ‘

{b) Porous plales 10 allow waler access at top and
botlom of the specimen, the top plate of such a dia-
meter to slide freely in the ring. Filler papers may be
inseried between specimen and plates.

(c) A cell to contain the specimen assembly, capable
of being filled with water 1c a level above the top
porous plate. The principal features of the cell und
specimen assembly are illustrated in Fig. 2.

(d} A micromeler dial gavge or other device reading
to 0.0025 mm, mounied to measure the swelling dis-
placement at the central axis of the specimen.

(e} A load measuring device capable of measuring -
to an accuracy of 17,, the force required 10 resist
swelling, :



DARCY’S LAW and the FIELD EQUATIONS of the
FLOW of UNDERGROUND FLUIDS
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ABSTRACT

In 1856 Henry Darcy deseribed in an appendix to his
book, Les Fontaines Publigues de la Ville de Dijon,
a series of experiments on the dowinward flow of water
through filter sands, whereby it was established that
the raie of flow is given by the equation:

' g= — K h.— h)/I,
in which q is the volume of water crossing unit area in
unit time, 1 is the thickness of the sand, h, and h.
the heights above a reference level™ of the water in
manometers términaied above and below the sand, re-
spectively, and K a factor of proportionality.

This relationship, appropriately, soon became known
as Darcy's law. Subsequently- many separate attempts
have becn made to give Duarcy's empirical expression
a more general physical formulation, with the result
that so many miaually inconsistent expressions of what
is purported 10 be Darcv’s law have appeared in pub-
lished literature that sight has often been lost of
Darcy's own work and of its significance.

In the present paper, therefore, it shall be our pur-
pose 10 reinform ourselves upon whar Darcy himself
did, and then 10 determine the meaning of his results
when expressed cxplicitly in 1erms of the - pertinent
physical variables involved. This will be done first by
the empirical method used by Darcy himself, and then
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by direct derivation from the Navier-Stokes equation
of motion of viscous fluids, We find in this mamner.
that: .
.q = (N&)(p/u)ig — (1/p) grad p] = oE,

is a physical expression for Darcy's law, which is valid.
for liquids generally, and for gases at pressures hipher

_ than abowt 20 atmospheres., Here N is a shape jactor

and d a characteristic length of the pore structure of
the solid, p and p are the density and viscosity of the
fluid, ¢ = (Nd&)(p/p) is the volime conductivity of
the system, and E = [g — (1/p) grad p} iv the impeli-
ing force per unit mass acting upon the fluid. It is
found alse that -Darcy's law . is valid only jor flow
velocities such that the inertial forces are negligible as
compared with those arising from viscosity.

In general, three-dimensional space there exist two
superposed physical fields: a field of force of character-
istic vector E, and a field of flow of vector q. The force
field is more general than the flow field since it has
values in all space capable of being occupied by the
finid,

Sa long as the fluid density is constant or is a junc-
tion of the pressure only,

curlE=0,E= —prad &

where ,
d =gz + J -‘2 .
P

The field of flow, independently of the force field,
must satisfy. the conservaiion of mass, leading to the
equation of conlinuity

div pg = — f2apfo1,

where | is the porosity, and 1 iv the time. For steacy
mation op/ét = 0, and ' "

div pq = 0,



1} the fluid is alyo of constant density,
div q=0.
The two fields arg linked rogether by Darcy's Iaw,
q = ok,

which is physically analogous to Ohm's law in elec-
“tricity. ’

Then, when E = — grad 9,
q=—cgrad .

By means of the Joregoing equations the flow of both
homogeneovus and heterogeneous fluids through porous
solids becomes amenable 10 the same kind of analytica!
treatment as is already familiar in elecrrtcm' and ther-
mal conduction.

The relation of Darcy's work to the development of
a valid theory of the flow of fluids through porous
solids is somewhat analogous to that of Faraday 1o the
Maxwellian equations of electromagnetism, It forms a
solid experimental foundation for such a field theery,
and the errors attributed by various recent authors to
Darcy appear upon closer inspection to have been those
committed by the authors themselves,

INTRODUCTION

In Paris in the year 1856 there was published by
Victor Dualmont as a part of the Libraire des Corps
Impériaux des Ponts et Chaussées et des Mines a mono-
graph by the French engincer Henry Darcy,' Inspector
General of Bridges and Roads, bearing the title:

“LES
FONTAINES PUBLIQUES
DE LA VILLE DE DIJON
Exposition et Application
DES PRINCIPES A SUIVRE ET DES
FORMULES A EMPLOYER
Dans les Quesnons
de
DISTRIBUTION D'EAU
Ouvrage Terminé
Par un Appendice Relatif aux Fournitures
d'Eau de Plusieurs Villes
AU FILTRAGE DES EAUX
et
A la Fabrication des Tuyaux de Fonte,
de Plomb, de Tole et de Bitume.”

For several years previously M. Henry Darcy had
heen engaged in modernizing and enlarging the pub.
lic water works of the town of Dijon, and this treatise,
comprising a 647-page volume of text and an accom-

panying Arlas of illustrations, constitutes an engineer-

ing report on that enterprise.

The item of present interest represents only a detail
of the gencral work and appears in an appendix on
pages 590 10 594 under the heading "Determination of
the Law of Flow of Water Through Sand,” and per-
fains to a problem encountered by Darcy in designing
a suitable filier for the system. Darcy necded to know

how large a filter would be required for a given quan--

tity of water per day and, unable to find the desired
information in the published literature, he proceeded
to obtain it expenmentally,

A drawing of the apparatus used is given as Fig. 3
in the Atlas and is here reproduced in facsimile as Fig.

) "References glven at end of paper,
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Appareil destiné ajditerminer la oi

de Vecoulement de| 1eau | & travers le aable

Messmitry
» mevrere

St

Fi1G. 1—FACSIMILE OF DARcCY's JLLUSTRATION oF His
EXPERIMENTAL APPARATUS. (FrROM Les Fontaines Pub-
liques de la Ville de Dijon, Atlas, F1G6. 3).

}. This consisted of a vertical iroc pipe, 0.35 m in
diameter and 3.50 m in length (the figure shows 3.50 m.
but the text says 2.50), flanged at both ends. At a
height of 0. 20 m above the base of the column, there
was placed a horizonial screen supported by an iron
grillwork upon which rested a column, a meter or 50
in length, of loose 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 the open cham-
ber near its bottom. The faucet discharged into a meas-
uring tank 1 m square and 0.50 m decp, and the flow
rate could be controlled by means of zdjustable valves
in both the inlet pipe and the outlet faucet.

For measuring the pressures mercury manometers
were used, one tapped into each of the open chambers
above and below the sand .column. The unit of .pres-
sure employed was the merer of water and zll man-
omeler readings were reported in melers of water meas-
ured above the bottom of the sand which was taken as
an elevation datum. The observations of the mercury
manometers were accordingly expressed directly in terms
of the heights of the water columns of equivalent water
manometers above a standard datum.

The expenments comprised several series of obsef-
vations made between Oct. 29 and Nov. 2, 1855, and
some addilional 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 adjustment of the inlet and outlet valves the waler
was made to flow downward through the sand at a
series of successively increasing rates, For cach rate
reading of the manometers was taken and recorded as a
nressure difference in meters of water above the bottom
uf the sand. The results of two of these scrlcs, using
Jdifferent sands, arc shown graphically in Fig. 2. In
cach instance it will be scen that the total rate of dis-
charge increases linearly with the drop in head across
the sund of the two equivalent water manometers,

D.lrcys own summary of the results of his experi-
ments is given in the following passage (p. 594):

“Ainsi, cn appelant e I'épaisseur de la couche
de sable, 5 sa superficie, P la pression atmosphér-
ique, I la hautcur de I'eau sur cetfe couche, on
aura P + & pour 1a pression 4 Jaquclle sera soumise
la base supérieurc; soient, de plus, P = h,la pres-
sion supporiée par la surface inféricure, k un coef-
ficient dépendant de 1a perméabilité de la couche, ¢

le volume débité, on a

b
=Lk |hde = hl)
P .
yui se réduit a
=k —(h t o)
quand h, = 0, ou lorsque la pression sous le filtre est
¢gale i 1a pression atmosphérique.

“1] est facile de déterminer la loi de décroissance
de 1a hauteur d'exu fr sur le filtre; en effet, soil
dh la quantité dont cette hautcur s'abaisse pen-
J.nt un temps I, sa vitesse d'abaissemcnt sera

dh . g . . .
T egp s mais I'équation ci-dessus donne encare pour
’ .

cette vitesse l'expression

8 =fuan.
3 [4 ) !

On aura donc

FIRST SCERILS
QCTOBEM 29-NOVIMBCR 22,1833
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Fi. 2—Graprns CoMpiLEnp FROM DaRrCY's TaBULAR
DaTa on His ExremiMENTS OoF OcT. 29 To Nov. 2,
1855, anp ofF Fen, 17-18, 1856, SHOWING LINEAR RE-
LaTiON BETWEEN FLow RATE AND DIFFERENCES IN
HEe1GHTS OF EQUIVALENT WaTgR MANOMETERS.

1

h k . dh k
. T e 4 ! —_——— T e
dr P Ch 4 e dont (h -+ ) r dr.
¢l
k
{th+e)=C——1,

{1 is the logarithm to the basc c.]
“Si la valcur h, correspond ou temps 1, et & i un
temps quelconque ¢, il viendra

l(h+e)=I(h.+e)-—é[r—r..]. A )
“Si on remplace maintenant i + ¢ et h, + e par
ye . q.e
T t-—E il viendra
k
!q=lq.,———e~(r—f..). e 3

ct les deux équations (1) et (2) donnent, soit la loi
d'abaissement de la hauteur sur le filtre, soit Ja loi
~de variation des volumes débités i partir du_
temps f..
“Si k et ¢ &aient inconnus, on voit qu'il faudrait
deux expériences préliminaires pour faire disparaitre

. . k
de la seconde le rapport inconnu _e_'"

Translating Darcy’s statements into the notation
which wiil subsequently be used in the present paper,.
what Dargy found and stated was that, when water
flows vertically downward through a sand, the volume
of water Q passing through the system in unit time is
given by

0= KATT ] T orby - K”,h;_h': m
and the volume crossing unit area in unit time by h
TR . L

where K is a factor ot‘ propomonahty, A the area of
cross section and [ the thickness of the sand, and h, and
h, the heights above a standard reference clevation of
water in equivalent water manometers tcrmmaled ahove
and below the sand, respectively.

Wrmng Eq. 2 in differential form gives

g=—-K (dhydl) . . . . . . . . (3"

Soon afler the publication of Darcy's account of these
experiments, the relationship expressed by Eqs. 1 10 3
became known, appropriately, as Darcy’s law, . ’

It has subsequently come to be universally acknowl-
cdged that Darcy's law plays the same role in the theory
of the conduction of fluids 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
form which conveys no insight inte the physics of the
phenomenon. Consequently, during the succeedmg cen-
tury many separate attempls were made lo give the
statement of the law a more general and physically sat-
isfactory form, with the result that there appeared in
the technical literature a great variety of expressions, -
many mutually contradictory, but all crediled directly
or indirectly to Henry Darcy. )

1t has accordingly become recently thesfashion, when
some of these expressions have been found to be
physically untenable, to attribute the crror to Darcy
himself. In fact one recent author, in dlscussmg a sup-
posed statement of Darey's law which is valid for hori-
zontal flow only, has gone so far as 1o cxplain that

l’l-lltl)lrl M I‘ll\\‘-\l I‘HI\‘\. il\ll‘
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Fi1G. 3—APPARATUS FOR VERIFYING DaRcY's LAw FOR
Frow IN VaRlous DIRECTIONS.

Darcy was led to the commission of this error by re-
stricting his experiments to flow in a horizontal direc-
tion.

On this centennial occasion of Darcy's original pub-
lication, it would appear to be fitting, therefore, in-
stead of mercly paying our respects to Darcy in the
form of an empty homage, that we first establish un-
equivocally what Darcy himself did and said with respect
to the relationship which bears his name; second, try
1o ascertain the generality and physical content of the
relationship and 1o give it a proper physical expression;
and third, attempt to see how this fits into a pgeneral
field theory of the flow of fluids through porous solids
in three-dimensional space,

The first of these objectives has already been ac-
complished; the sccond and third will now be given
our attention.

THE PHYSICAL CONTENT OF DARCY'S LAW

As we have seen heretofore, what Darcy determined
was that, when water flows vertically downward through
» sand, the relation of the volume of water crossing unit

area normal to the flow direction in unit time, to the °

thickness of the sand, and to the difference in heights
of equivalent water manometers terminated above and
below the sand, is given by the following equation:
h, — h, org = - Kh’_h', o @)
] !

where X is "a COefﬁClcnl depending upon the per-
meability of the sand.”

Questions immediately arise regarding-the generality
of this resuit. Would it still be true if the water flowed
upward through the sand? or horizontally? What changes
would be effected in the relationship if some different
liquid characterized by a different density and viscosity
were used? In what manner does K depend uwpon the
permeability of the sand, or upon its measurable sta-
tistical paramecters such as coarseness and shape? And
finally, what physical expression can be found which
properly embodies all of these variables?

The answer to most of these questions can be de-
termined empirically by an extension of Darey's original
experiment. I, for example, we construct an apparatus
such as that shown in Fig. 3, consisting of 3 movable
cylinder with a rigid sand pack into which two man-

g=K

VOL, 207, 1956

_ometers, at an axizl distance ! apart, are connected by

flexible rubber tubing, we can deternine the validity
of Darcy's law wiill Tespect (o the direction of flow.
With the apparatus veical and the low downward at
a total rate Q, the manometer difference A, — h, will
have some fixed value Ah. Now, keeping Q constant
and inverting the colimn so thet the flow will be ver-
tically upward, it will be found that Ak also remains
constant, Next, setting the column horizontal, Ah still
remains constant. In this manner we easily establish

_ that Darcy's law is invariant with respect to the diree-

tion of the flow in the carth's gravity field, and that for
a given Ak the flow rate (0 remains constant whether
the flow he in the direction of gravity or opposed to it,
or in any other direction in three-dimensional space.. *
This leads immediately to a generalization for flow -
in three-dimensional space. At each point in such space’
there must exist a particular value of a scalar quantity
h, defined as the height above a standard elevation
datum of the water column in a manometer terminaged
at the given point. The ensemble of such values then -
gives rise 1o a scalar field in the quantity h with its at-
tendant family of surfaces, h = constant. In such a -
scalar field water will flow in the direction perpen-’
dicular to the surfaces, /it = constant, and at a rate -
given by :

q=—Kgradh. . . . . . ... (4)
Continuing our empirical experimentation, we find
that when we change either of the fluid properties, dep-
sity or viscosity, or the geometrical properties of the
sand, Eq. 4 still remains valid but the value of K

changes. In particular, by varying one factor at a time, .
we find

Ree ol 7 | (5
.chl/p., L R )‘

where p is the density and a is the viscosity of the fluid,
Likewise, if we use a number of gcomeltrically similar
sands which differ only in grain size, we find that

Kocd’...........(6)

where 4 is a length such as the mean grain diameter,
which characterizes the size scale of the pore structure
of the sand.

Introducing the results of Eqs, 5 and 6 into Eq. 4
then gives

qQ=K'd (p/p)(—gradh),. . . . . (T)
in which X’ is a new factor of proportionality contain-
ing all other variables not hitherto explicitly evaiuated.
This remains, however, an empirical equation devoid of
dynamical significance since there is no obvious reason
why the flow of a viscous fluid through a porous solid
should be proportional to a dimensionless quantity,
— grad A,

This deficiency can be eliminated when we introduce
the equation relating the manometer height h to the
dynamical quantities, gravity and pressure. At any point
P within the flow system, characterized by elevation z

and manometer height h, the pressure is gwen by the
hydrostatic equation

P =pg (h - Z)s
from which

=(p/pg) +z, . . . . . . .. (8)
—grud h = — _(I/pg) grad p—gradz . (9)
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Multiplying both sides of Ey. 9 by » then gives
~ggradh = — (1/pyprad p 5 ggradz,
T £ ()]
With the z-axis vertical and positive upward, then
g-m z is a unit vector directed upward, so that — p grad 2
is a vector of magnitude ¢ Jirecied downward Designat-
ing this by g, Eq. 10 becomes

-~gbradh—-g— (1/p) grad p, . . . (11)

in which each of the terms to the right represents, both
in direction and magnitude, the force cxeried upon
unit mass of the fluid by gravity and by the gradient of
the fuid pressure respectively; the fluid flows in the

direction of, and at a ratc proportional to, their re- -
. sujtaot, ~ g grad A Henee the dynamical faclor g has
evidently been concealed in the original factor K and

must still be present in the residual factor K’ “Intro-
ducing this explicitly, we may now write
q=(N&)(p/u)( —ggrad b}, . . . (12)

in which N is a final factor of proportionality. Dimen-
sional inspection shows that N is dimensionless, and a

physical review indicates that no dynamical variables -

have been omitted, so that N must be related to the
only remaining - variable, namely the shape of the
passages through which the flow occurs, Since shape
is expressed by angular measurement and angles are
dimensionless, [L/L}, then N must be a dimensionless
shape factor whose value is constant for systems which

are cither identically, or statistically, similar geo- .

metrically. By identical similarity is meant similarity
in the strict Euclidcan scnse: ‘all corresponding angles
equal. and all corresponding lengths proportional. By
dalistical similarity is meant that two complex geo-
metrical systems which may not be identically simi-
lar on a microscopic scale are still indistinguishable as
to shape on a macroscopic scale—for example, two
sets of randomly packed uniform spheres.

