CURSO: " MODELADO SIMULACION Y- CONTROL DE EVAPORADORES—

REACTORES Y TORRES DE DESTILACION.

DENTRO DEL PROGRAMA DE SUPERACION ACADEMICA,
DEL PERSONAL DOCENTE DE LA ( D.I.M.E. )

A REALIZARCE IEN EL EDIFICIO DE LA bIVISION DE INGENIERIA
MECANICA Y ELECTRICA DE LA FACULTAD DE INGENIERIA DE LA UNAM
DEL 16 AL 22 DE MAYO, CON UNA DURACION DE 20 HORAS.

T R T

EXPOSITORES :

ING. FRANCISCO DANIEL SORIA VILLEGAS
ING.VICTOR FLORES %avala.
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o Fundaamemaﬂs

@hemﬁcaﬁ pmce% dmamcs :

The modeling of dynamac systems 1molves a thorough

analysis of their physical relationships in order to deve}op, R

and subsequrmly solve the mathematlcal equatlons Here 1s.
how to- apply the basxcs to a varlet,f of, d) namu, condmons o

'@ Analog computer simulation’
@ Digital computer simulation. !
Control and instrumentation |
B Modeling, process opumu,.m(m and N
. control for chemical rcuuurq ‘heat - ;-
! transfef, distillation . . ; S
;  H \pphcatton 1o stariup, shutduun and.
' cmcrgcncy prowdurcs *
' i
i D e i ety 2

e 1 e i b T it 3 bt o W o

“A new CE ‘REFRESHER: beoms in
this issue. The material in this
series will deal with the dy namlcs
of chemical processes and their
contral systerns, and will cover. . . . |

A Fundamentals

R

[[] Following conv:_nuonal practice, a dlsnllduon ‘col-

uinn was placed.on »iandb\ service in order to perform

“maintenance on other paris. of the. process svstem,
Under toal reflux’ conditions, the overhead- pruuucl

valve continvously leaked the -more volatile compo-
nents in the systiem. After eight hours; unly thc Linvier
compunents remained. C

As the hquid level fell below the surface of the tubes
ir: the rebailer, several pul\ merizations were initiated,
with an accompanying increase in- 1cmpe..nurt and
prissure: The resulting shock \sa\r und gebwrated heat” -

cirused some reboiler tubes 10 rup:ur(* ‘md decomposed -~
Cone of the cumpom.m\ in the vapor phmc 10 pruduce ‘

e ﬂ’u’h:'lon \\a\'(. UP 1ht ‘(lll'inn Atoone p()lll‘l m lht’

u-lmnn lht conctmrnuun L){d kev unmpumm was fufs oL

lems encountered 1 in chemical engmeenng anvolve:le

: gmph - .
Design a hutch, dnsn]huon column to scparatc a.cer-

ﬁcwmly high that, \«ht'n coup'lcd with lhc 1ernpu1mre

- wave, the liquid in.-the "column demndtcd “This de- .
" stroyed the column,and released a large amm:m of hy-
drocarbnns, which prcmdcd the fucl fora sccuna m;n:-
tion to oceur {/].° - Cofee o
" The orderly dnal}\cs of". poemble Causes_of;m hsiro- Iy
. phes can provndc the means for’ dt\lgmng IRCTRCDEY -

shutdown systems, and thus prev et disasters i D an\ “CPL-
(Lhcmlcal Process mdusmcs) p]dnt Basically. {ht pmb—
lem is a “what would happcn if ¥ situation that.mugi be .-

anaiyzcd -—preferably before the p]ant is buili; The var-. -
© 1ous emergencies rt_gularly faced in any plant An‘:“(‘l_}{
- faTTGres due to loss of inplant poweT, COOIW'JP- "
: ply, stéam supply,-fircwater supply (at.time of: needl,
. general unlmcs (alr ineft’ gas, etc.), electrical power
“from powér compahies;y (2) plam dlsrupnons catised. by

fire or explosion; .\.pnll'i c1c G and {3) runaua\ rcactmm

2o R

This dramatic e\'lmp]e is not the t\pxcal pmblt.m '
that chemical engineers encounter but does lustraic'a
situation for the study of process dvnamics. Most pmb-

drastic. condnmns, as CAcmplxﬁed m the: ne\t para-'
1,.

tain chemical muxture. Thxs inv olw:s the optmn?a'lon
ofcapnal and operating. cosxs {o meet 2 }carh produc— ;

“ion rate” The process éngineer raust. dc:crmme the size,.
of the tower, tanks and: ‘auxiliary’ cqu1pmem (m\ cst- g
ment costs) in relation 10 cnerg) opcraung and mamle- o

nance costs. . o :
" Hence, we wills ](.zrn that prou’ss d\ namics m\olws

'—-thc madle hnq of | proecssmg systems in ordcr toopti imize;
inves sunent and uperating costs, Achicve aulomam. €on-:
: tro! and provide.for startup. \hu:down and cmcrgcnm

b -
‘r‘: - t"_ - _:"

puu «-dun 5. -

!'l dns arw GH R; ¥ thilH{ \sc, will w\crlhc 1\ wﬂ

xR hpaem o e,

L
e S

B i L S




of problems in which dynamic analysis must be consid-
" ered, procedures for analyzing process dynamics, and

mr:hods for solving probh.rm Examples w:ll bc in-

cluded to illustrate thc c.t!culauon:, =

The cpnscrvation'_cquatinns .
In solving any problem, the first step is definition.
After being assigned a problem, we proceed to analyze:.
_ the various factois that may cause difficulties. Such an-
analysis may significantly change the procedures for
solving the problem, but this step can save considerable
enginecring time. Then, we can define the system that
we are dealing with, and start the caleulations.

- After defining the problemm, the next step for so[vmg
itis usually the application of conservation equations.
These apply to mass, gnergy and momentuny balances,
Generajly, this procedure is applied 1o steady-state or,
static probléms. The general equations for mass, energy
or momentum conservation for a system are gu.en by

Flow’_ Flow ‘Reuction = Accumulation (1)
in out pmduct N
Energy _ Energy | Rcact:on _ Accumulanon i (2)
in’ out energy of cuergy -
- o Sum of mru_-, acun Changc of momentum  (3)

In Eq. (1), thc fows and accumulation term can rep-
résent the amount of a particular component, ‘or all
(i.e., toal) components of the system. In Eq. (3}, the-
changf_ of momentum represents the mass multiplied by
its \t,lomty Eq. (3) is ‘applicable to_a specific direc-

tion-. -y it lS a veolor cquauon

4 Applications to’physical systems
Chemicnl cngmerzrmg systems can commonly be -
‘grouped in two major categories: systems that vary wich
time ouly, and those that vary wi ath time and posi-.
UG“T\L'.mﬁTrMner are tank problems] and .of
the lauier, pipe problems. Such systems can also he re-
ferred to as macroscopic and microscopic, Let us ook at
501T1E ummplu: of these systems, and th(. apphcatmn of

S the conservaginn tqu’mo'h .