The term (— g grad /) can also be written in the
form
- ggrad h = — grad (gh),. o .. (13)

where gh represents the amount of work required to

lift & unit mass of water from the standard datum of -

elevation outside the system to the height h of the water
in the manomecter. Then, since the additional work re-
quired to transport the water down the water-filled

tube of the manometer o its lermmus is zero, it fol-

lows that

gh=% . . . . . . . . ... (19

QI;E

Fia.. 4——-REL_A‘I‘ION oF Torce PER UniT Mass, E, 1O
THE PRIMARY FoRCES g AND —(1/p) GRAD p; AND OF
THE FLow VEcTor q To E.

is a measure of the energy per unit mass, or the poten-
tinl, of the water in the sysfem at the point at which
the manometer js terminated. A manometer is thus scen -
to be a fluid potentiometer, the potential at every point -
being linearly relaied fo Ihe manomeler hcngh; h by
Eq. 14, Then, if we let E be the force per unit mass,
or the intensity of the force field acting upon the fluid,
we have

E=—-grad®=—ggrad h =g — (1/p) grad p, (15}

and, by substitution into Eq. 12, Darcy's law may be

expressed in any of the following equwalcnl forms

(Fig. 4):

q=— (Nd&){p/u) grad & = ¢E,

g = ~ (Nd')(p/n) ggradh = olg — (1/p) grad p],

q = — (Nd) (p/p) g grad h= (o/p) frg ~ grad p),
e . (16)

where

= [(Nd){(p/p)]
is 'the volume conducnwty of the system In the last
of Egs. 16, the bracketed term
[pg—gradpl=pE=H. . . . . . (7).
represents the force H per vnit volume,
When we compare Darcy’s law in the form:
q=cE=~ograd @,
with Ohm's Jaw:
i=¢E, =
where i is the current density, o, the clectrical con-
ductivity, E, the electrical force-field intensity, and V
the electrical potential, the physical -as well as the

mathematical analogy between Darey's law and Ohm's
law becomes immediately apparent.

— g, grad ¥V,

THE PROBLEM OF PERMEABILITY

Now that we have achieved a complete physical state-
ment of Darcy’s law, it remains for us to define what
shall be meant by the permeability of the system.

It will be recalled that Darcy stated that the factor
K is “a coefficient depending upon the permeability:
of the sand.” Following this it has often been the cus-
torn, especially among ground-water hydrologists,” to
define the permeability of a system to be synonymous
with K. But, as we have scen, the factor K is the
lumped paramcler ’

= (Nd) (p/u) L',

comprising the gecometrical properties of the sand, the
dynamicat propetties of the fiuid, and even the accelera-
tion of gravity. Consequently, if K is taken as a meas-
ure of the permeability, it will be seen that the same
sand will have different permeabilities to different
Auids.

During recent years there has been a. convergence
of opinion toward the conclusion that permeability
should be a constant of the solid independently of the
fiuids involved. If we accept this view, then it is seen
that the only properly of the solid affecting the rate of
flow is the geometrical factor,

kws Nd,
which we may accordizigly define to be its permeability.

Then since N is dimensionless and d is a length, it fol-
lows that the dimensions of permeability are [L']; and

PFTROLFH\I THRANSACTIONS  ATMF__




in any consistent system of units, the unit of permea-
bility is the square of the unit of length.”
In practice the magnitude of this quantity, for a

given porous solid, is delermined hydrodynamically by -

flowing a liquid through ihe solid, and measuring all
variables except &, and then solving Darcy's law for &t

- - Yy
k= Nd" = ——— '
pe o~ prod p
which, when the vector quantities are resolved into their
components in the flow dircction s, becomes

=T e

* PEe -~ ep/os’ ) (18)

It is found in this mannecr that for randomly packed,

upiform spheres of diameter o, the value of the shape-

factor N is approximately 6 X 10, Then, for a pack

of uniform spheres of any size, the permeability will
be approximately

= (6 X 107) &,

If d, for different packs, is allowed to vary from aboul
10 to 10™ cm, corresponding 1o the approximate range
of gruin sizes from fne silts to coarse sands, the per-
meability will vary from about 10°% to 10 cm’, which
is also approximately the range of the permeabililies. of
the corresponding clastic sediments,

In view of the fact that magnitudes of permeabilities
of rocks are remote from that of the square of any
unit of length in common use, thefe is some advantage
in having a practical unit such that most measured
values full within the range 1 — 10,000 practical units.
If such a practical unit is to fil into a consistent sys-
tem of measurement without awkward conversion fac-
tors, then it must also be a submultiple of the funda-

. mental unit of the form:

I practical unit = 10" fundamenta) units.

In the cgs system with the fundamental unit the
{ceotimeter)’, the optimum value of the cxponent n
would be about 12, or

1 practical vnit = 10" cm
Regrettably the unit of permcability used almost

universally in the petroleum industry, for which the .

pame “darcy" has been pre-empted, was defined origin-
ally in terms both of an incomplete statement of Darcy's
law:**

t

- _as
k -—ap/as,.........(w)
and an inconsistent system of mcasurement. The per-
meability & is defined 1o be 1 darcy when g = 1 (cm'/
cm’) /see, u = 1 ¢p, and 8p/x = 1 atmosphere/cm.
In the complete Darcy's law of Eq. 18, the factor
pg., except when the motion is horizontal, is of com-

. parable magnitude to 8p/@s, and so cannot be ignored.

Consequently, since it is not practical to mcasure pg,
in atmospheres/em, it follows that permcabilities, ex-
pressed in darcys, cannot be used in a proper statcment
of Darcy's law without the insertion of a numerical fac-
lor to convert pg. from cgs units into atmospheres/cm.
" The only alternative is to convert permcabilitics ex-
pressed in darcys into the cgs unit, the cm®. For this
conversion
1 darey = 0.987 2 10" cm’,

which is within 1.3 per eent of the submultiple, 10

cm’.
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F16. S—METHOD OF DEFINING POINT VALUES OF MACRO-
scoric QUARTITIES ILLUSTRATED WITH THE PoRrosiTy §,

Few permeability measurements are accurate to with-
in 1.3 per cent and, when several specimens from the
same formation are measured, the scatter is much
greater than this. Conscquenlly, for all ordmary com-
putations, the approximate conversions:

1 darcy = 10" cm’ C
1 md=10"c¢ -
are more accurate than lhe permeability data avallable,

.though if the data warrant it, the maore precise conver-

sion can of course be used.

DERIVATION OF DARCY'S LAW FROM
NAVIER-STOKES EQUATION

Having thus achicved the desired generalization and
a proper physical stalement of Duarcy's law by an ex-
tension of the empirical method which Darcy himself
employed, let us now see if the same result can be de- .
rived directly from the fundamenital cquation of Navier
and Stokes for the motion of a viscous fluid.’

MACROSCOPIC AND MICROSCOPIC SCALES

In, order to do this we -must first distinguish between
the two size scales, the macroscopic and the micro-
scopic, on which the phenomena considered are to be
viewed. L

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 2 fluid through a porous solid is seen
as a continuous phenomenon in space. However, when .

‘we are dealing with macroscopic quantities which have

particular values at each paint in space, but which
may vary with posilion 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 the concept of porosity.
Suppose that we are interested in the porosity at a
particular point. About this point we tdke a finite
volume element AV, which is large as compared with
the grain or porc size of the rock. Within this volume
element the average porasity is defined to be

- AV:
f= N
where AV, is the pore volume within AV. We then
allow AV to contract about the point P and note the

valuc of 7 as AV diminishes. If we plot 7 as a function.
of AV (Fig. 5), it will approach smoothly a hmmng
value as AV diminishes until AV approaches thc gram
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or pure size of the solid. At this stage 7 will begin to
vary erratically and will ultimately attain the value of
cither 1 or 0, depending upon whether /* falls within
thie void or the solid space.

However, if we extrapolate the smooth part of the
curve of f vs AV to its Jimit as AV tends lo zero, we
shall, obtain an unambiguous value of f at the point
P, We thus define the. value of the porosity f at the
point P 10 be

extrap lim AV,
AV =0 AV "'~
where “extrap lim" signifies the extrapotated limit as ob-
tained in the manner just described,

By an analogous opcration the point value of any
other macroscopic quantily may be obtained, so that

| (P) = Qn

hereafter, when such quantities are being considered,”

their values wili he understood to be defined in the

foregoing manner, and we may stale more simply;

_ lim
Q(P)—AV OQ(AV)
or
Q(P)=WQ(AS). N ¢4
or ’ .
_dim = .
Q(P)—mQ(Aﬂ. |

where the quantity of inicrest is a function of a volume,
ap arca, or a length, rcspcctwcly

The microscopic scale, on the contrary, is a scale
zommnsurate with the grain or pore size of the solid,
sut still large as compared with molecular dimensions
or of the motional irregularities due to Brownian or

" molecular movements,

Microscoric EquaTtions of MoTioN

Let us next consider the steady, macroscopically recti-
linear flow of an incompressible fluid through a porous
solid which is macroscopically homogeneous and iso-
tropic with respect to porosity and permeability, We
shall then have the fluid flowing with a constant macro-
scopic flow rale q under a constant impelling force per
unit of mass E, and in virtue of the isotropy of the
system, we shall have

gq=o0E,. . . . o . . . . .. 23

where ¢ is an unknown scalar whose value we shall seck
to determine.

Then, choosing x-, y-, and z-axes,

q=ig:+jg, + kaq.,

E=iE+jE +kE., } (24)
and ‘

gy = GE. '

q, = GE, ' (25)

q. = ok, ,

where i, j; and k are unit veciors parallel to the x-, y-,
and z-axes, respectively, and the subscripts signify the
corresponding scalar components of the vectors.

Further, there will be no loss of generality, and our
analysis will be somewhat simplified, if we choose the
x-axis in the macroscopic direction of flow. Then

q=ig E=iL,,

and .. (26)
9, =q¢=0,E =E =0

gy - -

Next, consider the microscopic flow through a macro-
scopic volume clement AV of sides ax, Ay, and Az
The void spuce in such an element will be scen 10 be an
intricately branching, three-dimensional network of flow
¢hanncis, each of continuously varying cross section. A
fiuid panicle passing through such a system will follow
a continpuvously curving tonieous path, Morcover, the -
speed of the particle will alternately increase and de- -
crease as the cross section of the channel through which
it flows becomes larger or smaller, Such a particle will
accordingly be seen to be in a continuous state of accel-
cration with the acceleration vector free to assume any -
possible direction in space.

Consider now the forces which act upon a small vol-
ume clement dV of this fluid. By Newton's second law

.of motion

dma=3dF, . . . . . . . .. (@D

where dm is the mass of the fluid, a the acceleration, and
XdF is the sum of all the forces acting upon the fluid
contained within dV. There are many ways in which these
forces may be resolved, but for present purposes it will
bé convenient to resolve them into a driving or impelling
force dF, and a resistive force arising from the viscous -
resistance of the fluid element to deformation, dF.. Eq. 27
then becomes

dma=dF,+dF.. . . . . . . . (28)
By the principle of D'Alembert we may aiso introduce
a force'dF. = — dm a, which is the inertia) reaction of

the mass dm to the acceleration a, and with this subsmu-
tion Eq. 28 becomes

dF-‘-dF+dF~—0 e e (2

Of these forces, dF,, which is imposed from without
and does not depend primarily upon the motion of the
fluid, may be regarded as the independent variable. The
forces dF, and dF, both owe their existences to the fluid
motion, and their effect is to impede that motion.

The relation of the separate terms of Eg. 29 to the
externally applied forces and the fluid motion are given
by the e¢quation of Navier and Stokes, which in vector
form may be written as follows:

pig — (1/p) grad p] dV = p (Dv/D1} dV

—ui{Vv+(1/3)vwwv]dV, . . . (30)
in which v is the microscopic velocity, and
p==(1/3) (a. + o, + .} is the microscopic pressure

at a point. The ¢'s are normal components of microscopic

‘stress.

The expression Dv/D! is the total derivative with re-
spect to lime of the velocity v, and is equal 10 1he accel-
cration a. This can be expanded into

Dv/Dp = %‘t-'-i- vy,

Fia. 6--Microscoric VIEws oF Two DyNaMICALLY
SimiLar FrLow SysTEMms.



in which the term év/2s signifying the rute of change of
the velocity at s particular point is zero for stecady motion.
The expression V-v, in the lost term of Eq. 30, is the
divergence of the velocity; and for an incompressible fluid
this also is zero. ‘

Since the flow being considered is the steady motion of
an incompressible Mtuid, Eq. 30 simplifies to

plg — (1/p) gradp] dV = p (v vv) av
—p(V\’)dV .o .o (3N

TRANSFORMATION FROM MIcroscoric 10
Macnroscoric EQuanons oF MoTtioN

Eq. 31 cxpresses the relation of the fluid velocity and
its derivatives in a small microscopic volume clement to
the applied force F, acting upon that clement. If we
could integrate the three terms of this equation with re-
spect to the volume, over the macroscopic volume AV,
und then convert the results into equivalent macroscopic
variables, our problem would be solved. In fact the inte-
gration of the first two terms presents no difliculty. The
total driving force on the fluid content of the vplume AV,
as obtained by integrating the microscopic forces dF,, is:

= [dFy = [ (pg — grad p) dV
fav .
={pg —pgradp) faVv.. . . . . (32)

where grad p is the volumetric average of the microscopic .

grad p over the fluid volume fA V.
From the macroscopic equations, the driving force F,
is given by:

Fo=pfaVE= plg— (1/p) grad p)faV. (33)
Then by combining Egs. 32 and 33,

I (pg — grad p) dV' = (pg — grad p) JAV
fnv ‘

=plaVig— (1/p)gradp], (34)
from which it is scen that the macroscopic grad p is equal
to the volumetric average, grad p. of the microscopic
grad p.

Integrating the inertial term:
F.= JdF, =p ((v9vdV
fav.
=1 p [ (udujox + v ?ll/av
f.f_\,V + wdu/oz) dx dy dz
+ 3 pf (uoviex + viv/ay
faVv -+ waev/ez) dedy dz
+« kp [ (uow/dx + vaw/oy
favV 4+ wewferydxdydz.
Since there is no net gain in velocity with macroscopic
distance, each separate integral of the expanded form of
Eq. 35 is cqual to zero, and we obtain for the volume ele-
ment AV,

(35)

F.= FdF. =0 . . . . . . . . (36
Then, in virlue of Eq, 36, .
TdRf. = pn [ OvdVv=~F, . . . . (37)
fav .
Ordinarily the evaluation of .
I Vv dV
Iav

would require a detailed considerition of the geometry
of the void space through which the flow occurs and of
the flow field within that space. This difficulty can be
¢ircumvented, however, and the integral evaluated excepl
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for a dimensionless factor of proportionality, provided
the flow field is kinematically similar for different rates

of flow.

CRITERIA OF SIMILARITY

Consider two_flow sysiems consisting of two geometri-
cally similar porous solids through which two different
fluids are flowing. The criterion-of geometrical similarity
is that if I, and J, are any corresponding lengths of the
two systems, then for every pair of such lengths

I/, = I, = const . e & 13

The criterion of Kinematic similarity is that if v, and v,
are the velocities at corresponding points in the two sys-
tems, the two velocities must have the same direction and
their magnitudes the ratio

vi./v, = v, = const .

Then, since the forces dF, and dF, acting upon a fuid
clement are each determined by the velocities and the
fluid density, or viscosity, and dF, is determined by dF,
and dF,, if the fiuid motions of the two systems are kine-
matically similar, all corresponding forces will have the

same directions and their magnitudes the same ratio -

(Fig. 6}.

Thus
(dF.)s _ (dF.), _(dF.). B
(dF.), (dF.), (dF.), (39)

Since only two of the three forces are independent, we
nced to consider the ratios of only the first two, and, by

reciprocation,

dF.\ _ (dF.\ _ 0
:F)‘TFF“(’

- . N
indicating that for each system the ratio of the inertial to
the viscous [orce must be the same,

From Eq. 31
(dF.)s _ ps (vOV), dV, a1y
{dF.), p (VoY) av,’ v e

(dFv)s = M (V’v), dV:

(dFy, W (V). dV, -

In Eq. 41 v-¥v expands into the sum of a series of

terms, each of the form n 3n/dx, which is a velocity
squared divided by a length. In Eq. 42 V'v expands into a
series of terms, each of the form &°u/3x°, which is a veloe-
ity divided by the square of a length. Then, since the
ratios of all corresponding velocities and of all corre-

sponding lengths of the two systems are constant, we may’

choose any suitable velocity and any convenient length.
We accordingly choose for the velocily the macro-
scopic flow rate g whose dimensions are {L’ L~ T}, or
[LT}). For the characteristic length we choose d, which
must be some convenient statistical length parameter of
the microscopic geometry of the system. With these sub-
stitutions the first two terms of Eq. 39 become

pgld;’ je e ds
;= R X ]
2] ql; dl. gy dl ( )
and, by reciprocation. Eq. 40 becomes
P f]:’ d=: = qufdl: ' | .
A d. o '
or
q.d. q, .
—_— = e . L L, .. (44
!-‘-:/P: ,“-n/Pl ( )



The dimensionless quantity (gd)/{;/p) is the Reyn-
olds number R of the system, which, as scen {rom jts deri-
vation, is a measure of the ratio of the incrtial to the vis-
cous forces of the system. Our criterion for kinematic
swiilarity between the two systems thus reduces to the
requirement that

N CE )

Now let us specialize the two systems by making

d; = d:. P:= P p2 = P,
which is equivalent to requiring the sume fluid to flow
through the same porous solid at velocities, g, and gq,.
However, when these values are substituted into Eq. 44,
we obtain
G = Gy

indicating that, in gencral, when the same fluid flows
through a given porous solid at two difTerent rates, the
resulting flow fickds cunnot be kinematically similar,

Howecver, since dF, is proportional to ¢° and dF, to g,
then as g is decreased ofF, diminishes much more rapidly
than dF,. Consequenily there must be some limiling value
of ¢ = g*,orof R = R*, at and below which the inertial
force «F, is so much less than the viscous force dF, that
the effect of the former is negligible as compared with the
latter. For flow in this domain we may then write

dF, = ~'dF,;
and the force ratios become
(dF.). _ (dF.), -
@F . WEg.t oot

whereby kinematical similurity is maintained for all rates
of flow q < g*.