7 f Miving tank--Consicler the miixing- tank in hg 1'_
-Here, we are niixing équal amuunrs of Components A
-and B The Aow.of (..J(.h streath (Fy. Fghis 10 ft3/h, and -
the fow {rowm ‘the tank, £, ls.20.ft3,'h. At.a certdin.
instant in ume (n}{ihrzmatichﬂj‘ referred W as time

- into Eq. (1), we find that. the'total ‘flow F, = ”5 ft/h. ;.

'umc T . . '

the tank and in the output stream, £, are the same. .0 -

equal to zero), Aw F is increaséd to 15 'ft3/h and £y is:
maintained ar 10 ft"/h “The problcm is'to dctermmg ;
the change in compasition of £; as a function of time." 4
In analyzmg this problcn let us first define the sys- . !
tem that, in this case, is'the tank, which is filled with A
100 fr* of liquid. We will state, that (1) the liquid is
1ncompru5=blc (2) there is no chancu in volume upon
mixing the two liquid sireams, and (3) there is 1o term-
perature changt: either in the mlet streams oc in’ the’
vessel itself via a chemlcal reaction. Now, we can apply.
- the conservation-of-mass’ cquauon Eq (1), te the sys-l- ]
tem in which £, = |5 ft3/h o S el

Input: F + Fg =15 + 10 = 25 ft‘/h
Output F, ftJ/h g
Rca.ctlon None (zern) ;
Acmmutauon dV/rIB ft‘/h ) -;‘-

where V' is the holdup in'the system and 9 is time. \ote
that we have assurcd ourselves of conststcncv in units,.

Because the tank is hqmd filled, thcrc is no changc in .
accumulation, and dV/d9 = 0. Subaututi ng the values

_Hence, the instantanesus change in total’ Output ﬂo“ is-
5 ft3/h after the increase in~ ﬁow for stream £,7

- Let us now lock at how the composition of the output
stream is changing. First, we will define x, and xp’ as the”
volume fraction of Liquids A and B, -and note that' .
x, + xg= 1. By sol\mg for onc composmon we imme-.
‘diately know the other. Lookmo at our consérvation:
equation; we proccrd to. solvc for X, as a funumn of~'

%

nput: Fxy + Fyr, = 15(1) + 10(0) = 13 it of A;h SRS
Ourput: Fx, ftd of A/h - Cauh
. Reaction: \Iune (zéro} - . g
Accumulation: VxA)/dF

- We immediately note”that the composition of‘-\ fn

CThisis one chararrensnc that makcs 'hh a-1ank or, "mu -'
rOaC()plC system. ‘ : - T
Subsmut.ng the values into, Eq {1), we obuain:, Lo

de _d{L x a8 T R

FA‘A-

Sirice the holdup is'
wutt_ Eq (4) ast




T T

RRNCER isic=si IR

Flowrate, £y, of Comfjonenz A

Cutput ﬂowra-te, F

| _Tank volume, V = 100 3

Fiowrate, £, of Cami)onem B

‘Parameters for the example for a mixing tank. - Fig. 1

bc tramformcd to thc gencral cquatlon T

Lo . L

We can now soparale the \ar:ab]cs xA and 0y and
prm:de lhe limits o!' muyatmn 1o solve Eq (3)

;,.; - f T, _ t.i""A._____ E .Ii' (_]jg)dg .x.‘ .'F.'i -
- T (FA ) Yo\ Y
. A= a0 ) .
o dos \F, 4 RS - ar
Solving the inte gral cquauon }1e]ds the solunon as:
" B, [F, - 03K :
T B X ]. 8/v 6

s

Thc rc'suhs are ahcmn craphlca]]) in. Flg 2.

General first- order svstems : ;
Eq. {5} is an e\ampic of a, ﬁrm Srder S\stem thaL(‘ ng

X2y =iy - (7)

w hcrc Alisa funcuon ‘of thc mdcp{.ndent vanabie #;.Y.
a dcpe,ndem variable; 7, a gystem tlime constant.

For a step change of X (say X = K, where K.is
‘constant}, thc :,olutwn to Eq (7)is: oL
=K1 ey L (8)

‘ To convert Eq {5) to the gcneral cquatxon for a first-
order system, we convert-the variables, F, and x4, to

l:) . .",-' :t.

i .
i e
1 1 g
K . 1.0+ ‘/ . o.eo%
N x L/ - 5
S I/ [+]
: ! 8 / e
. "E 05 g ' — 0.55 &
4 - %
- [+]
: . 1 1! 1 1 1 R J0.50 g :
- -0 . 1 T2 3 4 G
Ratio of timé/time constant,-6/7 :
. \ o
1 to
1 25 -
1 1 N
re " Ay
: + “Find £,
a ™ -
P . . Initial £,
= 20}, ’
N e
&
e, = f
. L 15 o o
: g 8 N
- “New FA
"u: - :
S 1+1 EEE . : .
--—-—--y--—--—--—-—-._——.--_-—\—-——-.——....._.—
\‘_I‘niiial Faond Fa
3 “gh :
' B . .
[ 1 1 £ 1 i1 i i
7o 0 4 8 v 2. 16
S Time, @b L
. "Réépoqsés of a first-order system o - Fig. 2vy

- - R YU SO AP S,

AL Ea N

) wSiea d)—statc valye

»J

. Vo‘inenclature g o
44 U Area, fi? . H vl
C . Valve(or onﬁce-rcsmcuon) LOCiﬁCIr:nl deﬁned b\,
Eq. (18)
. €p ' Heat capacnv Btu/(ib)(’F)
.d 7 I'ubc dia, in. .” )
F lumclnc ﬂowratc ft /'h

H O H(’lght fo- o s N

Ak Heat- :rantfer cocfﬁuem Bru /fh)(ft J{°F) e T
L, Liguid holdup, moles ) Poeio

T Temperatureof shchslde fuid, °F'

t Temperature of tubcmdc fluid, F

i T, : Tube-wall lcmpcralurc, °F

© ¥ Holdup volume; ftd - °'

1 ¥y Vapor rate, moles/h’

l v Velocity, i/h .. 7 «

b W .- Flowrate, Ib/h :
x " Volume-, mole-, or wc:gh! fractlon in hqu]d phas

Y Mole fraction in vapor ph.a.'sc "__" SRR

L& . Relative volanht) o .

p Demny, lb/fx . Sin
- - Time, h.or min:’ ; e L 4
7 . 2 Time cons!an! h VL
Subst_rlpls N I -

" 4,8~ Component ldcm:ﬁcanon R SR

J i Inside or tubandc ﬁu:d pmpcma etc., or mIcl "

, conditions S 3 e ’ 1

e o Putside or shel!s:dt ﬁu:d,lpropcrt\ ctc or omlt:i .

; “endions ; ‘

Sw o Wil property .
@ Tnitial condition; T




' numbus into Eq. (8) produces

. stant T.

" are included in the :alt_uhtf_d coefficients. -

: muiatmn terms are:;

.[he\c into Eq. (3); vu:lds i loeedos s Jppmere? s
A \:A -
Y: <, ,—x,l" —03 -7--'." : (10)
Fo  Fy 4«-'15 10
X = iA L A =0t - ()
ECE B W

{12) and sce that it is the same as Eq. {6).

Heat-exchanger tube

‘negligible. C.

new variables. The new variables are differences of the
variable and the initial steady-stare values. To solve for
the time constaat, we divide Eq. (5) by F;

> N |
Y et A

Etpre\smg Y and .X as the new vanablc% and setting

“Therefore, K= 0.1 in Eq. (8). Subst:tutmg lhe\f_

Y:.\:A -85 =011 ¢

w {’I.L‘I’C.T = V/F, =

(12)
100/25 = 4. We can rearr.ange Eq.

—é!f)

Fig. 2 also shows a plot of Y/K vs. 8/7. From Fig. 2,
we see that the system rt.;prmds to 63.2% of- thc new
qtmdv state value when time, ', equals the time con-
The system has esscnnally responded to the -
upset when'time, 8, equals 4 (98.5%). . '

If the system rc.spondt.d linearily with the mmal rate
of responst, thc new steady-state value would be ‘
reachcd after 8 = .

Let us consider the heat-exchanger tub:, shown in
Fig. 3. We arc heating a‘fluid (no phase change) inside a |
tube, with stenam on the ontside as the heating medinm.
We are looking at the flow of ane 1ube, and assume that
each tube in the bundle operates identically. -~

'In analvzing the heat transfer, we assume that: |
s ’Icmpa catire of the u)ndensmg stenfl cin mr\
»yrh time but not with position in the exchanger. -

8 Temperature Urqdu.nta vary in. the Y- dH‘LLHOH
along thé tube, but radial tempuraturc gradwntw are.

o8- Inbldt' and outside heat- .r'msﬁ‘r coetﬁucnts are
constant with position. in the exchanger but not with
time; and the effects of fouling are ut.h(:r negligible or

B8 Fluid inside beés m(_umprcwlb!c
u 'luﬁled#ﬁud"pégfmrtses Rre constant. - .
Appiving Eq. (2) to the tubeside fluid in the chﬁ'eu:n- i
tial length, AY, we hnd thamut output and accu-

e

A +. Condensing steam at
e 'r."';":'"” —--7- - temparature T
/ <. .. / " l B i . i

[N . UL . . RN K
- . L ke ¥ . T Wall R
AY ternperatiie,' T+
L Y s N B ' “ ~
. « s o+ (R
9;.. :. §- .
" a -~
Flow relations for a heat-eéxchanger tubz Fig.3 '~

:ipproach a differential lsnggh, dy:

‘mul.lsmn Terms

WCpt + ['ﬁi(-m).ﬂ]w 5
i b Btu -.r . Biu  ce:ep . Buw
' o B lep y L PW_Lprlep oo
A he - F Th
| h
1 W.C [:-’r -f_\?] :
a ‘b Buw-" F,_' Bm .o
h b F T
AR -
,w[p ( 141 ;
, 1 b s Bti
4T fr= by -
N Y

Substitut_i[:g thcét_: terms into Eq. (2), we obrain:

h[”(%)”](rw_ 2 :

at -\
w + ——AY
WCP .Cs (z,.+ aY‘::. )7+

;.f N [ v )_WC gy
T Tal? (144 ”!] A3

We sinplify the various quantities by allowing AY 1o

.-

(L e R

. e
:Tpid;")” et d, S d? .Gt :
SN i hm (T, — ) — i G L
(1".“5 Feg — 2t ) Pisi 144.Cf‘r;~}' (153, . "
a ,12&;',.(—'7“ [ Bt - ib" y
«8 - p‘d‘cp w "’ ) - "ia}.' . ( } !

Next, we will apply Eq. (2) t the tube wall, We.wil /

neglect the thermal resistance but take i into account the
thermal capacity of the wail, Input. Outpu{ and accii- o
becomae:- . RN

= )]
P f”[" m-»; ].x ?CP-:(——

PR

=
L

i

T




v
: ’ ] .,
;Tank ‘ "
Inle fow. ) Giquidtevel# |
s :
_ 7 £
. T - I’
| . Valve constant = C *
Surge tank for the variable-holdup example Fig. 4

ing \ﬂlh partial dlﬂ't:lenual cquallons \’Ve ha\'e n-
creased the mathematic al dlfﬁrulty and computanonal

-effort. We wilf return to the solution of this problem in a

future article. For the moment, we slmpiy note the

Surge tank

Let us next consider a vmab!c: hnldup prob‘cm
shown in Flg 4. The inlet flow, F ft3/h, s initially at

stmdy state.and c,qua]s the outlet ﬂow F,. The Testrict
“tion in‘the cutet line causes-the outlet ﬁou to vary with -
the liquid level, A, in the tank, ac.curdmg w0 the follow-" - -

* s

ing rr!anomhxp

F:C\/}—{ “ (185"'

where Cis a constam for theivalve resistance.”
The comcr\ ation- ofmass equauon is set up; as:

‘Input: ﬁ,fi "min

Quiput: F,, ft’/min ~ e T . -

A(‘Cumulanon a’l /dﬁ ft ;miﬁ'.