(46)

INTEGRATION OF Viscous FoRrces

With this result established let us now return to the
integration of dF, over the volume clement fA V.
Td¥, = pli Jf QudV +jf IvdV
fav fav /av
+kfVwdVl. . . . . . . . (47
av :

In virtue of the fact that, by our choice of axes, 4, and
q. are both zero and there is no net flow in the y- or-2.
direction, the last two integrals to the right are both zero,
and Eq. 47 simplifies to

JdF, =ip [(VudV. . . . . . . (48)
fav faV

From our earlier discussion, so long as the flow remains
Kinematically similar for different rates, the quantity ¥°u,

. which is a velocily divided by the square of a length, is

related to the macroscopic parameters by
V= —alg/d), . . . . . . . {49)

where « is a dimensionless constant of proporiionality for
the element 7V but has a different value for cach different
element of volume, -

Substituting Eq. 49 into Eq. 48 then givés
SdF, = —ip(q/d) fadv = — LI jap,
fav . 1AV Nd
(50}
where 1/ is the average value of « over fav.
Substituting this result into Eq. 37, we obtain
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plg = (1/p) grad pl AV =.~ f dF, = N".}mv.

or
q= Nd& (p/n)lg~ (1/p) grad p], . . (51)

which is the derived Darcy's law in the same form as
Eq. 16 deduced carlier from empirical data,

DiscussioN oF DARCY's Law

The direct derivation of Darcy's law from fundamen-
tal mechanics affords a further insight into the physics of
the phenomena involved over what was obtainable from
the earlier method of empirical experimentation. It has
long been known empirically, for example, that Darcy's
law fails at sufficicntly high rates of flow, or at a Reyn-
olds number, bascd on the mean grain diameter as the
characteristic length, of the orderof R = 1.* -

At the same time one of the most common statements
made about Darcy's ]aw has been that it is a special case
of Poiseuitle’s law; and most efforts at its derivation
have been based upon various models of capillary tubes
or of pipes. It also has been known since the classical
studies of Osborne Reynolds* in 1883 that Poiseuille’s
law fails when the flow makes the transition from laminar

_to turbulent motion, so the conclusion most often reached

as to the cause of the failure of Darcy's Jaw has been lhal
the motion has become turbulent.

From what we have scen, this represents a serious mis-
interpretation and Jack of understanding of Darcy's law.
In the Darcy flow cach particle moves along a continu-
ously curvilinear path al a continuously varying speed, .
and hence with a continuously varying acceleration; in
the Poiscuille flow cach particle moves along a rectilinear
path at constant velocity and zero_acceleration. There-
fore, instead of Darcy’s law being a special case of Poi-
seuille’s law, the converse is true; Poiseuille’s Jaw is in
fact a very special case of Darcy's law, Another special
casc of Darcy's law is the reclilinear flow between paral-
lel plates. :

Consequently deductions conccrmng the Darcy-type
flow made from the simpler Poiscuille flow are likely to
be seriously misleading. The deduction that the Reynolds
number at which Darcy’s law fails is also the one at which
turhulence begins is a case in point. We have seen that the
cause of the fatlure of Darcy’s law is the distortion that
results in the fiowlines when the velocity is great enough
that the inertial force becomes significant. This occurs at
a very slow crecping rate of flow which, for water, bas
the approximale value of

g = d = (1 X 107 cm®sec™) (1/4) ,
cdrrespondlng to R* = 1, when d is the mean gtain
diameter.

Thus when d = 107 cm Darcy's law fails at a flow rate
q =1 cm/sec.

Since this represents the threshold at which the effects
of inertial forces first become perceptible, and since tur-
bulence is the result of inertial forces becoming predom-
inant with respect to resistive forces, it would be inferred
that the incidence of turbulence in the Darey flow would
occur at very much higher velocities or at very much
higher Reynolds-numbers than those for which linearity
between the flow rate and the driving force ceases. That
this is in fact the case has been verified by visual obser-
vations of the flow of water containing a dilute suspension
of colioidal bentonite through a transparent cell contain-
ing cylindrical obstacles. This system, when observed in

*
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polarized light, exhibits flow birefringence which is sta-

tionary for steady laminar flow but highly oscillatory
when the motion is turbulent, Observations of only mod-
erate precision indicate that theincidence of turbulence
occurs at a Reynolds number of the order of 600 or 700,
or at a flow velacity of the order of several hundred times
that at which Darcy’s law fails.

N
EXAMINATION OF THE SHAPE-FACTOR N

In Loth procedures uscd thus far, the factor N has
emerged simply as a dimensionless factor of proportional-
ity whose magnitude is a function of the statistical geo-
metrical shape of the void spuce through which the flow
occurs., For systems which are cither identically or sta-
tistically similar geometrically, N has the same value.
Beyond this we have little idea of the manner in which
N is related to the shape or of what its numerical magni-
tude should be, except as muy be determined -by experi-
ment. Let us now see if the value of N; at least to within
an order of magnitude, can be determined theoretically.

Since we have already seen in Eq. 50 that I/N = a,
where a« is the factor of proportionality between the
macroscopic quantity g/ and the microscopic quantity
T, it follaws that in order to delermine the magnitude
of N we must first determine that of the average value of
7. For this purpose, with the fluid incompressible, the
macroscopic flow parallel 1o the r-axis, and the inertial
forces ncaligible. only the y-component of the Navier-
Stokes Eg. 31,

" Fu | ¥ | u
pg. — /R =~ p (W Tt 5-2-) (52)
needs to be considered. When this is-integrated with re-
spect to the volume over the Muid space fAV, it becomes

— . a“
-_ X V= - ..r —— 4
{pg. — Cp/ox) /A [/ Vax dl
. e { u
s fAV o dl + jAl/E—-_- (IV]. - - co . (53)

Of the three integrals to the right, the. first, which rep-
resents the expansion of the fluid in the x-direction, is
zero; and from symmetry, the last two, both being the

integrals of derivatives with respect 10 axas at right angles,

to the flow, are cqual 10 cach other. In consequence, Eq.
53 1s reduced to the simpler form:

(m} AV = = 2u [ (8'u/0v°) dV
= — 2u (Ewu/ey’) fAV,

in which 8'n/2y’ is the average value of &1 /8y* throughout
the macroscopic volume element. Solving this for 8°u/ey’
then gives

(Fu/ey’y = — (1/20) (ps. — Op/ox). . (54)

Qur problem now reduces to one of atlempling to
determine the average value of #n/8v7 for the system in
terms of the kinematics of the flow itself. If we extend any
ling through the system parallel to the y-axis, this line will
pass alternately through solid and Muid spaces. At each
point on the line in the Nuid space, there will be a particu-
lar value of the x-component 1 of the velocity, which will
he zero at each fluid-solid contact, but elsewhere will have
finite, and wsually positive, values giving some kind of a
velocity profile across euch fluid gap. If this profile for
cuach gap could be determincd, then we could also com-
pute 2'u/2y" at each point on the line and thereby deter-

mine #u/oy" for the line, which, in a homogeneous and

VAL, 20T, Va5 e

isotropic system, would also be lhc average value’ for a
volume,

To attempt to do this in detail would be a stalistical
undcrlakmg beyond the scope of the present paper. As a =
first approx:maxlon however, we may. sumpllfy the prob-
lem by assuming:

. That all the gaps are equal and of width 2%,
where A is the average half-width of the actual
gaps.

2. That through cach gap the velocity profile sat-
isfics the differential equation

i Pufoy = dufay = —C . . . . (35)

3. That the total discharge through the averaged
gaps is the same as that 1hroug]1 the aclua]
gaps.

The velocity profile for the averaged gaps can then be
obtained by integrating Eq. 55 with respect to y. Taking
a local origin of coordinates at the middle of the gap,
and integrating Eq. 55 twice with respect to y, we obtain

u=—-Cyf2+Ay+8B,. . . . . (36)~
in which 4 and B are constants of integration. Then,
supplymg the boundary conditions, ¥ = 0 when y =

+ X, gives

= —-CX/2 X AN+ B
from which
A=0,B=CX"/2.
Substituting these into Eq. 56, we obtain
wu=(CRYN ~5) . . . . . . (5D

as the equation of the parabolic profile of the aver-
aged velocily across the avcrnged gap.

The mean value, u, of u across this gap is given by

=

by
" [- wdy = -J]r ~y') dy = CX/3.
d o -
. . . . (58)
Thcn, replacm" C by (1/2;:.) (pg. — 9p/ox) from
Egs. 55 and 54, we obtain

S AP —
6 " lgx (l/P) aP/C'XI M * ' . (59) )
This can be converted into terms of the macroscopic
velocity, g., by noting that for a macroscopic length
of line [ normal to the flow direction

gl = 2u IA,

or .
=2 EM) =Huf, . . . . . . (60)
where / is the porosity.
With this substitution Eq. 59 becomes

(;,:L‘_'.:—".‘.rg.'_—(l/p)a‘n/a.rl . . (61)

6
or, more generally,
..=% L. k= /) gradp) . (62)

which is a statement of Darcy's law that is valid to
the extent of the validity of the averaging approxima.’
tion used in its derivation.



In this, it will be noted that the geometrical factor
(f//6) A’ represents the permeability, so that

k= (J/6) X = Ne X',
or .
- =6 . 0 o o oo L (83)

\ —
where N7 is the shape factor corresponding to A as the
characteristic length of the system,

DETERMINATION OF A

The mean half gap-width X along a linear traverse
can be determined in either of two ways. The most ob-
vious way is by dircct obscrvation by means of microme-
ter measurements along rectilinear traverses across a
plane section of the porous solid.

Of greater theoretical interest, however, is an indirect
method duc to Corrsin® Instead of a line, let a rec-
tangular prism of cross-sectional area &, where § can
be made arbitrarily small, be passed through a porous
solid which is macroscopically homogencous and iso-
tropic. This prism will pass alternately through solid
scgments and void segments. Let # be the number of
each which is traversed per-unit length, Then the num-
ber of intersections with the solid surface per unit
length will be 2n, and if a is the average area of the
solid surface cut out by the prism at each intersection,
the total area per unit length, d3, will be

AB=2nma. . . . . . . . . . (64

If a parallel family of such prisms is made to fill all
space. the number per unit area perpendicular to the
axis oof the prisms will be 1/8% and the solid surface in-
tersecied per unit volume will be

B=2n(a/&) . . . . . . . . . (65

In addition, the total Jength of the void spaces per
unit length of line will be

. 2n X = FR )
or ' - !
n=fA2A) .. . . . . . . . . (66)
Subsmuung the value of n from Eq. 66 into 65 and
solving for X then gives

-_1 a

Since f and f# can be measured, the value of A cou]d
be determined if a/8° were known.

The latter can be determined in the following man-
ner: A homogeneous and isotropic distribution of the
internal surface §, inside a macroscopic space, implies
that if ail equal clements 45 of the surface were placed
without rotation at the center of a reference sphere,
their normals would intersect the sphere with a uni-
form surface density. Then, with the normals fixed
in direction, if the surface elements were all moved
equal radial distances outward, at some fixed radius
they would coalesce to form the surface of a sphere. If
the prisms of cross-sectional area §°, parallel to a given
line, were then passed through this sphere, the aver-
age value of a/8° would be

_ ~
‘a/8’=;,—;; T . (68)

2nd, when the summation includes one whole hem-

—_— - arca of hemisphere 2nr
L 8' = E o— = N
a/8’ = a/¥’. area of diametral plane nr 2

Iniroducing this result into Eq. 67 then gives

X=2/B. e e .. (1)

A mcthod for measuring £ has been described by
Brooks and Purcell,” but for present purposes the data
on randomly packed uniform spheres, for which 8 can
be computed, will suffice. For such a system, with n
s_phercs per unit volume,

_ area of spheres _ n.4=r ;__3(1—})'
B= total volume  n i‘rﬁ r

1 =7 73

_6(1 =1

=2 D)

where d is the sphere diameter.

Then, introducing this result into Eq. 70, we obtain
for packs of uniform spheres
—
r-n

by L L (T

and
-l\—= — f
S(1L = f)y
COMPARISON WITH EXPERIMENTAL DaTa

R Y & )

In order to compare the value of Ni correspond-
ing to the characteristic length X, with N,, corresponds
ing to the sphere diameter d, we must first establish
the relation between N7 and N.. Tl'us ‘can be done by
noting that, by definition,

NiX'=N. &=k,
where k is the permeability of the system. Consequently
Ne=NJ(@/AY . . . . . . .. (19

Then, introducing the valie of /X' from Eq. 73
into Eq. 74, gives for a pack of uniform spheres
9(1 ~/)*

f .

The value of N, for well-rounded quariz sands,
screened to nearly uniform sizes, has been determined
by the auther’s former rescarch assistant, Jerry Con-
ner. Using packs of different uniform sands with mean
grain diameters ranging from 1.37 X 107 to0 7.15 X
107" ¢m, Conner made seven independent determina-
tions of N,. The average value obtained was

Lo Ne=60X100, L L L L (76

with individual values falling within the range between
5.3-X 10" and 6.7 X 107",

Conner did not determine the porosity, but the aver-
age value of the porosity of randomly packed, .uniform .
spherical glass beads found by Brooks and Purcell’ was
0.37. Inserting this value of £, and Conner’s value of
N,, into Eq. 75 then gives for the eqmvaicm experi-
mental value of Ny: :

T=202N,= 157X 100 . . L. (TT)

Comparing this experimental result with the approxi- | -

mate theoretical result of Eq. 63, it will be seen that .
Ny (thcoreucal) /6
N7 (observed)  1.57 X 10°

Ne = Y )]

=4. . (78)



Since our object at the outset was merely to gain
some insight into the nature of the shape-fuctor N
occurring in Darcy's law, no particular concern js to
be felt over the discrepancy in Eq. 78 between the ob-
served and the theorctical values. All that this really
indicates is that the system of averaging required should
be better than the oversimplified one actually used. For
u more complete analysis, account nceds ta be taken of
the frequency distribution of the half gap-width A, and
also of the functional relation between « and A. The
fact that our approximate analysis yiclds a result in er-
ror by only a factor of 4 makes it appear promising
thal if account is taken of the variability of A and of
u as a function of A, much hetter approximations may
be obtainable.

Darcy's Law ForR CoMPRESSINLE FLUIDS

Qur analysis thus far has been restricted to the flow
of incompressible fluids for which the divergence term,
— (1/3) u ¥ ¥ - v, couid be eliminated from the Navier-
Stokes equalion, For the flow of a compressible fluid,
this term must be retained, and with the flow parallel
to the x-axis,

4 & B & TR O AR Fw ’

tTe J[?: axr By 3 * E(axay + axaw)]‘"/ ’
fav . . R 1)
of which the lust two terms are cqual to zero, leaving

] 4 &°n | du | du
Fa= J(i&ﬁ et ez)dv
or av : .

]
Fo= = 20 [(2/3)(2u/ex’) + (Fusey))faV.
O €1t

Here, '1/éx’ represents the gradient of the divergence
of the velocity in the x-direction, or the rate of the fluid
cxpansion. Should this term be of the same order of
magnitude as 2'1/8y", and if the flow of a gas through
the porous system is otherwise similar (o that of a liquid,
then the viscous resistance 10 a gas should be greater
than that for a liquid of the same viscosity.

To compare the two terms 2°u/ex’ and 2°u/2y’, it wu]‘

be noted that each is of the form: velocaty/(length)
\We have already seen that

Futy s~ dnNE — /N,

indicating that the magnitude of this term is determined
by the fact that large variations of w in the y-direction
take place within the width of a single pore. Compar-
able variations of i in the x-direction, however, due 10
the expansion of the fluid, occur only in fairy large
macroscopic distances. Consequently, we may write

Fusex’ = d’q/ox' = g/r,

‘where ! is a macroscopic distance. The ratio of the two
terms is accordingly

dusext X

o ujey’ r

Then, since > > X‘, it follows that the additional

fr_ictionnl drag caused by the divergence term is negli-
gible, and this term may be deleted from the cquation.

We cenclude, therefore, from this approximate analy-

sis, that Darcy's law in its diflerential form is the
same for a gas as for a liquid, provided that the flow

(81)

VOL, 207, 1980

behavior of a pas in small pore spaces, other than ex-
pansion, is similar 1o that of a liquid,

It has been conclusively shown, however, by L. J.
Klinkenberg® that the two flows are not similar, and
that, n general, k,, the permeability to gas based on
the assumed validity of Darcy’s law for gases, is not
equal to k; the permeability to liquids; and, in fact,
is not cven a conslant.

In the case of the flow of a liquid through small
pores, the microscopic velocity v becomes zero at the
fluid-solid boundary, for gas flow, on the contrary,
there cxists along the boundary a zone of slippage
of thickness §, which is proportional to the Jength of
the mcan-free puath of the molecules. Consequently the
gas velocity does not become zero at the boundaries,
and the frictional resistance to the flow of gas is less:
than that for a liquid of the same viscosity and macro-
scopic velocity.

Since § is proportional to the mean-free path, it is
also approximately proportional to l/p Consequently
when the gas permeability, k,, of a given porous solid
is determined with the same gas at a number of differ-.
ent mean pressures, the resulting values of k,, when
plotted as a function of 1/p, give & curve which is ap-
proximately linear with 1/p. Moreover, dificrent gases,
having different mean-free paths, give curves of differ-
ent slopes. The limiting value of &, as 1/p— 0, or as
p becomes very large, is also equal to k,, the permea-
bility obtained by means of a liquid (Fig. 7).

In view of this fact it is clear that, in general, the

. fiow of gases through porous solids is not in accord-

ance with Darcy's luw.” However. from Klinkenberg's
data, at pressures greater than about 20 atmospheres
{2 X 10° dynes/emy’, or 300 psi), the value of k. differs
from k, by less than 1 per cenl. Therefore, since most
oil and gas reservoir pressures are much higher than
this, it can be assumed that gases do obey Darcys law
under most reservoir condmons

FIELD EQUATIONS OF THE FLOW OF FLUIDS
THROUGH POROUS SOLIDS

The establishment of Darcy’s law provides a basis
upon which we may now consider the field equations -
that must be satisficd by the flow of fluids through
porous solids in general, three-dimensional space. This
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F1G. 7—V\ ARIATION oS A FUNCTION OF 1/p OF THE APPAR-
ENT PERMEABILITY OF A GIVEN SOLID oS DETERMINED
BY THE DIFFERENT GASES, THE VALUE OF 2.75 ‘MD, As
(1/p) TENDS TO 0, IDIFFERS BUT SLIGHTLY FROM THAT
OF 2.55 Mp OBTAINED Using & Liquip (AFTER L. J.
KEINKENBERG, AP! Drill. and Prod. Prac., 1941). -
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problem is complicated, however, by the fact that the
Auids considered may be cither of conslant or of var-
iable density; that one or several different fluids, cither
intermiacd or segregated into separate macroscopic
spaces, may be present simultancously; and that all de-
grees of smiuration of the space considered are possible.

The problem of dealing with such cases becomes
tractuble when we recognize that the behavior of each
different fluid can be treated scparately. Thus, for a
specificd fluid, there will exist at cach point in space
capable of being occupied by that fluid a macroscopic
force intensity vector E, defined as the force per unit
mauss that would act vpon a macroscopic clement of
the fluid if placed at that point. In addition, if the
fluid docs occupy the space, its mucroscopic flow rate
ut the given point wili he indicated by the velocity vec-
tor y, the volume of the fluid crossing uvnit arca nor-
mal to the flow direction in unit time.