where ¥ is lhc tank volurrie cqua] to AH S“bshlut!ng
these” quanmzc:, into Eq. (1}:

dV _ &’AH'_ 4:1’1-!

s

F‘ Fo = PR dﬁ
Subsmutmg CV/H for F, in Eq (19)
F, - CVH = AdH/d . ‘>0) :

To solve Eq (20) exactl\ we make the follo“ ing sub:
stitutions [3]: - : :

I it
method of setting up lhc mathcmancai equations. =VH oL @21
] . v . -
8
7 _
1.4 4 .
B . ) Exsct sotution, Eq. 128}
=6 ‘ O e i A B B B ‘
: | L ] T roximate solution, Ea. (331
E_ : ey o . Approximate solution, Bg {
3 T =1 {
£ B B e B a B o —_ - 3 1
= S L I O PP o i
s 5 .3 "..J'/ :
i) , _
,_.71(-.._w g
71! R D T W =
44 |
L1 - ]
3‘ 1 . B ' : . $ . b . - R
‘ 0 5 10 15 .20 0 2% p 230 . 35 40 ]
: T, 0w o ho D |
o . ’ e LT : s a L 3.. R
Comparison of results for exact and appruximate solutions for surge-tank example . Fig, 5
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Qe

, o dH =
2Au(du/df)y = F; — Cu- 23
'Scparating the variables of Eq. {23):"
fit i
24 mf‘i—w) = df 94
- (F, = Cu ‘ (24)

. Now, we set numerical values for the several varia-

gt bles C = 10 ft’/min; A = 20 f%; F = 20 {t’/min be-
fore § = O and 23 ft*/min after # = 0; F- = 20 f}/min .

before 8 = 0, H =

Land y = \/ﬁ:

F/CF (20, 10 = 4 Ft initiably;
i=2 nmtmlly ‘

We solve Eq: (24) by integration. Sub:mutmg tht:
: approprlace numerical values and scttm.g limits of inte-

, gration, we find that: © . g
4of b 10{-{—[3&“ @)
:oo[F — 10 — F ln(F- ~ 100}y = 0'. (26)
04[~_10(u -2 - F ln( ‘; - 12%”)] @7)

[ C A

CERE

Thc rc\pnnsc of the tank level and the output ﬁow-
rate is shown in Fig. 5. When dealing with nonlinear
equations such as Eq. (20), and the substitution of Eq.
{21} cannot-be found, we can hnc_ar:ze them o abtain
an analytical solution, by using a Ta.y lor-series expan-
sion-around the stmdv state operating conditions. The
'I:1V10r*ser1c~, exp ansion for oné variable is: :

) = Gv,.‘) + 28 a0 |
"afc': LE=ET L oo
~E el o 09y

af{‘!!.-_v“ K oo 39

where G is a given function, Zis a dcpm.dc.nt ‘variable,
-md 2, 1s the steady-state term.

\Icglu,ung all but the ﬁm dlﬂlrcnual term, and ap—
plying: . ..
hewE

: | o .
=V : H ) s
" , oo + (2\/';'{;’)”{ _ et j'.-@?-)

h =G +CH

We can thc-n lmurtze the rc]atlmhh[p\ of Fq (.;0) be- '

. Therefore:

Vﬁﬂ1+0%n

[cAause H

bu\mmmm, the linc an?cd variable uf Fq ('ii) tnto” 3

[ Eq. {20), we obtain: C
F- Q4 ozm; = A’d’H;‘J(J) o

Solving Eq

Vhelght of Hiquid, H, in the surge tank fr... this ex: unpler

‘H“:b r,e l)!’\& L ('Sj)

',.‘ This linearizcd S-f‘illltifjl‘ Eq. (33), is. ‘also shuwni

graphu.‘:llvm Fig. .) }:.\cmua.[i}, the exact solution, Eq. - -
‘.»hﬂc .

J .
. y

(28) rc‘uhc.s 4 new steady- state Vd‘l\it. at 5. )')

PN R .4t
- N 'f’.}i'-__\:". AN
Lo X

(31) :

(32)

3’) produm the expxewon for the -

0

Steam in-

Mnxm re: ‘
S : 60 mole % benzene

Condensate out

Conditions for the example "+

0

for a Rayleigh distillation | Fig. 6

S ~ . .
. LA <
B ]

" the appro\umdtc so!ution Eq (33),. prt:dtc[s a ‘new -

steady-staie value ‘of 6.00.

This unmph. illustratés that approximate rcsults can
be obtained for nonlinear differential equations by |
" using the Tavlor-series c*cpansxon It also demonstrates
- why an: arnlysls around, Lhe steady state values can ledd\
Lo errors in aml)sm xf we 1mposc largc upsels into Lhc

physxcal sv:.tem

Raylewh dlst1llat|on

Let us conclude our dncumon ol"sctnncr up dynamlc .

problcms by conssdennc the batch dlsnﬂatlon shown in
'Fig. 6. The pmblcm is taken from King [4]. To allow for.

-continuity in our analysis, we will changc the problem ' -

shghtlv -The initial contents of the vessel are 100 moles

‘of a mixture coataining 60 mole% bcnzem:_ and 40 - -
" mole%. toluene: The vessel wnll operate at 2 ftotal pre:.-'
" sure of 1.2 atm. L '
We will sofve for the” compomnon of the |1qu1d in the

- vessel, the vapor leavirg,the vessel, and, the compux:tlon

in the product tank after thc vapur is condcn:,ed—all as-

functions of Uﬂlf‘

‘Setting up the probiem v :a Eq (1) for 1hc toml maas' 5

bal.mt.c we ﬁnd -
Inpul o lb- molc: ‘h £ J T
Our.pur Ve lb-moles/h~ 7 v L

. r\Lcullll lmon dl./df: Ib-mnlc«.ﬂ'

Slmllarlv for the benzcnf

CImpue: 00T - T
) ‘Ou(put VR_)" oy
Amumulauon der]f.-_"ﬁ

Vo= dL/df? :
) dx

(M

40 mole % toluene . . E T

BVL -

_‘.‘

o Lo

e
J"
A

]

"}
o
i
L

-
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s e,

"qnmed cohstant vaporrate to produce the results shown

* control system that introdutes its Gwndynamics; be-

" the distillation proceeds. -

svStems, SFLIe .
:/Fmally, let us examine 1hc aﬁsumptmns inour analy- .

*.changes as the distillation proceeds. The "qamnpt'un of o Jas

J e e A A 0t S R LA AN B
s — e d
*é 10[- : i
'3 [ f‘-‘w - -._'.,_";'_ - 7 _
L co ] T ]
g95l S - "
5 - —
=N —
o
> »
9.1 :
06 % : S e -
- R sl SR IR A B
T R . S A O O A O
jc_:j - . \l L\'\l Computer solution
- 0.4 Ao P S| v
c [ TTIRONO A
.g . L\ X\ 1
& - - ; —
) : . . . ]
Sozb— %& :
- ' 15 11N
s } . Sl Eq. (81 )
» - ’ Eq. (39" | ]
| 4 1 IR i bl
0 -2 4 - 6 . 8 . 10
Timé, 8, h
Compositions and rates for. . . E
Rayleigh distiliation example Sy Fig?

N 2

. Combmmg Eq (34) and (35), we gel 1he cquauon for
) the rate of change for the componenl s
dc (J - x}

(36
3 BT T L (39)

_ I\mg i4] prowdcs two assumpuons that are com-
' monly used to simplify’ the solution of this’ example: -

. If we assume . that thé equilibrium-. constant,
k, _) /x, and that is comtant then:

LEL=VA . @)

106

Eq. (‘38) can bé directly solv cd 1w gnc

k-1 0.6 L

(-]

2. If we assume constant rc]auw, \o\auht), a, which

is defined by:

) e e . 40

Y E T e Sy G0
thrn by subsutum:g Fq (40} mm Eq. {36} -and inte-
grating, we Uhtam

My
__ingj_.‘.o__.l.]‘ﬂ_ ) = - 'A ‘. )
o . W e
. 1 '_,.[x{i__—'o.e)] g
) ———1n el 4 In
. (a—._l},:rL(]._G{l —;)

“computer results are’ ver) close 1o those obtained from y
‘Eq. (41). However, the: recults can changc with 1hc ma— -
. u:rmls bemg chsmlrd : .

“In summary ‘I,
“step in any problt_m -But it s the step usirally ';klppcd B
_when, timé constraints and work préssures are :fnprmd '
ess control loops

Cen e oh vt s
f ,Lxdix:fl —VR(}, = "(J.E_‘)_.
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Wc: can use <:1thf'r Fq {JQ) or F,q (-11) with' thc as-

in Fig. 7. Assuming a constant vapor may be reasonable.
for.this sy stc:ﬁ-—c@pebia]ly for preliminary studies’,
- Ta dungn the unit fora constunt vaporrate requiresa .,

cause’a simple feedback-control systern will ad_;ust thé |

heat input 1o the vessel only: after sensing an error in the

<C{pomt Controlling the pressure (especially, afier \a— -

porization begins) could introduce additional dy namics . 5

into the svstem. A more scrious variable that we have.’ RN T
:

ignored is the'reduction in the heat- transfer surface as L
- . ’

Although these additional. eﬁ'rcts may not be crmcal
for the Rayleigh disullanion: csf this example, let us con- |
sider the effects on Jarge d:snllat:on towers {either baic h'
or commuous) having interactive- and dvnamlc-mmrol

sis. Both the equilibriam constant and-the relative vola- - o
tility change with temperature, and the lcmpt‘ruth!‘(’

constant heat input (usually adhered to in praciice} can
produa, changes in vapor rafes because of-the heat ca— .
pacny of thé liquid and the nonhnc ar change ou::urrmg BT
in termperature. . '

A compuler prograrm mkmg these r_ﬁ'eus mm account
producas the resuits shown in Fig. 7-for 2 constant heav 1

‘input ‘to the vessel. "Because of the closcness of idlcnt PR
. heat, we only have a

Va change in the vaporrate, Smce IV A

the rclamc volatility:varies only from 2.46 to 2 .35, the

s,
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- How to develop mathematical models that simulate -+ o
lL - . ’ + ’ - ’ ' ‘l ) -t 4 ] . :
the dynamic¢ operation of process control loops. .~ *. ; o
. St : Jofm L. plg, [);rrrxmrul' Fm'ﬂpn.s(\ :
U Smmlatlon of process'control loops includes mudds' -
for the: . : ) . . Tank -
B Scnsing devices thd{ measure: thc process vanables CU"d?“sat‘-’ ’a . \
of the system. - - , W;“‘m- v ) .
: 2 Controliers, - » . _ Outlet straam, F,
| = : :
8 Control valves . r ! e '
Here, we will show how to analyze the various com- o g :l
ey -
ponents of the contral loop fie.. the “hardware™). In"a t . ) a :
later article, we will show how 1o use the resulting equa- L] Water |y j . @ 1y
. : :
: TS h)l the process equipment {sce’Part 1. Chent. Eng, . - Ii -
N ‘\ ne 20 74y and the L(‘ﬂlfﬂl locps. 1y order to simu- Inlet stream, £; -—,-——{ -
Lo ate tht: complete system. ' =
' Typical process control : ,
o . e .o Contral loops for water heater Fig. 1 -
Let us consider the hot-warer heter shown in Fig. p : g
' [n this process, we are hearing water by adding steam -
condensate t produce dn ouipatsiteam of w aier at the ’ .
desired temperature. The temper ature-control loop : mm——
messures the temperaturs 0 the tank, and incréases the Tank wall-o o e , o
Hew uf steam condensate when the: Ucwrud outlet tem- r -~ P ’
e dro Aow the tempeinnare: of the tank ¢ - .
porun ll-._dmp-. belnw -[l"_n. e “ ire uf the nk or (?f Water temparature, T ) .
the cntist steearmn, F The desiresd ontdet wmpersture i . o : )
c:n.l!-.--cl the setpoint ?f 1hc tenipetaiure cu.n{rnile:r.. . ' b Measured N L . - Thefmotoupie
Vive outles Aow, F,, will contenl the liquid levelH) in | termperatues . - o .
the rank, In this svstem, we have specified eascade con- - T T - .5 -
trob of the Hopid Tevel 5o as o adjust 2 fow controller STIT ) - '
“that produces less of a variation in flow, or a more- Tharmoweil” " Thesmows? wat!
constaint outlar flow, Tn this systeng a rlmngr‘ in liquid : )
fevel pzuduu‘s an ereor in the se lgmml uf the level oon- ‘
, e e e e ———
trollers O The level controller l.n.,'r_v:',.f the \f‘l}.n-lm of S __ .
the flow® contralier, FC. and. therefore, prodoces an . . 7 ‘ ~
error \!.E;ﬂd.‘ thar causes (n(' cutitrg! ‘;gi\'e in _[hf 'rju[]c[ ! Tempefatufeienslng glament ln_a thermoﬂ-’\l‘e”_ Flg- 2
‘. line o adju-r F ‘ S . SR e o
Le[ 1S MO ]('!()l\ at the Clt."!‘L'hL‘\ '1(.!.'1\1{\" dt\ lets, U;l\- . : ‘ a ’ i o
trollers, and final control clemens. {mmH) contrat .
N . : ] eloin L . tcmp«_raturc msadc the thermowell :is the same ag (hf: .
valves) for which we must develop dyvuamic equations. . - .
R ‘ ) S temperature.sersed by the therniocoirple. P
S¢nsors: temperature . The elements for this analysis are shown-in Eig. '5a. ni '
T | oo 1 Wenote thava higher trmpcramm r\l\.’k inside the mnk R
L. A temper; nurw\( Ning elenentingide a thenmowel! is T
“than in the [ht.lll(_lf()r_[)m and ‘the surros nding figui d.. ;