We shall thus have for cach fluid two superposed
ficlds, a field of force and u field of flow, each inde-
pendently determinable, The equations. describing the
propertics of each ol these ficlds, and their mutual in-
terrelutions, comprise the ficld cquations of the system;
these in turn, in conjunction with the boundary condi-
tions, determine the nature of the flow.

Tre FIeLp oF FORCE

We have seen already that the forcc per unil mass
is given by ) :

E=pg—(I/p) grad p ., . . . . . (15)
and the force per unit volume by
H=pE=pg—~—grad p. . . . . . {17

Either of these force vectors could be used, and cither
is determinable from the other, but before choosing

onc in preference to the other, let us first consider the

properties of their respective fields, of which the most
important for present purposes is whether or not the
field has a potential. To simplify our analysis we will
make the approximations thal

g=const, - . . . . . . . . . (82)

amd for chemically homogencous liguids under the
range of temperatures and pressures normally encoun:
tered in the earth (o drillable depths,

p=const. . . . . . . . . . . (83)

For gases, on the other hand, we shall have an equa-
tien of state

p=Hp, TY . . . . . . L L . {84)
where T is the absolute temperature.

- - 1 . .
The vector E has a particular value at each point in
space and the ensemble of such values comprises its

vegtor field. The criterion of whether this field has a

potential, that is to say, of whether
E= - grad ¢,

where <& is a scalar field, is whelher the field E is irro-
tational, which can be determined from its cur]. From
Eq. 15,
curt E = curl [g — (1/p) grad p)
=0 g - K1) Opl
As s well known, the gravity field is irrotational
even without the assumption that g = const, so that

-3

¥ X g = 0. Also

-V X [(1/p) Vpl= — V(l/p) X Vp
—(1/p) VX Vp
= - v(l/p) X Vp.
Consequently

curl E= — 9(1/p} X Vp=Vp X 9(1/p),
e €31

50 lhat
curl E=0 when Vp X V(1/p) =0 . (B6)

Therefore, in order for the field to be irrotational, and

_hence derivable from a scalar potentinl, it is necessary

cither that ¥p = 0, corresponding to constant pres-
sure, or V(1/p) = 0, corresponding to constant den-
sity, or clse that the vectors Vp and V(1/p) be collincar,
corresponding to a coincidence of the surfaces of equal
density and equal pressure,

The second of these three cases is satisfied by a
liquid of constant density, and the third by a gas whose
density is a function of the pressure only, such as oc:
curs under ecither isothcrmal’ or adiabatic conditions.
For the general case, however, of a gas for which p =
f(p, T), and the surfaces of equal temperature do not
coincide with those of equal pressure, then the sur-
faces p = const will also not coincide with the surfaces
p = const and we shall have two intersecting families
of surfaces, (1/p) = const, and p = const, for whlch
Eq. 85 apphes.

This is the condition corresponding to thermal con-
vccnon, and the fluid will have a convective circula-
tion in the direction that will tend to bring the surfaces
of equal density into coincidence with those of egual
pressure, with the less dense fluid uppermost,

Hence, subject 10 the condition that either p = const,
orp = f(p), .
cul E=0and E= ~grad®. . . . (87)
The value of ¢ at any arbitrary point P in space
(Fig. 8) is then obtained by

P 9
P(P) =&(P) — [ E, ds
P,
P s
=oP) — § e - (1/p) ea—"] ds
. P. 5

=<1>(P)+ f gdz + f
0 p.f’

P
P(P) +gz+ an.

P F |
T €:1:
where the integral from P, to P is taken along any path-
5. Then by setting ¢(P.) = 0 when z = 0 and p, = 1
atmosphere, we obtain.

)

7 " .
SRy =pz+ S (89)

. o U
where p is now the gauge pressure, or the absolute pres-
sure less 1 atmosphere.

If the fluid is incompressible and chemically homogen-
cous, this reduces to the simpler form . .
FFor this case, if a manometer is tapped into the sys-
tem at the point J, the height & above the level z = 0,
to which the liquid will rise, will be

h=z+p/pg,..:.....(9l)
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FirLp or TForce E,

from which it follows that
gh=gz+p/p=C , . . . . . . (92)
in agreement with our eariicr definition of ¢ in Eq. 14.

If the fiuid is incompressible and chemically inho-
mogeneous, as in the case ‘'of water of variable salinity,
the density p will not be a function of pressure only,
and, in gencral, surfaces of constant density will not be
parallel to surfaces of constant pressure. For such a
svstem curl E %% 0, und no potential cxists.

We thus see that, with the exception of cases of ther-
mal convection, and of inhomogeneous Jiquids of var-
iable density, the fields L for both liquids and gases
are irrotational and are derivable from a potential @,
Since E is a force per unit of mass, then ¢ is an energy
per unit of mass, and represents the work required to
transport the given fluid by a frictionless process along
a prescribed (p, T)-path from a standard position and
state to that of the point considered. Surfaces & = const
are accordingly cquipoteniial surfaces, or surfaces of
constant energy of position, and the fluid will tend to
flow from higher to lower poltentials or energy levels.

The field of force per unit volume, H, can he dis-

posed of summarily. Since

=pg—grad p,
then
curl H= v X (pg) — v X ¥p
=VpXg+tp? Xg—V XVp.

But, since ¥ > Vp and ¥ X g are each zero, then

cul H=VpXg. . . . . . . . (99

This is zero only when p is constant or when the sur-
faces of constant density are horizontal. The last con-
ditton never occurs except when the fluid is at rest or

when the motion is vertical. Hence, for motion in any |

direction other than vertical, the field of the vector H
does not have a potential except when the density of the
fluid is constant. For the special case of constant density,
H=-—gradIl, . . . . . . . . (94)
where
M=pb=pez+p. . ., . ., . . . (99
is _lhe energy per unit volume of the fivid at any given
point.
In view of the fact 1hat the field E has a potential for
both liquids and gases 'under the conditions specified
above, whereas, in general, the field H has a potential

VOL., 207. 1950

'whcrc Pov Py s e

;

only for the speeial case of liquids of constant density,

‘then there is no advantage in using the-latter in pref-

erence o the former, and henceforth it shall be dropped
from further consideration,

The gencrality of the field of force, as herein de-
fined, mcrits attention, The force vector E for any given
fluid not only has values in space occupied by that fluid,
but also in any space capable of being occupied by the
fluid. At a point in air, for example, the force E. for
water would be

E. =g - (1/p.) grad p,
and since, in air, grad p is p.., 8. then

E,=%ggg. S ... (96)
The field E for a given fluid thus extends throughout |
all space of conlinuous permeability. When scveral
fluids are to be considered, then at each point in space
there will be a different value of E, for each separate
Nuid, given by:

E,=g~(l/p) gradp ,

E:=g—(1/P)BradP' }. . (97)

II

E.=g— (1/p.) gradp . .
The vectors E for the separate fluids of different den-

sities will differ among themselves, both in magnitude . '

and direction, but will all fall in the same vertical plane, -
that defined by g and - grad p (Fig. 9).

Similarly the potentials of different fluids at the same
point will be:

T, = gz + _f (dp/m) ’
=gz fldp/p) | (98

gz + f (dp/pa) )
.p. ate the variable densities of the sep-

3,

arate fluids.

Since the equipotential surfaces {or the separate fluids
must be normal to the respective vectors E, then it fol-
lows that the eqmpmcnl:al surfaces of different fluids
passing through a given point will not be parallel to
one another, although they will all intersect along a line
normal to the (g, — grad p)-plane

THE FIELD oF FLOW

We have already defined the flow vector q for a
space which is entirely filled with a single fluid. For
a space which is incompletely filled with a single fiuid,
or is occupied by two or more intermixed fluids, then
there will be two or more superposed flow fields, not
in general in the same direction, and a separate value of
4 for each separatc fluid,

The principal condition which must be satisfied by
the field of flow independently of the field of force is
that it mwst be in-accord with the principle of the con-

. servation of,mass. Thus, if a closed surface, §, fixed

with respect to the porous solid, is inscribed within the
field of flow, then the total net outward mass flux of
any given fluid in unit time will be equal to the diminu-
tion of the mass of that fluid enclosed by §, assuming
that processes which create or consume the given fluid
are forbidden. .

This condition is expressed by

If pgudS==2mme . . . . . . (99)
s . .






JR U

y—-

where g, is the outward-directed normal component of
q, and 1 the mass enclosed (Fig. 10).

In the case of a $pacc completely saturated with the
\ "aiven fluid, by dividing the integral (Eq. 99) by the
volume V and then letting V tend to zero, we obtain

() , . Hm 1 - _ lam
div pq V0TV fqu.d.S‘ AT

{100)

“which is lhc rate of loss of mass per unit macroscopnc
volume at a given point, Then, since,

dm/dt = fV (3p/e1) ,
Eq. 100 becomes
divpq = = f(&p/fot), . . . . . . (i01)

which is the so-called “cquation of continuity” of the
flow. If the motion is steady, then 8p/@t is zero, and
the equation simplifies 10

divpq=0. . . . . . . . . . (102)
When this is cxpanded it becomes
divpq=V.pg= Vp.q+pvV.g=0,

and when p is constant over space, corresponding to |
the flow of a homogeneous liquid, 7p = 0, and

divg=0 . . . . . . - . . . (103)

_ Qrod p/
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F1G, 3—FORCE VECToRS E AT THE SAME POINT CORRE-
SPONDING TO FLUIDs oF DIFFERENT DENSITIES.

ReLATION BETWEEN FIELL OF FORCE
aND FiELD OF FLow

In a space completely saturated by a ainglé fluid,
the field of flow and the field of force are linked to-
gether by Darcy’s law

=gE , . R I (104)
which, in those cases for which curl E = 0, becomes
q=—egradd, . ., . . . . . . (105)

If the solid is isotropic with respect to permeability,
the conductivity « is a scalar and the flowlines and the
lines of force will coincide; if the solid is anisotropic,
will be a tensor and E and g will then differ somewhat
in direction except when parallel to the pnnc:pal axes
of the tensor.

Limiting our discussion to isotropic syslcms by tak-
ing the curl of Eg. 105, we obtain

curtig= —V X agVd = —~ Vo X VP —- oV X VI .
" Then, since the last term to the right is zcro, this be-

comes
curl g=—=VeX VP, . . .. . (106}

which is zero only when ¢ is constant throughout the
field of flow. Therefore, in general,

curtlgq==0, . . . . . . . . . Q07

and this circumstance precludes the derivation of the
flow field from an assumed velocity potential, for, with
the exception of the flow of -2 fluid of .constant density
and viscosity in a space of constant permeability, no
such function exists,

The flow of a given fluid through a porous solid
incompletely saturated with that fluid is equivalent to
flow through a solid of reduced permeability, because
the space available to the flow diminishes as the sat-
uration decreases. ,For saturations greater than some
critical minimum value, the flow obeys Darcy's law
subject to the permeability having this reduced, or so-
called, “relative-permeability” value. Thus, with {(wo
interspersed but immiscible fluids in the same macro-
scopic space, .

q. = 0. E = o lg — (1/p.) grad pj } (10'8)’ '
g: = 0nE, = oulg — (1/p.) grad p]
where o,, and o,, are the relativc,conductivitics' of the .
two fluids.

It will be noted thai, except for vertical motion.
E, and E; arc not parallel. Consequently the two force
fields and flow fields will be, in general, transverse to

" one another.

Pioneer work on relative permeability as a function
of saturation was done ‘on the single fluid, water, by
L. A. Richards’ in 1931. Subsequently studies of the
simultaneous flow of two or more fluids were initiated
by Wryckoff and Botset,” and by Hassler, Rice'; and
Leeman® in 1936, Since that time many other such stud-
ies for the systems watcr-oil-gas have been published.

Onc flaw which has been common to most of these
multifluid experiments has been that the cxperimental
arrungements and their interpretation were usually based
upon the premise that the flowlines of the various -
components are all -parallel and in the direction
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REGISTRATION CARDS

You have jusl joined the growing group of discriminating technicians, engineers, and scien-

tists who have chosen Ruska Instruments,

To insure the best possible afier-the-sale service, please lill in the postage paid reglslrahon

card below and mail it as soon as possible.

After putting your instrument or system in service, the second “follow-up" card should be
completed and maliled. This will assist Ruska in its continuing effort to provide the best in-

strumenis and service to our valued customers,
Thank you again for choosing Ruska,

! FOLLOW-UP CARD
DATE:

COMPANY NAME AND ADDRESS

YOUR NAME AND TITLE _

INSTRUMENT ORSYSTEM NUMBER __ : SERIALNO.

WHAT 1S YOUR APPLICATION?

WHY DID YOU CHOOSE RUSKA?

IS YOUR INSTRUMENT PERFORMING AS EXPECTED? YES O

NO 3

iF NO, PLEASE DESCRIBE

ARE YOU INTERESTED IN OTHER RUSKA PRODUCTS? YES O

NO O

PLLEASE DESCRIBE REQUIREMENT

THANK YOU!

MAIL TODAY WARRANTY
REGI$TRATION CARD
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TEST REPORT

PRESSURE TEST

Description of Apparatus Tested UNIVERSAL POROMETER

Model 1053-801 Serial Number 27449 Mfr. RUSKA
FOR

INSTITUTO DE INVESTIGACIONES ELECTRICAS

n

MEXICO
Customer's Order No. 0736 ____. Job No. mp 6348 0
- E-00048
PRESSURE TEST SPECIJFICATION NO. ER-171

_ SEECIFIED. TESTED
Working Pressure ‘ 1,000 psi
Test Pressure ' ' - . 2,000 psi 2,000 psi
Working Temperature Ambient Ambient
Duration of Test 10 minutes 10 min.
Number of Cycles Cne 1
Test Fluid — Nitrogen GN,
Test Gage Bourdon Tube PG-137
Accuracy of Gage 2% 2%
NBS Traceability Test No. 194533

Description of Test  Before the gage was attached, the unit was
proof-pressure tested in the Ruska blockhouse.

Test Completed, Date (p- JTacy —€D Observerﬁ@_m&“é;

Responsible Officer @ZQL_’,[{
Title V. P. Technical Services
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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 and 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
targe number of cores. Rugged construction
makes it equally suitable for use in the field.

The porometer consists of a 100 cc
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%" long and 1%" in diaméter. 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
O-ring seal 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 scales and dial provide direct
readings of volumes to 0.01 cc. The base,

- which is functionally designed, has mounting

holes 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/cm?. This procedure is then repeatéd 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

N1 !
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_air, 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 pore volume is
obtained by measuring the volume of mercury
forced into the pore spaces at high pressure,

reservolr engineering

instrumentation

the volume of mercury injected to compen-
sate for air entrapped in the pore spaces at the
reference pressure. Therefore, 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.

usuaily 750 psi.or B0 kg/cm?. 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

ORDERING INFORMATION

DESCRIPTION

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

BOYLE’'S LAW POROMETER, with 4 kg/em? 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

MERCURY INJECTION POROMETER, with 1000 psi gage, complete with
tools, 6 spare pycnometer gaskets, and operating instructions, evacuated and
filled with mercury.

DIMENSIONS: 10 x 8" x 29" WEIGHT: 50 pounds

MERCURY INJECTION POROMETER, with 60 kg/cm? gage, complete
‘with tools, 5 spare pycnometer gaskets, and operatlng instructions, evacu-
ated and filled with mercury.

DIMENSIONS: 10" x 8" x 29" WEIGHT: B0 pounds

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

UNIVERSAL POROMETER, with one each 4 kg/cm? and 60 kg/cm? gage
and with cut-off valve for the 4 kg/cm? gage, complete with tools, 5 spare

pycnometer gaskets, and operatmg instructions, evacuated and filled with
mercury.

DIMENSIONS: 10" x 10" x 29"

PHODUCT NO.

1051-801-00

1051-805-00

1052-801-00

1052-805-00

1053-801-00

1053-805-00

WEIGHT: 54 pounds

ORDER BY PRODUCT NUMBER

All jHusirations and spemfncauom in this literature are based on the lmtest product information evailabla st the time of
publicetion approvel, The right is reserved 1o meke changes at any time without notice in pnces, spacihcanons and models, and
also to discontinug models,
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OPERATING INSTRUCTIONS

RUSKA UNIVERSAL POROMETER

‘|, DESCRIPTION OF THE INSTRUMENT

The Ruska Universal Porometer is a versatile, accurate apparatus for
determining porosity of consolidated porous bodies such as cores from '
subsurface geclogic strata. The porometer lends itself to use by two ‘
methoeds: the Kobe or Boyle's Law heThod and the mercury injection meThod,,,n
each having its particular advantages. The ease of operation makes THis'f
instrument especially suitable for use in core analysis laboratories which
process large number of cores. Rugged construction makes it equally suita-

ble for use in the field.

The porometer consists of a |00 cc volumetric mercury pump, to which
a2 pycnometer is attached. The pump has a,precisiqn ground and honed, hard-
chrome plated, stainless steel plunger and an alloy steel measuring screw.
The chamber ot the stainless steel pycnometer has a volume_of approximately
50 cc and admits cores up to 14" long and I%" in diameter. The porometer
is turnished with one or two test quality pressure gages, with.ranges de-

pendant on the method of operation.

The pycnometer |id has a rapid acting breach-ioék closure with an "O"
ring seal. A needle valve in 'the lid opens the chamber to atmosphere. The
movement- of the pump metering plunger is indicated on two scales. The
right and left hand scales provide, respecfivély, decreasing and increasing
readings with the %orwafd stroke of the plunger. Both scales are graduated -
Tg read the plungeﬁ displacement in cubic centimeters. The handwheel dial
is graduated in 0.0l cc subdiQisions and permits estimation of plunger dis-
placement to 0.00l cc. The right hand scale, which has decreasing gradu-
ations, is used for all volume measurements during determination of porosity

by the Kobe method. Additionally, the right hand scale is used to provide

1053
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bulk volume readings when the mercury

injection method of porosity measurement is

used. The sole function of the left hand

scale, which has increasing graduations, is
to indicate the pore space volume when the

mercury jnjecTiOn method is used. The right

hand and left hand scales are respectively
referred to as the YOLUME SCALE AND PORE
SPACE SCALE. The numbers on the voiume scale

éVplume Scale

<;Pore Space Scale
p

L ‘ slant right and those on the pore space scale

/ Dial " slant left, facilitating selection of the

o p
8 v 0 g
_(,—fﬁ V[ (~— corresponding numbers on the handwheel dial:
: those sianting right supplement volume scale

readings and those slanting leff suppiement

FIGURE i pore space scale readings.