shown in'Fig. 2 CFer this an dheins we will assome tha
the major and f'm!y reaisianee o hent transfer is locared

on the outside of the thermewe!t casing, and that the,

Fre, ].. i

L . Lo

1o meet the uthor, ses poit

f . -
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This analvsis alsn corres mnd; toa :hummr:up!r thatis
L direct! v L\P!ht"’l o the tink liquid. o - .
We will andlizn oils svstdm by the mfnc pm( sohires

thut ware \)mhm-d in Pm f- n(n.:r;..< Caas cdone dar L

- t-——-; ';“
: -

e



T T ———— - —

T

g

O Y

s -Thermowel!
wall

Tank temypiatature, T

Thermocouple
temperatue, t°

Externy! it recistance, e’

a. Negligibie resistance to heat transfer'[given by Eq. i

Thernmowell wall-.__‘ .~ Thermocouile

Tank temperature, 7

\ T  Thermocouple
17~ temperature, t
\
A _‘/‘—A-—\(‘-—L’\
Al

- - A . -
Externat film resistance, b * ‘tnternal film resistance, A,

b. Considerable resistance 1o heat 1ransfer {given by Eq. {3}]

Temperature profiles for
temperature- sensing elements:

Fig. 3

an energy balunce for the evstern defined as the thermo-
“couple itself. Initially, the temperature of the thermo-
couple will be equal 1o the liquid 1emperature, 7 When
the hiquid temperature changes, energy will be trans-
ferred 10 the thermocouple (for a rising temperature in
the tank}, and the energy balunce can be set up as:

Input: hA (T - r)
Ouiput: 0
Accurnulation: (M, C, )/ df

.where 4 = area of thermocouple or  thermowell,
C,, = heat capacity for'thermocouple and therinowell,
f = heat-transfer coefficient, M, = mass of thr_rmocou~
}Jk and thermowell, and § = ume.

If we assume that the heat-transfer (nciﬁcwm b, and

the heat capacity arc Commm then:

-

d :
MC,, (;5) = hA{T - 1) NN

After setting the time constant, 7, equal to M,C,, /A4,
Eq. (1) becomes the general equation for a ﬁrsl order
system. We developed the solution for a ste p.changc ina

. first-order system ini Part 1 (Chem. Eng., June 29, p. 76).
Applving this result 10 a step change in tank tempera--
ture will yield: :

t=7T— {.-—6/7 : f'ZJ

'This is the resulting equation for first-order sensing

elemments, and we rmust ca]cu!alc or estimate the system
“time constant, T .

Murrill [/] set up IhL ¢quation fur the svstom: shown

in Fig. 3b, where flm resisiances inside ahd r»umdc_lhc

thermowell introduce teststance 1o heat transier. In this,

analysis, he assumed negligible heat'trunsfer ruiqtance‘

i the wall of the the rinowel a“d the l}n P ~oell tself,

After evaluating the appropriate cnergy balances
around the thermowelt wall and the conducting Ruids,
we sbtain a second-order” dlm.cnz.al cquation:

[M( M, Cw] d*t

L hApa lat T . ,
MC, MG, M C, }m epepnn
Dace 2o e VD L = T3V
Tha, CTw T Y RERREA

“where the subseript w refers 1o the ihcrmmwl] 5 \\a]l

propertics. The area 4, refers 10 the arca (mrt_kpundmg
10 the sceond series, rulsiancc ) -
The net effect of adding the second resistance is 10
slow down the response of the systemn. Fig. 4 shows the
response for a bare’buib or a thermow ell having n ghgi-
bie inside resistance mmpared \\nh systems ihat in-
clude the analysis for the lhermcmell Auid resistance.

Sensors: pressure actuated

The liquid level, H, in-the tank of Fig. 1 can bt con-
verted 1o a pnssure nbnal in a sensing ele ment such as
the ane chown i Fig. 5. -

Sensing elements for measuring li'quid level, presure
and flow are examples of sysiems that use pressue dif-
ferential to infer the value for the variable. Albresult in
the same analvsis. ’

In Fig. 3, for example, lhe head pressure of the hquid
is transfcrrcd through an m)Lmng di xp"uaon‘. and £l
llquld in a’sealed-capillary-system differential-pressure
sensing element. Here, the pressure is transmitted
through a second }soLmng dlap]lra“ m and fill liguid, 10 -
a sensing diaphragm in the differential-pressure cell. -
Almusphenc or reference pressure will balance the sens-
ing diaphragm and fill liquid on the ather side of this
diaphragm. The dlsp!a(‘tmenl of the sensing dia-
phragm {maximum motion for this device &5 0 004 m)
15 pmport:onal to the pressure across it.

The position of the sensing diaphragn is detected by
capacitor plates on both sides of the diaphragm. The
differential c.tpdutdnu between the sensing dmphr.xgm
and the capaciter plates is converted electronically into |
a direct-current signal 0f4 w0 20 mA or 10 10 50 mA.