To aveid reading erreors due to backlash between measuring screw and
nut, all readings must be faken on the in-stroke. |f a volume measurement
has been overshot, the operator should back off at least one handwhee! turn

and take a new reading.

2. PREPARATION OF THE INSTRUMENT FOR SERVICE

The pycnometer is readied for service by thorough evacuation and
subsequent filling with mercury, using the arrangement shown on Page 3.

Approximately four pounds of mercury constitute a proper charge.

The pycnometer lid is locked in position and its valve closed. The
pump plunger is withdrawn.so as o creatfe a void_space'in the pump cylin-
der of 45-50 cc., After opening the pinch clamp on the vacuum tubing and
the i1l valve in the cylinder end, the porometer system and mercury-filled
flask are evacuated for oné to two hours. The manometer is used for leak

detection and measurement of vacuum etficiency.
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Porometer

‘ FIGURE 2

.When & satisfactory vacuum (i.e. no manome+eE?dé+ecTabIe preésure
exists in system) has been maiﬁTained for the prescribed period, the pinch
clamp is closed.  The ﬁercury flask is then inverted and raised above the
porcmeter. |f evacuation has been complete, mercury will gravitate into
and till the void space in the entire porometer system. The fill valve is
closed and the pycnometer valve opened, thereby relieving the sysfem vacuum

without allowing air to enter the pump cylinder.

The plunger is withdrawn a short distance and: ‘the pycnometer Iid re-
moved. Foreign matter which may have coilected on the mercury surface in’
the pycnometer should be removed. The pycnometer is now ready for the

operation discussed in Sections 3, 4, and 5.

If{ in the course of opéFaTions, air is inadvertently admitted into the
pump cylinder, the system must be evacuated essentially as desérjbed. How~ .
ever, at the outset, the pycnometfer valve fs left .open with the vacuum pump
operating. Air will then displace mercury from fhe.sysTem until the
‘mercury level dHops below the filt! valve. Subsequéhffy, when the pycnome-=
+er valve is closed, mercury blocks in the porometer or éonnecTing tubing
will have been precluded, and. fotal vacuum will be attained in the entire

system.’ ' '
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Only in fthe event a vacuum source is not avaliable should the porometer
be charged 6Ther than in The previously aescribed mannér. When such is the
case, It is tilled with approximately tour pounds of mercury through the p?c—
nometer. The mercury is drawn into the pump cylinder by withdrawal of the :
plunger with mercury present in the pycnomeTer.‘ After charginglfhe requisite.
amount of mercury, the pycnometer lid is locked in position, mercury broughf
up to the pycnometer valve seat, and the valve closed. To remove the frapped
air, the porometer is tilted backwards until The face of the pressure gage is
horizontal. By alternately moviﬁg The plunger in and guT of the cylinder,
first pressure and then suction is applied in the gage énd sysTém. Air trapped
in the gage, as well as other parts of The.sysTem, is displaced by mercury |
and collects in 2 recess behind the packing gland. By bringing the instru-
ment into its correct position, *his 2air can be expelied into The/pycﬁomefef
and subsequently released. |1 will be necessary to repeat this procedure

» several times to reduce The‘vdlume ot 1Eapped air to an ‘acceptable level,

At the first opportunity, the porometer should be vacuum charged in
the prescribed manner so that maximum accuracy in expérimenTal results will

be obtained.

3. DETERM|NATION OF BULK YOLUME

The volume scale and handwheel dial provide direct readings in cubic. .
centimeters of the bulk volume of 2 solid body, porous cobject, or core en-
closed in the pycnometer. The bulk volume can be measured rapidly and
accura1ely because of the design features and factory adjustments of the
porometer. 1in particular, the preseTT:ng of the traveling yoke stop ta-
cilitates measurements, |f The ‘volume scale is engaged with the stop when
the pycnometer is empty and the Handwheel dial is correctly set, a volume
scale reading of zero will be obtained when the pycnometer is tfull of mer-.
cury. That is, the scale reading will be zero when the forward movement ot
the pump plunger has displaced'mercury into the empty pycnometer up to.the

seat of the pycnomefer valve. The pycnometer is considered to be empty when
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mercury is just visible in the bottom and full when the first droplet of

mercury appears in the valve seat,

The void vo{ume of'a closed, empty pycnometer is approximately 50 cc.
The exact volume is determined by tactory calibration, and the yoke stop is
set accordingly. For example, it The célibraTed volume is 49.15 cc, the
yoke stop is preset with the pycnometer empty so that a volume scale read-
ing slightly more than 49 c¢c 15 obtained when the scale is engaged with the
stop. The'insfrumenT is then readied for operation by simply édjus*jng The

handwheei dial to read 15, using the dial numbers s1aanng 1o the right.

The determination of bulk volume, using a pycnometer with a volume of

49.15 ce, consists of the tollowing procedural'sequence:

a. With the pycnometer open to permit visual observation, mercury is

withdrawn until the pycnometer is empty.

b. The volume scale is engaged with the yoke stop and the handwhee! dial

set to read graduation 15, slianfed right.

c. The core or body is placed in The pycnometer and the pycnometer lid is

locked in position, leaving the valve open.

"d. Mercury is injected info the pycnometer until a bead ot mercury appears
in The pycnometer valve seat. (The appearance ot the bead indicates
the pycnometer is full, the void space being completely occupied by

mercury and body.) : -

e. The volume of the body is read directiy on the volume scale and hand-
wheel dial numbers slanting right. For example, if the volume scale
reading is somewhat greater than 12 cc and the dial indicates 321, the

butk volume of the body .is exactiy (2.325 cc.

4. DETERMINATION OF POROSITY BY MERCURY INJECTION

Following the determination of bulk volume, the pore space, and conse--

quently the porosity of a core, can be evaluafted by mercury injection with-



RUSKA INSTRUMENT CORPORATION * HOUSTONJTEXAS

out removing the core from the pycnometer. In essence, the method consists
of 2 measured, high pressure injection of mercury into the pére spa§95 of
the core, utilizing the left hand or pore space scale and handwheel dial
tor exact metering of the volume of mercury thus injeéTed{ Thé-yolume
injected is considered tTo be equivalent to the pore vo!ume,:subjeCT to cor-
rection for the air trapped and compreésed in the care. fonce the recom-’
mended injection or reference bressure is 750 psig,‘of approximaTely

50 atmospheres, an additive twc per cent cérrecTion of Thg pore épace

reading is necessary.

When The porometer is emp loyed for pore space measurements, compensa-
Tion must be made- for the volumetric expansion of the porometer system
between afmospheric and reference pressures. This magnitude of +his
compensation is called the "correction factor"; it is equal to the volume of
of mercury displaced by the plunger when the pressure in the mercury-filled
instrument is raised from zero fo reference pressure. The factor will re-
main constant as long as air is not permitted to enter the puhb cylinder or
aftached gages. Careless operation of the porometer can result. in air being

drawn through the pycnometer intc the pump cylinder,

The traveling yoke stop for the pore space scale also has been preset

at the tfactory. 1f the handwheel dial is properly adjusted, the correction
tactor automatically will be compensated for during pére volume measure-
ments, and direct readings of pore voiume wilil be provided.

The correction tacter is determined in the following manner:

a, The 1id is locked in position on the empty pycnohéTér with the valve

dpen, and the mercury level is brought up To the valve seat,

b. The pycnometer valve is closed, the pore space scale is engaged with

the 1ravé|ing yoke stop, and the handwhee! dial is zeroed.

c. The system pressure is increased to the 750 psig reterence pressure,

The dial reading of the figures sianting left will be a direct measure

s
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of the correction factor, which is noted. The cdrfeciion tactor should
not exceed 0.50 cc; if it is larger, air is trapped in the system and

must be removed in accordance with ‘the servicing instructions,

d. With the systiem at 750 psigﬁ'fﬁé yoké-sfcp:is readjustéd, it necessary,

to provide a pore space scale reading of zero.

if, for example, the correction factor was measured as 0.27 cc, the

accuracy of the correction factor is checked as foilows: ‘o

e. Pressure is reduced in the sysTem_To,aTmospherié or less, and the pyc-

* nometer valve opened.

t. The mercury level is brought up fo the valve seat. The pore scate is
engaged with the traveling yoke stop, and Using the figures slanting
right, the handwhee! dial is sef at 27 for the correction factor.

g. The valve is closed and pressuré increased to reference pressure. |f
the indicated pore space is 0.00, the accuracy of correction factor

and the index mark setting are verified.

Assuming a pycnometer volume of 45.15 cc, a correction factor ot
0.27 cc, and a measured core bulk volume of 12,325 cc (see Section 3, pro-
cedure for bulk volume measurements), the porosity of the core is determined

by mercury injection as follows:

a. lmmediately following butk volume' measirement, the pycnometer valve

is closed on the bead of mercury visible in Thé:valve seat.

b. The pore space scale is engaged with the fraveling yoke stop, and
using 1The figures slanting riaght, the handwheel dial is set at 27 tor

the correction factor,
c¢. The sysTem pressure is raised to .750 psig. T T

¢. The pore voiume of the core is read directly on the pore space scale .
and the handwheel dial numbers slanting ]e%T;"Eor gkamhle, if the
pore space scale reading is somewhat greater than 3 cc and the dial

indicates 213, the pore vclume of the core is exactly 3.215 cc.
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e. The fractional pOrosiTy.of Thedene éan_bé,calculafed from the
formula, ' P ' '

Pore Voiume

P it =
orosity Bylk Yolqme

and, tfor the above example,

Porbsify = T%f%%%—gi- = 0.26]

5. DETERMINATION OF POROSITY BY THE KOBE METHOD

-~

The Kobe, or Boyle's Law, method is used for borosify measurements
where accuracy rather than speed is The‘prime consideration. In contrast
to the mercury injection method of direct.measurement of pore space, the
Kobe method determines the grain or sbl?ds-volume of a porous mass.' 1t the
bulk volume is known, the porosity is reédily calculafed,from the grain
volume measurement, since the différence.beTween bulk and'grain volumes is

equal to the pore space.

The Kobe method is based on Boyle's Law,‘which'sfafes that in a gase-
ous system Thé proguct of absélufe‘pfeSSure and volume is a constant aT'é
given temperature. Through the appiication of Boyle's Law to porometer
data, eqguations for fhe calculation of'gra{n volume are derived. While an
understanding of the derivation is héi“ne@essany.for rohTineAporomeTer
coperation, it is essential if, for éxamplé,.médfficafions are to be made
in standard procedures. For this reason, the derivation is described in

the attached appendix.

CALIBRATION OF POROMETER FOR GRAIN VOLUME MEASUREMENTS
Where rapidity of operation is desired and a slight reduction in accu-
racy 1% acceptable, the response of the porometer to various grain volumes
is determined initially. That is, by means 6f a preliminary calibration, a

graphical relationship is QbTained’Qﬁich iacilifafeé future grain volume
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measurements. Derivation of the relatjonship is effected in the foilowing

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 mercury in the pycnometer. .

b. A 40.00 cc reference volume kV Y ot air at atmospheric pressure is
enclosed in the pycnome?er ang compressed to the 30 psng reference

pressure. The final volume scale aiid dxal reading (V ) is noted.

c. Step (b) is repeated unTuI VF sTabrllzes, which indicates operafnng
1

thermal equilibrium has been established. This stabilized V. value

F
is recorded.

d. Assuming operating thermal equilibrium exists, a 38,00 cc reference
volume of air at atmospheric pressure is enclosed in the pycnometer
and compressed to the 30 psig reference pressure. The tinal volume

1
scale and dial reading (VF) is recorded.

e. Step (d)} is repeated ue?eg a reference volume of 36.00 cc. With re- - .
spect to Step (b), Steps. (d) and (e) simulate the presence ot grain
voiumes of 2,00 and 4.00 cc:in the oycnomefer prior fo compression,

Step (b) simulates zero grain volume.

f. The operations of Step (d) are repeated using successive 2.00 cc
reference volume decrements until sufficient data are available to
define the reIaTionship.beTween simuiaTengrain volumes and the cor-
responding values of V; over the full range of the porometer., All

data must be obtained under consTanT aTmospheric pressure.

The expernmenTal ‘data are accumulaTed as shown in The Table below inf
Columns | and 3. The deata show ThaT when 40.00 cc of air: are compressed to _

the reference pressure, a VF of I12.04 ¢cc is obtained., The data also show

i -
that when 38.00 cc of air are compressed, a VF of 12,38 cc will result,
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However, it the volume scale and dial initially indicated 40.00 cc (refer-
ence pycnomeTer volume) and a core with 2.00 cc gra:n volume was enc losed

-~ in the pycnometer together with 3800 cc of aif, a VF ‘of 14, 38 cc would .

have been obtained {sum of Columns 2 and _3).- In a like manner, The True VF

values can be calculated from data obtained with simulated grain volumes.

IDEALIZED DATA FOR THE )
DEYIATION OF THE GRAPHICAL RELAT|ONSHIP ,
BETWEEN GRAIN VOLUME (V) AND COMPRESSION VOLUME (V. )

Ref. Press; 30 psig Atm. Press: 750 mm Hg Ref. Pycn, Vol; 40.00 cc

(VR). . (VG) L | VF _ , T;qe
Reference Simulated - ... Final~ F
Air Volume Grain Volume - . Volume Reading - Col, 2 + Coli, 3
© 40,00 cc 0.00 cc -;'.,, '_|3;04 ofe . 13,04 cc
38.00 2.00 © o 12.38 ' 14,38
36.00 4,00 LT3 . 15,73
34.00 6.00 il.08 ' 17.08
32.00 &.00 10.43 18.43
30.00 10.00 9,78 19.78
28.00 12,00 - 9.13 21.13
26.00 i4.00 8.47 ' 22.47
24 .00 16.00 7.82 23,82
22.00 . - 18.00 707 o 25,17
20.00 20.00 - 6.52 5 - 26.52
18.00 22.00 . b.87 27.87
16.00 24.00 5.21 B 29.21
The data in Columns 2 and 4 are then graphically related, as illus-

trated in Figure 3, Therefore, if a core of unknown grain volume provides

. 1 .
a VF of 17.20 cc, the grain volume is indicated by the graph to be 6.20 cc.

Although the data in the table are idealized, data obtained in actual
practice will be similar. Each instrument, however, should be individually
calibrated to avoid errors due to the entrapment of véry smalil volumes of
- air or to the volumetric expansion of ?he porometer systems between aTmos; ‘

pheric and reference pressure.
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RELAT]ONSHiP BETWEEN GRAIN VOLUME (V )

. AND COMPRESSION VOLUME (vF)

Ref. Press: '30-p$ig,.__A¢m..Press: 750 mmeg - Ref. Pycn. Vol: 40.00 cc’
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FIGURE 3
!

As mentioned abeé.‘all calibration work must be performed under con-'
stant aTmospherlc pressure A correc1|on tactor is applned to grain volume
daTa abtained under dlfferenT afmospherlc pressures Fsgure 4 provudes a,; L

a snmple me*hod for deTermiang The applucab]e correcT|0n facfors
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" CORRECTION FACTORS FOR VARIOUS ATMOSPHERIC PRESSURES
BASED ON 750 mm Hg CALiBRATION PRESSURE

780
. -
o panl T]
.. 770 A mmmAR
- i 103 T —
- ' ;,11 : J o ..'4_.1'_. - . U RO N Dy -
- SRRl T
760 _ Pt
’ri‘
17 : -
750 42 - 1
10000 11,005 - 1.010 S 1015 1.020 - 1.025

Correcfnon FacTor ;

FlGURE‘4‘

11, however, Thé“boromefér'was calibréfed‘é+'757ﬁmm Hg'a+moépheric
pressure, the correction tacteors in Figure 4 are not applicable. The cor-
rect curve is obtained by dividing the abscissa values shown in Figure 4 by
| . 0063 (vatue given for 757 mm Hg pressure) while retaining fhe same ordi-
nate values, ThlS correcfuon factor curve will properly 5upp!emenT the

757 mm calubraT:on curve The example be!ow nllus?rafes The procedure of

. ”jfThe use of F:gures 3 and 4

EXAMPLE OF POROSITY DETERMINATION

Assuming the poromeTer'scaIe and dial are set as prescribed in Sec~

i.wn 3, the porosity of a core can be deTermsned by the above modification

of The Kobe method as follows
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8. Using a reference pycnometer volume of 40.00 cc, a core is enclosed in

the pycnometer, the reference volume being indicated by the volume

scale and dial.

b. Assumrng operaTung Thermal equllnbr;um exusfs, the’ system pressure is

iancreased To 30 psig and The VFf ya]ue‘ls obfa1ned,fromlfhe.volume :

":ffscalegénd dmai readrng

iu;;c§§}1f aTmospherlc pressure differs from 750 mm. Hg (pressure at whnch
' callbrafuon curve was derlvedJ, a correcTion in The |nd|cafed VF
value should be made. )f atmospheric pressure is 770 mm Hg and the

. ] . .
indicated VF was 26,52 cc, then by use of Figure 4,

(]
Indicated V_ _ 26.52 '26‘06
Correchon FacTor "T_ i Ol?B R

:{Uﬁlng The“graphlcal reIaTlonshrp |n Flgure 3, The graln volume corre— -

fﬁfspondlng To “the True VF' value" obfalned is deTermtned A true VF 6f i

::f26 06 cc corresponds to 19.10 cc grain- volume

e, The fracTnonal poros:Ty can be catculafed assuming the butk volume,

VB, has been determined as outlined in Section 3:
. v
Porosity .= | =~ G
' v
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APPEND] X

I, DERIVATION OF EQUATIONS FOR CALCULATION OF GRAIN VOLUMES
USING THE KOBE METHOD

Assume a reference-volume of ‘air at almospheric pressure is enclosed

in the. pycnomelerfand

ubsequenfly compreSSed*To some-- reference pressure

[t The refe:encegv f \example, To:40 OO cc and, The -
volume scale and handwheel dlal were sef accordnngly prlor To comprESSJOn,

then in accordance wufh Boyle s Law

PA VR = PR yF (1)
where

'PA = ATtmospheric pressure

VR = ;Reference alr volume equal lo lnlfnal eadinguon;‘

k nvolume scale and dlal (40 OO cc) I SO
r"P;?fecheference pressure,'absolufe equal To Tesf gage

‘ reading plus aTmosphersc pressure '
VF = Votume of VR ater compression to PR; equal to final’

reading on volume scale and dial,

" Assume the pressure in the system is released and the pume.plunger

'wllhdrawn until The volume V_ is indlcafed on The volume scale and dial as

R ,
rbefore [f a core of. graln volume !g ls Then enclosed |n the pycnomeTer o
-aiong waTh al: aT aTmospherlc pressure, The;fofal volume‘ofjalr‘ln the pyc-
nometer |s‘givenfby €.;f».j-',}' f;f}ufnﬂ-¢~f_fjnn'
\ o Volume ATmospherlc Alr = V-V, T (2)

When-The sysfem is compressed 1o fne reference pressure, PR’ the final
reading on the volume scate and dial will equal the volume of compressed air
in the pycnometer, plus the grain velume_of the core. |
That is, o o o
' T '-.fzqfiefgic_l3)
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'V_ = Compressed voiume of (Vé -'VG) ﬁ4us gféin volume of
core; equal to tinal reading on volume scale and dial,

Theretore, using (2) and (3) above, The apptncaT:on of Boyie 5 Law provides
the follow;ng relaTlonshlp beTween The InITIBI and f:nal pycnomefer condi-

LIS

Tlons o M,' 'g¢”‘_-

. ‘f‘kﬁfa “f7-fPAi R (4)‘

where dll*?érméﬂﬁaye-been deflﬁed.pféviously.: élearing barénfhesés,

Py Vgt PV = PV -PR‘VG f (5)
Substitution of (]) in (5) gives,
PRVt PaVg = PaVp tRaVe L (e)
%h 'chwhenso'vedfor VGY'e ’ds L
-"v - ——fﬁ~—-— .c‘v' v | (7)
6 T Py - P, TV

Equation (7) is the basic equation of the Kobe method of porosity
determination. Aithough it can be used in such form, céICUla?ions would
be comparatively tedious. Additionaily, the éccuracy of résulTs would be
gependent on the accuracy of gage and baromeTrlc pressure measurements.
These obJecTaons can be carcumvenfed by evaiuaflng The ratio ;Ter?TZT-
solely by pump manlpulaflon and uslng The vafue so obfalned for a series of

T
Vor
[N

gra|n volume measuremenfs o

The rgTio —p;;gﬁﬁx—' aléo.ca}ded the pressure factor, FP , likewise
is derived by the application of Boyle's Law to porometer data. -Referring
to the method ot Equation (1), if two successive compression runs are made
using reference voiumes (VR) of 40.00 and 30.00 cc, the follcowing relation-

ships are obtained,
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LR

;Tif40,pd;g;j:;§fv P o s
30.00 P, = VP ‘ 9

where

<
1

F Volume of 30.00 cc airfaf?ef.compression To PR'

Subtrasting (8) fram (9), . - .