Achange in pressure Fi in the process {such as change
n liguid level, H, in the lan]\_) will cause the pressure }._

-at the end of the capillary tube to change, but not in-

shmmncuuslv A foree-bBalance or conservation-of-

momentum cqual ion around the cap:i]ar) will yvield:

AA. - P'_’Ar = (A chr) < /‘

8 P

where 4, = area of the capillary wbe, [, = length of

the capillary tube, p, = density of fluid in the capillary

tube, Z = fluid displacement 1n lhc capll]ar\ wbe, und
g = gravnauond] cohstant.

T'ht: increase or decrease in pressure causes 2 force 10

“be applied to the compensating diaphragm. The e

chanical resistance of the dmphrdqm will zet like a
spring Laving a resistance’ K. The force acting on the’
dwpnragm PA will balance the force. AZ, and the
(apacnance C. in the diaphragm. ‘\hthtmauraih

Fia. = }{2 + ((QJ/‘-’) : EEY
P ;" R
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Comhining Fq. (4) and {3), we gt:t:'
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We can convert Eq. (B) to a g(:ncrnl'second—ordcr

reansfer-function equation:

off? atf

where G = svstcm gain, T = time constant, and { =
damping ratio, '

' a unit- -step forcing function is applied to Eq. (7), its

Jtivn is as is shown- in Fig. 6. Here, Z represents the
ratio of the output signal from the sensing element to a
given input function-—say. #.

For vulues of the dnmpmg rativ less than 1, the sys-
teus ix said 10 be underdamped. The system reacts with
an osdllaror résponse, but this decreases with time.

For a damping ratio equal to 1, the system is said to

be critically damped. This value of { allows the most

rapid response of the svstem without oscillation.

For values of the d.unpmcr ratio greater than 1, the
svstem produces an overdamped response. Thl% re-
spiiie 18 not oscillavry and becomes slower as { be-
comes larger.

Sensors: process analyzers

Prowess analvzers are devices that measure the Lom- ’

pﬁ-lltnﬂ of liquids and gases. Depending on the apph-
carion, we can aien-are d.“ of the components present in
the process sireim. or just one or two key COmpPanents.
A block. d'agram for a process gas (.hf'()ﬂld[()"ﬁ]ph is
shown in Fig. 7 -
The njor pmhicm in appl»mg the data from _proc-
es> analvzers 13 the delay in respotise time, Chromato-
graphic and spretroscopic me thods show similar prob
terivs when incorporater into a progess control scheme,
In gas chromarography, time delav oceurs from sev
eral sonirces: : '
“he ﬁl\[.(.flf,:l_\f is the tinre for the sample to trieves
Serite the process siream © the chromatography col-
unut, This can be a majir delay for analyzers that are
located Far ftom the sampling device. :
~~The second delny is due to (a; the fime requiied fur
travel thiouegh the (,uiuzz.r} {i.e2., to puss overthe theoret-

(’”)+2§("") Z=GH ]

r—..H‘—----A——--.—-'.-.-,__—-.--....__—.,-,, N - - ,.

Leart-wires -

Capacitor
plates ’

’_Sensmg
- diaphragm
;- - - Rigid
insulation

Isolating -7
diaphragm

Weldud seals-?” ‘ ’ o
Differential-pressure cell - .
Process
) diaphragm
Capillary tube v\\i
Capillary tube, \\

. 'R\‘r
Process
ressure,
Celt-~
Compensating /
diaphragm
Pressure sensor
Pressure transmitter for liquid level " Fig. B

ical plates) and (b} the veloctty of the carrier gas. Tem.-

. perature progriunming can bf' used to rr_duce this time

delav, and to hasten the exit of the less-volatile compo-
nents from the system when detection of the more-vola-
tile gases is also desired.

X PR S — e
- Darmoing B l
. ratio, { = 0.1 . |! .

1

Ratic of output sitnal/gain, Z/G - .

Ratio of time/time constant, &5

—— - R e SN
Response of a second-urder v .
systemi to 2 umt step mput . Fig. 6
‘.
: s 74 i
I o1 e




i R

!
] -
’ Prog'-mmer
: . R B . Recorder : )
£ - B t. . - R ‘ 1
:; ) N Power supply Attenustor system f[--]---® or data processor o
: : Timer o L : ) .. ‘
i N T T ¥ - - ' K
; L : 4
i ’ i ! | L -
H [ I . : T e e e nhasindenteetey |
| t 1 HU e e [ o !
. B el ] q t B
: ) b B T —— — 1} . .
| v P [ S '
i i T y
f : : [ ‘_Cax"»r zat in ]
§ Pressure adjustments ’ P T 1 e n.
! : . b . a H i 000
. ! . ‘ I M i " ) .\
! Vaporizer regulators : Main column : o
K ‘ . i
| B
! Sample in .
P . A - v - . i
H ’ - . Detector .
t:
[ Filters B ) .
' : Ter-por
Mist eliminators P ' \
. valve s
; Stream-select blocking valve
1} 1
: Sample put Ven:
e e — il i —— - i -
i B
l “Precut . ]
! . : column . o :
3
! - .
I L
.. Sample-preparation sysiem . Analyzer
! .
] . r!
i
i - 5
Sampling and recording systems are major components of process gas chromatographs Fig. 7 1. %

b e

Many spectroscopic analyeers read directly Trom the,
process by shining a beam of radiation (of 21 apprcgr-
ate wavelength) through the process stream. This elimi- § -
nates the d:]a\' from a separate sample loop. In most 7

" tur response. Once the component of interest reaches
the detector, a finite time is heeded for the detector {o
. sense the compnnent and to relay the information

{
! T The third delay is due 1o the time required for detec-

=

through the clectronics of the system to the recording

" device, redduut or incgrating computer. This delay.
can be analyzed by developing an a;;pruprl.ﬂt transfer’

function, as was done in the. preceding sections.

=~ All of these factors coniribute to time delay. This
means that the composition of the process stream at the
sampling location, and the composition of the sample
being analyzed by the insbument, can be different,
These fatiors must be considered when .n.:xl)?mg the
process dynamics.

Liquid (.hromalographv not @ widely used, must
include the same type of analvsis as gas chromatogra-
phy for a proc&ss -dvnamics evaluation.

Similar time delays exist in spectroscopy- but are not
as gevere as in- thullld.[() ’I"nph\

Process conlrollers

cases, the detector response is nearly instantincous. A :
limiting factor in this procedure is the need'io relay the &,
signal from the detector 1o the recorder or readout de- |
vice. However, the analyzer readings wre still nat instan-

- taneous representations of stream. mmpmnwn cand,

time deday must be considered in dur analysis.