Suitable algebraic treatment. of. (10) ‘proyidés the following:

R  :-:L-?Hg:Q:iJF 3;?,f:':_‘:(|1)
Pe = Pa 0+ Vo - Ve

Since tThe bressureAfacTor; FP' by definition is the ratio

Yhen from (11),

Fo = 1o ' , (12)

: IO + VF -VF .

" When F |s known and subsf:?uted

.) ¢@¢u. ;:ﬁ4:*, . (13)

Where al! terms have been defined previocusly.

f

TN
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2

”--2. POROMETER OPERATION BY. KOBE METHOD OPTIONAL METHOD

The poromefer vqume scale and dial are seT in accordance with the
instructions in Section 3, so that readlngs obtained equal! the pycnometer

volume less the volume of mercury present in the pycnometer.

a. The 40.00 cc reference volume of air at atmospheric pressure is en-

closed in The pycnome?er and compressed to the 30 psig reference

wpressure -The- tinal: volume'scale and dnal readnng,( Vs s, nofed.

' ‘,“IS repeafed un*il v sfab{lnzes, whuch andlcaTes operaflng

F

fhermat eqU|I1brium has been esTabllshed Yﬁ.ls,rocorded, providing
a numérical value indicated by the volume.scale and dial for The-VF

Term in (13).

c. A volume of 30 c¢ of air, as indicated by the volume scale and dial,
is compressed to 30 psig;. The compressed volume,_V;, is recorded
immediately since thermal equilibrium exisTs The pressuro correction, .

FP, can, now be caicuIaTed from (12) for use an (13)

d. The pump plunger |s wlfhdrawn unfll fhe volume scale and dial |nd|caTe

140,00 cc, and The core to! be TesTed s enctosed Jn The pycnomefer

e. -Pressure in fhe sysTem is-intreaséd To'The 30 psig reference pressure.
The tinal volume scale and dial readlng are recorded, providing a

numerical value for, the V term {(13).

F
. .

Since VF, FP' and VF are now known, the fractional porosity can be
calculafed assumlng The bulk volume VB has been deTermfned as ouTlnned in
Secflon 5 ) ' t, -;; '~' '~; ' '

I B U N A 0 A
3”}-;3;f;f' “Porosity = | ffsi,P L = F (14)
SR T .'I""f AN . . 'VB'

Steps (a), (b), and {c) are used for the evaluation Of*FP’ and,
incidental to the evaluation, the numerical value of VF is obtained also..

These values will remain constant as long as barometric pressure does not
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change, and the operating thermal equilibrium does not shitt appreciably.
As a precaution against such changes, the FP should be re-evaluated fre-

quentiy. Extensive experience indicates that the determination FP atter

every B-10 grain volume measurements provides accurate data, As the oper-
ator aCQU|res experlence in his particular environment, he will be able fo

,ascerTaln readlly The trequency with which F evaluation is requ¢red The

P .
5:mp|esT check in The need for. redetermination of F is repetition of Step

{b) above, which would reveal any change whlch had occurred in V. since the

F
previous deTermlnaflon
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e ;e o . UNIVERSAL POROMETER  CATALOG NO: 1053-801

INSTRUMENT NO, 27669 . .
fhe pycnometer wvolume ofnfhis porometer was esiablisged as . 97:€0. cc.
Evacuated, tilled, and tested at . .1.000- .psi Kg%éﬁ?

Corre;fioQ-}acht_when inspecfed_(sea Pages 3 and 7) 0.39 cc,

' :]ﬁLf,‘ﬂj;spé§féd-ﬁ9; . . S. Bedenbaugh
| © bafer . 14 7uly, 1980,
SERVICE PARTS t16§T
Part No, . . Req, ] | Description
54 -700-220 , 5 ~ Pycnometer Gasket
99540 . ... - ;;_l; Pump Packing, Set
-l_5é?jlgI "§:1]3_f  ~?5'4F,ﬁ;i.'.'Fi}l Valve-Packing
‘ 1050-034 l T Pycnometer Valve
26*516. BRI 1. pressure Gage, 1000 psi
26-518 | ‘Pressure Gage, 60 psi
26-520 | Pressure Gage, 60 kg/cm
26-519 f Pressure Gage, 4 kg/cm2
94-617 ' | Spanner Wrench
94-618 : o Spanner Wrench
'~'i~99$45’90| -‘.'.f:j_ ;{Ltgl "o .. Packing Booster

INSTRUMENT
RUS KA | corRPORATION

P.0.BOX 36010 - HOUSTON, TEXAS 77036
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RUSKA UNIVERSAL POROMETER
AND

CAPILLARY PRESSURE.APPARATUS

- -kre =
i (4 WXy

PACK[NG;

Ruska Volumetric Pump Units used in connection with the Universal Porometer
and the Mercury Injection Capillary Pressure Apparatus are furnished with
removable cylinders to facilitate packing and to make it unnecessary to use
split packing rings, Wedge-shaped machined Teflon rings with alternately
opposing wedge profiles are used to pack the pumps,

Teflon packlng is imperv1ous to- The attack of all fluids that may be present

in the pump. . It will ‘'stand up under the most severe service, but is some- -

"what dlfflcuIT to instali. A special packing booster is required to compress
+he Teflon packnng when The packing gland is tightened.

To repack the volumetric pump units of +the Universal Porometer and the Cap-

illary Pressurée Apparatus, the pycnometer assembly must be disconnected from
The pump cylinder by unscrewing the pycnometer bottom connection. The pack-
ing nut (1) must then be removed, and The set screws (2) on the rear vyoke
taken out, so that the cylinder (3) can be unscrewed. The packing space and

the plunger (4) should be cleaned., The packing nut (l), follow ring (5),

and the packing (6), in the order shown, are then slipped on the plunger and
the cytinder is replaced, being sure that it is well locked in place. The
Junk ring (7) may remain in the cylinder, The serrated brass lock plugs (8)
under the set screws on; The . Tear yoke: must be aligned with the threads on
“the cylinder. The plunger ‘and packang should be slightly lubricated (ses
.Lubrlcaflon) The packnng as pushed |n The packlng space with the follow

I~60 ‘ ' _ 1050
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SUPPLEMENT TO MODELS 1050, 1051, 1052, AND 1053 OPERATING MANUAL

PROCEDURE FOR FILLING RUSKA POROMETER WITHOUT
THE USE OF A VACUUM PUMP:

GENERAL

To properly £i11 the Ruska Porometer with mercury, it is necessary to
remove all air from the system, and replace it with mercury.

This process can be achieved in‘epproximately one hour of carefully
following the procedure outlined below. The-achievement of a good solid
system is evidenced by a correction factor of less than 0.35.

| .
It is usually necessary te repeat the following total procedure -at
least four times to remove all of the air.

1. Open the gage cut-off valve if there are two gages on ‘the pump.
2. With the‘pﬂﬁp in the normal attitude on the bench, approximately

) 4 pounds of mercury are drawn into the cyllnder through the -open
pycnometer by withdraw1ng the plunger :

3. When all mercury is in the pump, the pycnometer lid is replaced
and tighrened.

4. Open the bleed valve on the pycnometer cap and advance the plungerrl
until mercury appears at the valve opening.

5. Close the bleed valve. . _ |

6. . Placing the front edge of the pump base casting (at the cylinder
end) on the edge. of a work bench, tilt the pump forward such that
the cylinder points down. The gagas must be slanted down such that
the internal Bourdon tube is below the level of the gage connection
to the pump.

7. With the pump in this position, advance and retract the plunger

. approximately 10 tiwmes. Each advance should be sufficient to
create a reading of approximately 50 psi on the low pressure gage.
When it 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
process is modified accordingly

Each w1thdrawa1 should be taken beyond the startlng point sufflciently
to create a suction.
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10,

Ak

12.

13.

14.

L8

After the 10 cycles are achieved, ‘rock ‘the pump from side to side

while it is still in the tilted position, such that any alr trapped
in the side of the Bourdon tube will work its way to the connection
of the gage | :
Return the pump to its normal position flat on the bench while it
is still pressurized. S

W1thdraw the plunger until the gage reads zero. and no. pressure '
exists Lo

.Open pycnoweter valve and bleed to atmcsphere.‘

Remove pycnometer cap and reduce level of mercury slightly by

retracting the plunger.

Tilt pump back, with the cylinder pointing up slightly (approxiu
mately 5 to 10°9).

/

Observe air bubbles at the mercury surface in the pycnometer.

When all bubbles cease, replace the cap and repeat the entire

procedure several times until no bubbles appear at the surface of
.the mercury :

Upon completion, the correction factor should be 0. 35 or less.

-If 1t appears to be slightly hlgher and it is- impossible to expel

any more bubbles, it is possible to dissolve the small amount of
air remaining by pressurizing the pump and 1ett1ng it remain in

this state overnight,

CAUTION: ONCE A HARD SYSTEM IS ACHIEVED, NEVER WITHDRAW THE

PLUNGER TO.THE POINT WHERE MERCURY GOES "BELOW THE
BOTTOM OF THE PYCNOMETER.
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ring. The packing space will be filled so that the follow ring enters the
 packing gland after the packing nut is tightened, and leaves sufficient space
tor turther tightening. After the new packing has been ‘installed, the pyc-
nometer is reassembied with the volumetric pump unit.

A packing booster (9) must be used to pull the packing tight. The booster
consists of.two half shells wh:ch are inserted into the bore of the packing
nut between ‘the fo!iow r:ng ‘anid:’ pump Travellng ‘'yoke.” By using the normal
hand drive of the pump plunger, The boopster:. forces the foilow ring .into the
packing gland;” Thus compressrng “the -Tef fon: rings. - After the packing. has
been suffiC|enfly compressed The packung nut is pulled tight. Full pres~
sure should be appiued Then released. and the procedure repeaTed if there

shoutd be any Ieakage, the’ packlng may -be TlghTened further in the same man-
" ner. The Tetton packing cannot be injuréd by excessive tightening. The
pump packing must never be tightened while the pump is under “pressure.

LUBRICATION:

The main bearings of the pump are packed at the factory with bearing grease
and shoulq require little additional.attention. lt necessary, they may be
lubricated by removing the:- bearlng shield behind the- front yoke. The spin-
dle and’ plunger ~should: occasnonally be cleaned, and painted with a heavy

tubricant- ‘such: as. Esso, ‘XP=90.-compound or' its equivalent, They should then

be run in and out of The packrng giand-a few times while the instrument is -

not under pressure.

SERVICE PARTS LIST

Earf No, Req. Description
| {99540[-:5 " [‘1 .- Pump Packing, Set
f;&¥94f§17ifh?ﬂ.tllf_. = Spenner Wrencﬁl
_’-lge—ﬁlﬁ.'r DO Spanner Wrench
'“‘j995457b0r 1 - Packing Booster

NOTE; PLEASE GIYE SERIAL NUMBER IN ANY CORRESPONDENCE CONCERNING THIS PUMP. -
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R =P P INSTRUMENT |
P @ U SEAD CORPORATION




RDSKA INSTARUMENT CORPORATION ¢ HOUSTOMN, TEXAS

WARNING

. PRESSURIZED VESSELS AND ASSOCIATED EQUIPMENT ARE

. POTENTIALLY DANGEROUS. THE APPARATUS DESCRIBED

. “IN.THIS MANUAL SHOULD: BE OPERATED ONLY BY PER-

_ SONNEL TRAINED IN PROCEDURES THAT WILL ASSURE
SAFETY 'TO THEMSELVES, TO INNOCENT SPECTATORS,
AND TO THE EQUIPMENT.

'"LIQU1ID PERMEAMETER

MODEL 1013-801
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LIQUID PERMEANETER (No. 1013-301-00)

The Ruska Liquid Permezmeter permits determining the permeability of
consolidated core sections with liquid. Permeability measurements are made
by determining the. time necessary for a fixed amount of iiquid at a given

. téhpégatdfg,;o-ﬁa$s thrqugh‘;heccofgvundgr-a given pressure gradient.

FILLING OPERATION

LIQUID: PERMEAMETER

. The instrumen;'has a coreholder (1), with built-in thermometer and fill -
connéctign (2), with cutoff valve (3), with a special 1id and overflow tube
(4). A burette (5), 1s supported by its lower end in the coreholder and
its upper end in the discharge-fill valve assembly (6), to which the éas
pressure line from the pressure regulatqf (7) connects. The upstream pres-
- sure is ipdicated on a ca;ibyaged_Bdurdqg>tube pressure gage(9).  Burettes

44444

1001/13 377 U Twn T 1
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of varlous szzes may be used and are avallable wlth volumes of 50, ]0, and
5'ce: They are interchanged by unscrewing the knurled nuts which hold

'T“them 1n their supports,,.I‘

»Preparatioh'of Core Samples'

Core samples are cit to size and extracted in the same way as for the

Gae.Pe:meameter (see Pages 2 and 3).

‘ Prlor to maklng llquid permeablllty measurements, the core sample,

g however, must flrst be saturated w1th the test fluid.. Feilure to achieve
':complete saturatlon will result 1n erroneously low measured permeability
values; tpetefore, the core should be evacuated for one-half to one hour

prior to immersion-1n.the_prev10usly-evacuated test fluid.

" In maklng the se]ection of the test flu:d cognizance should be taken
of the possibility of chenlcal interaction between the core material and
the ‘test fluid. Use of an inert hydrocarbon test fluid such as Soltrol-50

' (1ow viscosity)'and Soltrol-100 (high viscoesity), . core test fluids
Amanufactured by Phllllps Petroleum Company (Exxon equivalent solvents are
Tflqopar E and Isopar G respectxvely) w1ll prec]ude chemlca; interaction.
When aqueous base test flulds are emp1o§ed chemical‘equilibrium between
thé core marerial-and the fluid must exist before accurate permeability
data carn be obtained. The 51mp1est criterion for evaluatlng equilibrium

conditions is the precision or tepeatabxllty of test data.

Operational Procedure

) Follow1n5 saturation, the core is 1nserted into the coreholder A
’?separatory funnel (10), fllled with. the test liquid, is. connected with a
"plece of tubber tublng to the f111 nlpple on the coreholder. The core-
holder valve is opened and the dlscharge -fil1l valve is turned to "Fill".
Aftet the_pioch cock on the tubing has been opened, the liquid will floocd
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,haé been adjusted with the pressure control valve,

. 1011/13 3<77
' Rey 9- 78
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; the.disqhargé:fill‘valve.ié'turned to “"Discharge". The time necessary for -

the liquid 1e€e1 in the Burette to drop.from the uppér to the lower index
mark i5s determined. Whén changing from one 1iquid to another, the liquid

lines should be flushed with a solvent or water and then vented.

Calculations:

The formula for calculating liquid permeability is: K = ~l%r%;%?'
Where:
Perﬁéabilitylih darcys of the sample.

K

yo= Viscoéity in centiboises of the liquid uséd in making the measure-

ments at the observed. temperature.

V = Volume in cubic centimeters of liquid flowed through sample during-:

time interwval,

t = Time in seconds for the fixed volume (50 ce, 10 ecc, or 5 cc) of

1iquid to flow thrbugh sample under' a given pressure gradient.
P = Pressure gradient in atmospheres, read on the pressure gage.
L =‘Leﬁgth'§f thelégmplé in centimeters.
A= Cross;sectional area of the sample in square centimeters.

Sample . Calculation

Observed; ‘(1) Volume of liquid flowed through sample = 10.0 cc
(2) Time to flqﬁ 10 cc through core = 30.0 seconds
(3) fressure gradient = 2.00 atmospheres |
(&) D;aﬁeter of éore = 1.90 centimeters
(5) " Length of core = 1.90 centimeters

" (6) Temperature = 25°¢.
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Installation ‘ -

.:Before the'Rnsks‘vermeameter:is putlin oﬁeration, it should be
'ehetked_fqr leaks and mounted in its permanent location in the labora-

- tory. The following routine is suggested:

1. ' CHECK THE PERMEAMETER FOR AIR LEAKS. Connect the supply
pressure line to the instrument. Plug the corenolder withAa :
2 ::ll'stopper into which has been mnunted a plece of metal of sultable
..ﬁsize to make gt eir-tight._ Apply pressure to the instrument up |
to the maximum pressure capacity of the gage and close the regu=
' lating valve. Do not disconnect the supply pressure line when
pressure testing._ If there is no pressure drop indicated on the

gage in approximately ten minutes, the instrument does not leak.

" 1f the pressure drops, check allljoints with soap water
for possible leaks. Any leaking comnection must be made ait—tight.
All instrUments leaving our plant are checked thoroughly before the
flowmeter is. calibrated however, to insure a perfect performance,
."-1fit is best to check it again- since the jarring in transit may have
‘1oosened some fittings. Gas leaks in the instrument lines to the |
‘flowmeter selector valve have no influence on permeahility measure-

'ments.

2, SELECT A PLACE FOR THE PERMANENT INSTALLATION of your
permeameter., Drill three holes in a supporting wall so that the
instrument can be fastened by the hangers on the back of the frame.

‘_Care should be ‘taken to see that the instrument is plumb.

”Vilitlis eduisable to check the permeameter periodically for ailr-tightness.
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- *,ﬂ'iclola 800-100 -
BRI “;Consisting of:’

oa013-1-3

26-615
1011-901 .

' 86-723

86-724

o Bg-725 .

C1011-1-8

1013-1-44
1013-1-43 -
1013-1-42
08-000 .

- SERVICE PARTS LIST

See‘Catalqg Section 401,2~4

For Nos. 1011~-801 and 1013-801

Pressure Gage

Thermometer, Hohnted, with 0-Ring Gasket

Accessories for No. 1011 Only

Sm511 F1owmeter Tube, Calibrated, with Gaskets and Float

'Hedium Flowmeter Tube, - Calibrated with Gaskets and Float .
"Large Flowmeter Tube, Calibrated w1th Caskets and Float o
" Lucite Shield for Flowmeter | '

Accessories for.Nb. 1013 Oﬁlz

Burette, 5 cc

Burette. 10 cc

‘Burette, 50 cc
‘Leveiihg Bulb.

Sec of Burette Packing Npts'& all Gaskets,

. 2 Each . No. 1013-1-21
2 Each’ Ne. 54-700-010

Set (5) O-Ring Gaskets for Discharge-Fill Valve,
Consisting of:

2 Each  No. 54-700-012
}) 1 Each 'No. 54-700-008
2 Each No. 54-700-006

) _Lucite Shield for Burette .

. NOTE: ~ PLEASE GIVE SERIAL NUMBER OF INSTRUMENT WHEN ORDERING PARTS.

1011/13 3~77°



CORE DIAMETER IN INCHES

CORE WIDTH IN INCHES
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" GAS PERMEAMETER OPERATING INSTRUCTIONS
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GAS PERMEAMETER OPERATING INSTRUCTIONS

SECTION ONE:- - GENERAL

1.1 pémeabint} |

As related to earth formations, permeability is a property of
the formation and is a measure of the formation's capac1ty to

conduct fluids (eoil,

gas and water).

The permeameter is an

instrument designed to determine this property of fluid trans-

missibility.
operation of this instrument,
permeability.

Permeability values, as determined by the correct
should be within 5% of the actual

/

~ The speCifié 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;
"API Recommended Practice for Core
The dimension of permeability is defined
A sample is described as having one Darcy perm-

ified by. API (See API -RP-40,
Analysis Procedure").’
as the '"Darcy".

dry air is spec-

eability when an 1ncompre551b1e 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.
assumed.

Laminar (viscous, nonturbulent) flow conditions are
This definition is shown in Figure 1-1.

L,
L =length = [ Cm —-->-|

‘L-z

Q.= flowrate=| Cm3/$Gc

|
t
t
|

}Ju‘vssco«;ﬁg =lcp . |
. : . -:{l:_.—_. _ . __..'\ '

- - . Z /'.-/ i ~ .
A=orea:lcm N -

Frgure 11

< Ap=| o*mosphc’r‘e*-f
P ‘ R
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1.2 ‘Darcy's Law

Permeabilities may be calculated for other conditions and fluids
. by the application of the equation describing Darcy's Law. For
:an 1nc0mpre551ble liquid, Darcy's Law states: '

.:' -u i .
kL' = W 4L L

KGN L
| oL
aL

-
A

| 'P1 - P2

The Darcy equation relatlng to compre551b1e flulds (gas) is as

follows:

Kk, = 2ug(ag) (L) (py)

A(py+p2) (P1-P5)

Pa

*

= Permeability‘(darcies)

Liquid viscosity (centipoise)

1)

Incompressible liquid volume flow
rate (cm3/sec.)

= Length of core sample (cm)

‘= (Cross-sectional area (cmz)

i

Ap, pressure difference from inflow
to outflow face of sample (standard
atmospheres absolute)

|

= Permeability (darcies)

= (Gas viscosity (cp) at the mean pres-
sure and temperature of the sample

= Gas volume flow rate at atmospherlc
pressure & temperature* (cm3/sec.)

= Inﬁlow or upstream pressure (standard
atmospheres absolute)

= Qutflow or downstream pressure (stan-
dard atmospheres absolute)

= Atmospheric pressure (standard atmos-
Pheres)

It is assumed that the sample is at room
(atmospheric) temperature. :
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The foregoing equations are known as the linear form of Darcy's
Law. They are used when flow occurs in essentially one direc-
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.

1. The Hassler-type 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. A vacuum is usually applied
to expand the sleeve so that the sample can be inserted into
or removed from the holder.. The 200 psi air forces the

_'sleeve tightly against the sample, preventing the inlet air
from flowing between 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 Fanchei-type holder shown in Figure 2-2 on Page 5, uti-

2.2

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. N

Permeameter Flow Systenm

The path of air flow through the permeameter is shown in Figure

" 2-3.0on Page 6. Air is introduced through the Source valve to
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the Permeameter régulator. With the Sample and Low valves 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 permeabfllty 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 (p3-p2)

- pressure indication either (1) on the "C" Hy manometer for medium

permeability core samples, or (2) with the middle water valve

‘,T‘open on the Middle Water manometer for high permeablllty core.

2.3_

The air flows through theé core sample and Orifice 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.

Permeability Calculations

" The equatlon for calculating permeability from Darcy's Law is

given in Paragraph 1.2. In order to simplify the equation to
a slide-rule calculation, the equation has been reduced to the

) followlng
"k, = CGal k. = Gas permeability (millidarcies)
:4 & g
’ q, = Volume flow rate of air (cm3/sec.
. at atmospheric conditions)
: | (P1+P2) (P1-P2) (p1+p2) (4p)
Mg = Dry air viscosity (0.0186 centipoise)

1. "C" Values

" The "C" gauge psig dial is graduated in values of "C" equiv-
~alent to selected pA's; the Mercury manometer scale is grad-
uated in values of C" calculated for selected millimeter of
mercury equivalent A When the Middle Water manometer is
used, "C" value may ge taken from Table 2-1 for the developed
water column height indication of AP
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For the scaled values of "C" on the gauge and mercury manom-
eter, pp; was assumed to be 0.019 atmospheres (equ1va1ent 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 Hy0 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 manometer reading. The 50 mm.
incremented pressure at p, 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.‘ "ga" Values

The air flow rate ''qp" is numerically equal to:

= (PEGRED onifice Q

Orifice constant; volume
flow rate of air through
the orifice when a flow-
ing pressure drop of 200
mm. of water is imposed
across the orifice (cmslsec)

hw = Orifice water manometer
reading (mm) '

SECTION THREE: INSTALLATION

3.1 Location

The permeameter is se1f~conta1ned except for an air supply of
approxlmately 200 _psig and_a vacuum source if a Hassler core
holder is to be 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
: (75° F.) and away from outside doors which could cause abrupt
. . temperature changes. Additional bench space will be required if
' a Fancher-type core holder is to be used.

If the permeameter is equipped with a Hassler-type core holder,
the core holder can be used with the porosimeter for determining
pore volumes. If pore volumes are to be measured, the porosimeter
and the permeameter should be adjacent to one another in order

to minimize connecting line volume.



TABLE 2-1

"C" Value vs. Middle Water Manometer Readings
For Selected Orifice Manometer Readings

+ . Middle H,0 Orifice Manometer (mm. Hp0)

" Manometer . 50 . 1_0_0_ 150 200
e {mm. H20) - ' : "C" Values

. 200 o4 945 940 936

190 1000 995 990 985

180 1060 1050 1050 . © 1040

170 1120 1110 1110 1100

160 1190 1180 1180 1170

150 1270 1260 1260 1250

140 1360 1350 1350 1340

130 1470 1460 1450 1450

120 1590 1580 1570 1570

110 1730 1730 1720 1710

100 1910 1900 1890 1880

90 T 2120 2110 2100 2090

g0 2380 2380 - 2370 2350

70 : 2730 2720 2700 2690

60 3190 3170 3160 3140

50 3830 3810 3790 3770

40 4780 4760 4740 4720

30 6380 . 6350 6320 6290

20 9580 9530 9490 9440

10 19160 19070 18980 18890
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Air (Gas) Supply

A compressed.gas supply in.the_pressure_range of 200 psig is
required for the Hassler-type core holder sleeve pressure. In

- the event a 200 psig air compressor is not available, the perm-

eameter must be modified to disconnect the sleeve pressure
portion of the plumbing. This will permit inexpensive bottled

. ‘nitrogen, equipped with a 200 psig regulator, to be connected

to the core holder portion 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, Line A may be removed. Connect the 200

psi nitrogen source to the Hassler valve connection. The con-

‘nection, from which Line A 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

3.3

design. For this reason, it is generally economically imprac-

“tical to use bottled alr, regulated at 200 psig, as an air 'source.

- A length of 1/4" I, D X 3/16" wall thickness rubber hose is

valve. The valve is fitted with a hose bib that will accept

the rubber tubing. A small Dynapump _will serve -as the vacuum
source in_the event it is impractical to_run _a vacuum_ llne _to
the_permeameter.

Initial Instrument Set-Up

... After the instrument has been uncrated, check for any damage that

may have occurred in transit. Give careful attentlon 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
filled through the threaded hole 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 thread 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 M1dd1e 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 Indicators

Figure 3-1 is a drawing of the permeameter panel; the panel con-
tains all of the controls and indicators necessary for the
operation of the permeameter.

Referring to Figure 2-3 also, it may bé seen that the controls
have the following functions:

1. Hassler Core Holder - Contains the core sample during the
permeability 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) Gaﬁge - 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 internal
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. s

- 11 -
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10.

11.

12.

13,

Permeameter Regulator ~ Controls the sample air 5upp1¥
pressure at an adjusted, reduced operating level. This
reduced air pressure is connected to the Sample valve.

. Sample Valve - Permits the air to flow through the Dryer,

to the Low valve and Mercury regulator.

‘Mercury Regulator - Reduces the Permeameter regulated air

pressure to an adjustable, lower operating level. This
lower pressure air flows to the High valve, to the high
pressure well of the Mercury manometer and to the Middle
Water valve,

High and Low Valves - Permits air, at either of two pres-

sure levels, to flow to the "C" Gauge and Upstream tubing
connection. These two valves have a common actuator SO
that when one valve is open, the other is closed. With
the Low valve open, a higher air pressure is applied to the
upstream face of the.core; it is used when the core samples
have low permeability. The High valve permits a lower air
pressure to be applied to the upstream face of the core
sample; it is to be used when the core samples have medium
to high permeabilities.

"C" Gauge - Indicates ''C" values, equivalent to higher
differential pressures imposed across the core. This gauge
is used when core samples in the low permeability range are
being tested. The Permeameter regulator is adjusted in
order to obtain a specific desired '"C" value indication on
this gauge.

"C'' Mercury Manometer - Indicates "C" values, equivalent to
lower differential pressures imposed across the sample.

This manometer is used when core samples in the medium perm-
eability range are being tested. The Mercury regulator may
be adjusted to obtain eéither a specific "C" value on the
manometer or a specific Orifice manometer reading.

Middle Water Valve - Permits air from the Mercury regulator
to flow into the Middle Water manometer well. This valve
must not be opened unless the Mercury regulator has been
backed off to a Mercury manometer "C" value indication that
is greater than 700 (<1" of mercury equivalent pressure).

- 12 -
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14,

15.

16.

17.

18.

Middle Water Manometer - Indicates millimeters of water
equivalent 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-I, The Mercury regulator may
be adjusted in order to obtain either a specific Middle
Water manometer reading or a specific Orifice manometer
reading.

Orifice Manometer - Indicates millimeters of water equiv-
alent to the flowing air pressure differential being developed
across the calibrated orifice.

Calibrated Orifice - Is a restriction to the flow of air
through the permeameter. This restriction creates a mea-
surable differential pressure that is proportional to the
air volume flow rate. One of several orifices may be
selected; the one selected for use with a particular core
sample should have a calibrated orifice constant (air volume
flow rate) such that reading accuracy of the "C" device and
the Orlflce manometer will be high. .

Orifice Vent Valve - Bypasses (vents) the flow of sample, air

,around the callbrated orifice.

Upstream § Downstream Connections - Permits the permeameter :
to be used with a choice of core holders, such as the Hassler,
Fancher or whole-core

4.2 Hassler Core Holder

Two standard Hassler core plug holders are available, a 1" and
a 14" 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.
2.

3.

Close the Hassler and Vent valves; open the Vacuum valve.
Loosen the finger-wheel nuts that hold the yoke; lower the
yoke and upstream head clear of the sleeve.

Insert the core sample into the sleeve and follow with the
upstream head until the core is held solid between the heads.
Close the Vacuum valve.

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 finger 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 Vent and bleed sleeve pressure to zero.

3. Close Vent and open Vacuum. i

4. Loosen yoke-finger wheels and sllde upstream head and core
down and out of core holder.

Precautions to be observed:

1. 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 frlctlonal 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 unsupported 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 system 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.

- 14 -
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i

N 1T4;3M'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:

1. Select the tapered rubber stopper whlch has a concentrically
bored (molded} hole that is equivalent to.the sample dimension.

2. Insert the sample into the hole such that the sample end is
flush with the small end of the stopper.

3. Place the tapered stopper into the matching internal taper
of the body.

4. Center the core holder between the clamp ends. Tighten the
clamp screw until the sample is sealed w1th1n the stopper
and holder.

5. Attach the Upstream and Downstream 11nes to their respectlve,
points on the Fancher holder.

6. Proceed with the permeability determination. -

7. The sample is removed from the Fancher holder in the reverse
order of the above steps,

8. 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 under-size or has slightly rounded corners.
Possible leak (bypass) paths exist at the corners.

4.4 Wax [Plast1c)4Mounted Samples

In some 1nstances, 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:

1. 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 uprlght tube; slightly embed both
into the sand.

- 15 -
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. 3. 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. :

4. Generally, a seal between the wax and tube will be attained"
if the tubing is preheated to the melting p01nt 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.
5. Some Fancher core holder apparatl 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 sam-
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 f10w1ng around rather than through, the
core sample.

4.5 Routine Operation

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.

1. Close the Middle Water valve; open the Low and Orifice Vent

' valves.

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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From a visual inspection or past experience, estimate the

permeability of the core sample.

a. If the permeability is estimated to be less than 1 md.,
select an orifice with an Orifice Q value in the range
of 0.1 or less.

- 'b. If the permeability is estimated to be between 1 and

100 md., an orifice should be selected with an Orifice
Q value in the range of 0.1 to 10. .

c. If the permeability is to be higher than 100 md., an
orifice with an Orifice Q value in the range of 10 or
greater should be selected. :

If whole core diametric (parallel to bedding planes) perm-

eabilities are being determined, the above Orifice Q values
should be increased by a factor of 10.

Connect the orifice selected to the 0r1f1ce outlet with a
short section of rubber tubing.
If the orifice selected has an Orifice Q that is:

.a. Greater than 1, open the High valve (this automatically

closes the Low.valve). Adjust the Mercury regulator
until the "C'" Hp manometer indicates a value of 60.

b. Less than 1, open the Low valve. This automatically

closes the High valve.
Slowly (carefully) start closing thé Orifice Vent and observe
the water rise in the Orifice manometer. If the air flow
rate is too high for the orifice selected, when the Vent
valve is closed, water will be expelled from the manometer.
Do not allow this to happen; select a larger orifice or ad-
just the Permeameter or Mercury regulator to establish a
higher "C" value (lower differential pressure). Higher

. Orifice manometer readings will provide better manometer

reading accuracy for the determination of q3. Preferably,

t“do not use a manometer reading of less than 20 mm. of water.
Based on this first trial, with the orifice selected, it may

be advantageous to select another orifice for improved man-
ometer reading accuracy. The best overall accuracy will be
obtained when the gas flow rate is adjusted to cbtain gauge
and manometer readings on the upper end of the scales. Upper
end of the scales will be low "C" values and high water man-
ometer readings. Experience will be the best guide for a
particular (geographical area) laboratory. An orifice may

be changed by first opening the Vent valve, replacing the
orifice and then slowly closing the Vent valve as before.
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When stabilized flow (steady manometer indications) is estab-
lished, record the following data:

a.

; b.

c.
db
e.

"C'* value or Middle Water column height in m1111meters
(convertible to "C'" from Table 2-I).

Orifice Q value.

Orifice Manometer reading (hw) in millimeters.

Length (L) of the sample in centimeters.

Diameter of the sample in centimeters, from which the
cross-sectional area (A) in square centimeters may be
calculated.

Calculatlons are shown below:

L

kg in millidarices = C (Orifice Q) 200 X

Precautions to be observed:

a.

SECTION FIVE:

Keep the Orifice Vent open except during those times

that Orifice manometer readings are being made. This
will minimize the possibilities of expelling the water -
from the Orifice manometer.

Do not pressurize,the Hassler sleeve unless a core sam-
ple is securely clamped in the holder. The 1/16" thick
Tubber sleeve will be ruptured if 200 psi air pressure

is introduced into an empty or unsecured Hassler holder,
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.

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 sizeé, 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.

Do not open the Middle Water valve unless the Mercury
regulator is adjusted to a '"C'" Hg manometer value greater
than 700..

MAINTENANCE AND TESTING

Under normal operafing conditions, maintenance will be minimal. With
compressed air being supplied to the permeameter, the following items:
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5.1

5.2

5.3

. should be considered during normal mainteﬁance:

Dﬁxer . .
en the 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-sensitive materials
in the core samples and unstable flow conditions will result.

1f this occurs, time and accuracy will be lost. In some instances,
moisture may affect the orifice such that the calibrated Orifice

Q value 15 1ncorrect.

Manometers

‘1. The 1liquid meniscus must be level with the zero scale gradu-

ation when the permeameter is at atmospheric pressure through-
out. The manometer scales may be loosened and adjusted as
required. 'Add make-up liquid (see Installation) for severe
level discrepancies; 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 51ght glass. The
sight glass may be removed as follows:

a. Withdraw (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 bottom of the sight glass.
d. Disconnect the tubing connection at rear of the top man-
ometer tube bracket.

Remove the top bracket using a No. 8 Allen wrench; gently

1ift the glass from the bottom tubing connection.

Clean the glass bore with soap and water; dry completely.

Reverse the above steps to install the glass tube.

Fill the manometer well with clean mercury, to the proper

level.

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 manner. :

o

T Hh

-

Sand Grairs

Dust and fine sand grains 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 orifice. The orifice must
be clean; the Orifice Q calibration constant was determlned when
the or1f1ce was new, clean and dry.

- 20 - -
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5.4 Instrument Leaks

1.

Upstream Leaks

Minor leaks upstream of the core sample are not generally’
considered to be detrimental to permeability measurements.
However, in some instances, a leak may contribute to an
erroneously low pj. . Most leaks can be detected with the
bubble solution technlque 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 from the downstream
ends of both the Mercury regulator and Low valve to the
upstream 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 accldent-
ally expelled from the Mercury manometer. ’ '

A critical area for upstream leaks is in the lines leading

to the Middle Water manometer well. These lines (connec-
tions) may be easily tested (by adjusting the Mercury regu- .- -
lator (with the Middle Water valve open) to- obtain a.-200

mm Middle Water manometer pressure reading; open the Orifice
Vent and close the Middle Water valve. A no-leak manometer
system will hold the pressure level at 200 mm of H20 pres-
sure. A decreasing manometer level indicates a leak and it
must be corrected. : :

Downstream Leaks

Leaks downstream 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 aluminum plug in the core holder.

b. Pressure the Middle Water manometer to 200 mn. of water
and close the Middle Water valve.

c. Remove the Orifice and close the Orifice Vent.

d.. With a squeeze bulb connected to.the orifice rubber -hose,
pressurize the downstream lines to a pressure of 200 mm.
of Hp0 as indicated by the Orifice manometer. Seal the
hose with a screw-pinch clamp.

e. A decreasing Orifice manometer reading represents a down-

| stream leak which MUST BE FOUND and corrected, Be certain
to check the upper end of the Hg and Middle Water manoneter
~ sight glasses. :
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5.5 Hassler Core Holder

1.

A leak in the Hassler core holder system may be found in the

a.

‘following manner:

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.

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 locatlon of the leak: .

1) Seal the upstream plastic line 1ead1ng 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 ruhber sleeve and the sleeve must be
" replaced,

2) If the Hassler 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. -

-A defective Hassler sleeve may be réplaced in the follbwing

manner, referring to Figure 2-1:

a.

o

Remove both the upstream and downstream heads. The down-
stream head is threaded inte the downstream (top) knurled
sleeve nut.

Remove both knurled sleeve nuts.

Remove the defective 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.

With %" of sleeve extending out the bottom of the housing, -
stretch the sleeve outward and up, over the housing end.

The sleeve should cover the housing end below the ‘
threaded portion.

Lightly lubricate the threads and washer; replace sthe -
knurled sleeve nut and hand-tighten.
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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.

Flow System Correction for. High Permeability Core'Samples

The theory of Darcy's Law states that p; and P2 are the upstream
and downstream pressures at the respective faces of the core
sample. As can be seen from Figure 2-3, by the design of this
permeameter, the points at which pj) and p; are measured are not
directly at the core faces. At very high air flow rates, the
pressure drop between the p, point and the inflow core face and
the pressure drop between tée outflow core face and the py point
may represent an appreciable portion of the total pressure drop
between p; and pp. .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 permeablllty of the
sample will be less than the true;permeability. :

Each permeameter should be tested at several 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 f0110w~ ‘
ing manner:

'l. Insert one-inch length of plastic tubing, of the proper diam-

eter, into the Hassler core holder... Connect an orifice, 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 Orifice Vent valve.
4. Adjust the Mercury regulator to produce a 200 mm of water

pressure differential on the Orifice manometer.

5. The Middle Water manometer will indicate the flowing pressure
drop across the system, at an air flow rate that is equivalent
to the Orifice Q value. :
Repeat Step 4 for 150 and 100 mm. 0r1f1ce manometer readings.
Prepare a graph of qa Air Flow Rate (cm /sec.) versus Middle
Water Manometer reading (mm H;0) for the three air flow rates.
More than one orifice may be required to cover the range of
air flow rates normally used. Figure 5-1 is an example graph,

{'

~F h
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GAS PERMEAMETER 'OPERATING INSTRUCTIONS

~ 8. Your prepared graph may then be used to correct the measured
o pressure differential from the Middle Water manometer (p;-P2)
to the true differential pressure across the core sample.
* Preserve and post this graph where it will be readily avail-
able.

It follows that:

(Apparent (pj-p2)] = (4p across system) + [True (p1-p2)_across
’ core sample

[True (pj-p2) across core sample] = [Apparent (p1-p2)] - (4p across
. ' system)

EXAMPLE: For a high permeability core sample, 200 mm of
Hy0 was developed across a £.00 orifice with
the attendant Middle Water manometer reading
shown below:

Middle Water Manometer reading is the [}pparent (pl-pzi] = 160 mm H30
8p across system: 10 mm Hp0 (From example graph q = 5.00 cmslséc)
. [Trué (py-p2)]across core sample' 160 - 10.0 = 150 mm H20

“C" from Table 2-I: 1250 @ 150 mm H20 Middle Water and 200 mn
: H20 Orifice manometer reading.

For this example, an uncorrected Middle Water manometer reading
of 160 mm would have yielded a "C" of 1170, representing an
erroneously low permeablllty. in error by 6.3 percent. This
error would have been in excess of the API established standard
of 5% for permeability measurements.

5.7 Klinkenberg (Gas Slippage) Effects and Correctioms

It has been determined that a gas will move through a core sample
at a disproportionately higher rate than will a liquid; this higher
gas rate is a function of the mean free path in which the gas mol-
ecule may move. The mean free path of the gas molecule is affected
by the molecule size and temperature, the gas pressure and the pore.
size., As pore pressure is elevated, 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 would be measured if liquid were the flowing .
medium. -
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" TABLE S-I1

Mathematical Relationship: ‘ KLINKENBERG (GAS SLIPPAGE) EMPIRICAL CORRECTION
Ky = 0.68(ky)!"08 PERMEABikxgv BY AIR VS. pERMEABILt:I)BY LIQUID
a

-9:-

0.158 | 0.159 -0.39) 0.40 - 0.69} 0.70 - 0.99] 1.00 - 2.9] 3.0 - 5.9) 6.0 - 8.9 }!9.0 - 11.9|12 - 39 (40 - 69| 70 - 99| 100 - 129] 130 - 159 |160 - 175}-
k] | ka k| ka k1] ka k1| ka k1| ka k1| ka k1 |ka k) lka Xkl|ka kifka k3| ka ki1l ka _ k3 |ka ki
0.159 6.40 0.26{0.70 0.45]1.00 ©0.68| 3.0 2.2|6.0 4.5] 9.0 7.0 40 34|70 61{ 100 88| 130 116 [160 144}
to 0.10} 0.41 o0.26)0.71 0.47]1.00 0.69f3.1 2.2}]6.1 4.6] 9.1 7.0 41 35|71 62| 1m 89] 131 117 {161 145
<0.01 | 0.174 0.42 0.27}0.72 o0.48|1.02 0.69]3.2 2.3]6.2 4.7]| 9.2 7.1]12 10|42 35]72 963|102 90) 132 118 |162 146
;. |0.175 0.43 0.28|0.73 0.48(1.03 0.70]|3.3 2.4]6.3 4.8] 9.3 7.2013 10|43 36|73 &3] 103  S1| 133 119 {163 147
0.0t | to 0.11]0.44 0.28]0.74 0.4901.04 0.71|3.4 2.5|6.4 4.8]| 9.4 7.3[14 11l4a 37|74 641104 931 134 120 [164 148
0.188 0.45 0.29 | 0.75 0.5031.05 0.71] 3.5 2.8§{6.5 4.9} 9.5 7.4]15 1245 38| 75 65{ 105 93135 121 [165 149
0.189 0.46 0.29) 0.76 0.51}1.06 0.721 3.6 2.6| 6.6 5.0 9.6 7.4116 13 ] 46 391 76 66 106 94: 136 122 ;166 150
0.02 | to 0.12) 0.47 0.30] 0.77 0.52]1.07 0.73{3.7 2.7|6.7 5.1 9.7 7.5}17. 14|47 40|77 67| 107 95} 137 123 [1&7 151
0.204 0.48 0.31{0.78 0.52|1.08 ©0.73{3.8 2.8/6.8 5.2 9.8 7.6[18 15|48 41|78 69| 108 96[ 138 123 (165 152
9. 205 0.49 0.32]0.79 0.53|1.09 0.7413.9 2.916.9 5.21 9.9 7.7l19 15|49 42179 691 109 971139 124 |169 153
0.03 | to 0.13/0.50 ©.52)0.80 0.54|1.10 0.75|4.0 2.9| 7.0 6.3 }10.0 7.8]20 16|50 43{80 70| 110  S8| 140 125 [170 154
0.22 0.51 0.33|0.81 0.54]1.11 0.8 t4.1 3.0/7.0 s5.4]10.1 7.9]21 17]51 43|81 71|11 581 141 - 126 {171 154
0.25 0.14]0.52 0.34}0.82 0.55]1.2 0.8314.2 3.117.2 s5:5)1c.2 s8.0l22 18ls2 44|82z 7201112 99l 142 1271172 1s5
0.04 {0.24 ©0.15|0.53 0.34}0.8 0.56/1.3 0.9114.3 3.2|7.3 5.6[10.3 8.0§23 1953 45|83 73{113 100| 14% 128 {173 156
0.54 0.35)/0.84 0.56([1.4 1.0 [ 4.4 3.3/7.4 5s5.7]10.4 8.1124 20|54 46|84 74]114 101] 144 129 {174 157
0.25 0.16| 0.55 0.36|0.85 0.57 |15 1.0 | 4.5 3.3]7.5 5.7|10.5 B8.2[25 21|55 47|85 74] 115 102] 145 130 | From:Mims
0.05|0.26 0.16/0.5 0.36]/0.86 0.58]1.6 1.1 [4.6 3.4]7.6 5.8|[10.6 8.3|26 21|56 48|86 75]116 103} 146 131|175
0.27 0.17]0.57 0.37|0.87 0.58]1.7 1.2 |4.7 3.8{7.7 5.9{10.7 8.4|27 22(57 49|87 76|117 104|147 132 [209 -20
0.28 ©0.17|0.58 ©.38|0.88 0.59]1.8 1.3 |4.8 3.6{7.8 6.0[10.8 8.4|28 23|58 50|88 77)118 105|348 133 [306 _3p
0.06 0,29 90,1831 0.59 0.38}0.89 0.60}1.9 1.3 4.9 3.717.9 6.1710.9 8.5}29 24|59 SY}169 78119 106) 149 134 | 699
§.30 ©0.19] 0.60 0.39]0.90 0.60]}2.0 1.4 (5.0 3.7]8.0 6.1[11.0 8.6]|30 72560 52|90 759|120 107150 135|700 _,o
0.31 D0.19|0.61 ©0.40|0.91 o0.61]2.1 1.5 {5.1 3.8|8.1 6.2|11.1 8.7|31 26]61 53[91 80)121 108|151 136 [999
0.07}0.32 o0.20}0.62 0.41)0.52 ©0.62]2.2 1.6 |5.2 3.9]8.2 6.3|11.2 8.8)32 27)62 53|92 B81|122 109}152 187 [T000 __o
0.33 0.214{0.63 0.42[0.93 0.63|2.3 1.6 5.3 4.0(8.5 6.4f11.3 8.8|33 28}63 54|93 82123 1106|153 138 |1699
0.3 0.21]0.64 0.42]0.94 0.64]2.4 1.7 |s.4. 4.0}8.4 6.5][11. B.ol34 28|64 5|94 83[124 111]154 139 [TI700 _ o
0.08{0.35 0.22]0.65 0.435]0.95 0.65]2.5 1.8 15.6 4.1|8.5 6.5 |11.5 9.0| 35 29|65 56|95 84125 112] 155 140 | 2299
0.3 0.23]|0.66 0.44|0.96 0.65]2.6 1.9 l5.6 4.2/86 6.6|11.6 9.1]36 30|66 57/96 B85|126 112{-156 140 [I300
0.37 0.23]|0.67 0.44 |0.97 0.66}2.7 1.9 [5.7 4.3}8.7 6.7{11.7 9.2|37 31767 58|97 86[127 113}157 141 [s5799
0.09[0.38 0.24}0.68 0.45|0.98 0.67 2.8 2.0 j5.8 4.4[8.8 6.8|11.8 9.3]38 32[{68 55|98 87128 114|158 142 [SBOO
0.39 0.25}0.69 0.45)0.99 0.67 2.9 2.1 |5.9 4.,418.9 6.9]11.9 9.3]139 33|69 60199 88}129 115] 159 143 | 7500 ~100
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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 §-1I. The measured gas
permeability (k,) bracket is found on the table; the approximate
liquid permeability (kj) is shown. The mathematical relation-
ship between kg and ky is: ¥; = 0.68(ka)1'06 ’

~ 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 1. 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,
' Hassler vent, Hassler, vacuum, High and Low permeability
with dual toggle handle -- Hoke, 1511F2B

6.3 Manometers; mercury, upstream water, orifice
a. Sight glasses 3/8" OD X 5/64" wall X 14-3/8" long,
pyrex -- CLI (special made} ' '
6.4 1. 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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R

-

Item Description
6.6 Upstream and downstream tygon plastic tubing - 5/16"
‘ OD X 1/16'" wall X 10" _
6.7 Orifice rubber hose - 1/2" OD X 1/8" wall
6.8 Hassler Core Holder complete
1. Rubber sleeve
2. Upstream head
3. Downstream head ~
4. Upstream nut
S. Downstream nut
6. Housing
: 7. End washers
-~ CLI (special made) :
6.9 . Orifices, calibrated with orifice constant
‘ " == CLI (special made and calibrated}
6.10 1. Cabinet, complete Premier; TR-2119
2. Front Panel; CLI (special made)
., - SECTION SEVEN: AUXILIARY EQUIPMENT

7.1 Permeameter Test Kit

1. General

The permeameter test kit contains all the necessary equipment
to test the permeameter as discussed in SECTION FIVE: Main-
tenance. In addition, Orifice Q constants may be checked or
determined. An Orifice Q can change; normally the Orifice Q
will decrease with use due to very fine-sized particles plug-
ging the orifice capillaries. An appreciable increase in an
orifice constant suggests that the orifice may have been
fractured and it should be discarded. Leaks downstream of
the orifice are not permitted during the test.

An orifice 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 tubing, through which a scap film (bubble) may be dis-
placed. The volume of the tube divided by the time required
for the displacement, equals the volume flow rate.

2. Orifice Calibration Instructions

An orifice may be calibrated in the following manner:
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A core sample of medium permeability (50-100 md.) is
placed into the core holder,

The porcelain orifice stem is connected to the Orifice
outlet with the rubber hose. The orifice must be c¢lean,
dry and at room temperature. The aluminum outer tubing
must be epoxy-sealed to the porcelain.

Source, Sample, and High valves are opened; Orifice Vent
is carefully closed, and the Mercury regulator is ad-

- justed to produce a 200 mm of water column on the

Orifice manometer.

A drilled rubber stopper is used to connect a length of
plastic tube to the aluminum orifice 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.) _
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 orifice, will dlsplace a soap film
bubble intc the tube.

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.

The "Orifice Q" will be:

__Ful)] Scale volume in cm3
Time of traverse in seconds

Several traverse '"times' should be accumilated in order
to arrive at an average time. During the timed inter-
vals there must always be 200 mm of water indicated on
the Orifice manometer Timed intervals should agree
within ¥1%..

The calibrated volume between the zero and the full-scale

Orifice Q in cm3/sec.

_graduatlons is spec1f1ed to be within *1%. If the mea-

sured Orifice @ is within 1% of the original value,
continue to use the original; if the new Orifice Q is
different by an amount greater than 1%, use the newly
determined Orifice Q. Relabel the orifice.

—_
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7.3

[ -
L
et

3. Miscellaneous Equipment Included and Their Uses

Item antity Use
Screw-pinch | 2 To close the orifice rubber hose
. Clamps during downstream leak test.

To close upstream and orifice hose
: during Hassler boot leak test.
SNOOP 2 Bubble solution for filling bubble
flow meters. Bubble solution for
‘ location of leaks
Core Plugs: 4 Test plugs during orifice calibration.

(1" & 1%" dia.) Test plugs during Hassler sleeve leak
| - test.
Solid Lucite Plugs 2 Test plug for downstream leak test.
(1" § 1%" dia.)}
L%%lte Ldbﬁng ) 2 Test plug for "4p across system'" test -
134.
ulb Asplrator 1 To pressurize downstream lines for
leak test.

Test Gauge 1 Optional, for laboratories that rou-

tinely use the "C'" gauge that is

mounted on the permeameter panel
Charts § Tables 3 ~ 1CY Values vs. mm H

"C'" Values vs. mm Hz0

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.

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

1 of the sample.

" Where 90° screens are used, which span the length of core, the

calculation of permeability, using Darcy's equation, is as follows:

- 30 -






'GAS PERMEAMETER OPERATING INSTRUCTIONS

kg = (C)(Orifice Q Al 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 =§/(L)(Lscreen) L
' ' Lscreen

Length of core sample, cm.
Length of screen, cm

un

Refer to the individual core holder instructions for the mechanical
details of securing a whole-core sample in a specific piece of equip-
ment. Generally, the previously mentioned conditions must be met:

1. 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 4p must be small relative to the total Ap
across the system and core sample. This is especially impor-
tant for samples with high permeability. Special screens may
be required in some instances and larger lines connected between
the core holder and permeameter panel. :
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