T\'pxcal curves for process analyzers ‘are shown in
Ilb 8. These include the process (nznpuﬂuon as ihe
input, and the response s1gna] from the anah zers as the

output.. . . T

a

- On-off ror!rolccrs—The stinplest comrollcr provides
on-off control. The most familiar c\ample of this tvpe s,
the home thermastat, The 'nemm:‘al 15 S€1 1G4 d« sired
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lrmpcr.nu: When the temperature of the surround-
ings, as sensed by the thermostat, falls below a certain
~setpoint, the thermostat closes a circuit to start the
heater. When the oo reaches the desired temperature,

.. the thermostat apens rhc circuit and the device shuts off

the heatery’
Pmpw!mnnl controller—A proportlonal controller re-
ceives data about a measured process variable, com-
pares the data to the given sctpomt calculates the error
{i.e., the difference between the setpoint and the meas-
urcd value), and outputs a signal as a fixed multiple of
the measured error. Such controllers are commonly de-
scribed with a proportional-band variable, P8, or a
comrotlcr-gdm constant, K. The relauonshlp betm:c'n

pmpornnnd{ band and controller gain is: :
PB = 10()/K o &)

7 .

We can express thc output ¢, of a pmpumonal con-
troller to an input signal, /. by:

EEEE |
}"-1

K[~ SPy + REé- ™ )

@e. ¢ Ke-i-R

”,ll

whcre ¢ = output s:qnal £ = error, R = manual reset,
$P.= setpoint, and [ = input signal.
The disadvantages of a proportional coutroller in-
clude offset. To correct this, a proportmml plus -reset
{pi}.controiler is used. ‘
Proportional- plus-reset controller—The re!atmmhlp for a
proportional-plus-reset controller is given by:
(1)

Ko
¢=hc‘+7::‘f'd3

where T, = reset tinie (another tuning constant).

The controller output, &, consists of a response that is
propertional to the error signal, and a secund response
that is Jue 1o controller actinn and is the integral of the
error. Thas, the controller has both proportional plus
Anteygral contrl (or, proportional plus reset action, as it
is usnall\ catled),

The reset action causes the controller output to’
chapge as [nog as an erfor exists. Even for small errors,
the contraller can cause the ecror in the process to- dis-
appese aned can eliminate rthe offset error.

Reser cime is sometines referred to as minutes per
repeat, which is the minutes needed  repeat the initial

proportdonal-action change in the controller output.
Another popular name fr)r reset time is reset rate, which

"is the reciprocal of the reset time, and is given in repeats
per minue.

Prognrtional -plus-reset-plus-rate- contm[ (PID)—mIn this
controller, a third elemert has been added, which is

-'trrmr:d the derivative contml Derivative control allowws
a higher proportional ‘gain for higher- order systems. It
will anticipate an ervor b\ measuring the rate othangt‘
of the errur, and apply & cortrol action that is propor;
tivnal o the rate of c_hu.n:,_ Mathematically; this is:

. K: . - GJ:‘ ’
= Ke + —-i-f-f c'riﬂ_-l» Acfd(-—!ﬁ)_. -

(i) .

Fig. 9 shoses l\pu.d LUIHFU“(‘[ with the. sertings fov
proportiuaal band,resec time, and derivative time..

Inall vpes -:Fumtmlu IS, we are convcmng an.inpur’
\I"ndl from a sensing element or measuring detice o an
output signal that m;il reposition a control valve or an

o Poeer

. Time —=
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Representative responses of process analyzers

-Fig. 8.

electrical switch, or that \nll serve as the input to an-
other controller in a chscaded-control inop. Hopefully,
the manipufated variable will produce the desired re-
sult in the process so that we may control the process in
the way that we intend. The controller itself.is the de-
vice that receives information.from the system, which
shows how the svstem is behaving, and then decides '+
what to do about this information. The controller could

be called the ccntral nmnaacmcnt svstem of the process
control system.

Final control elements

[_Jsuaily the final.control element is a contml »al\.c
that receives the output from a controller, and then ad-

4-digit process variable indicator |

Aiternately prass the
piIsPLaY Key to cause
either garcent output
Qr Process setpoint o
appear Qn the bottom ¥4
indicator - - )

e sty

Transfer betwaan wogaL

© and FEMOTE S21pOINTS by
means of the azuocat”
key -

Automatic-manual aption /-

'
Press man-auTe key 16730 to’ L
the manual mads, - H .
Press again to go back W the— I Dp\“ador; meta: is shn-,tdn
* automatjc mode * ki ©at rara dewistion -V
"‘ h B
. . e
B o Setpomts and’ tunmg canstants ' £t

and ,__] (mcrease‘ Keys .
) ~ {Propartional band 5. 300%, rase nmc 0,015-‘10-5 :
S - minutes, derivative time 0.015.3.0 mundias] 7

. 8

v Quickly changed by mears of the _] {dﬂc'°as~‘r o

Fig. 9~

Range of settings for process controliers
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g




S r— e e Sy

g o vy

= - : S Broger
_,A----lns1rumentair . Electrie

. {pneurrauc signat) - Sﬁja' ,
. g '

_ —=~Stything bax

P

",Comrm valve

a. Pneumatic actuator

“Cutput.ia’controb-vaive
"% stem or other final.
L, .control element

- justs the valve position in order 1o set the flowrate
“through a pipeline. The rcsuhmg change in flowrate
-pmduces the desired effect in the process. .

"stop equipment,-and variable-drive motors such as
" those used 10 control fan speeds on air-cooled heat ex-

~ tial equation hwmg the saime form as Eq. (7).

where A4 = fructional apening of valve, €, = valve ca-

Cin critical flow. ;

“methed is” accepied by all-valve’ manufaclurers the

. _another! Thercfote, the cquations f'or hiquids and gases

Some actuators for final control elements

Osther final control elements include relavs to start or

changers. Fig. 10-shows some typical actuitors.

For large valves ha\'ing appreciable time delay, we
can analyze-the sysiem), and calculate the time dclay :
between the output signal from the controller and the
valve response. Again ' the ‘analysis will be from a con-
servation-of-momentum balance o’ a force balance
around the valve. The result is a second-order differen-

The « quations for flow t}nough a ﬁnal control \a‘lvc'
are [.7]: ) . .

F = AC, \/P -F (12)
F=ACNVPT = P2 (13)
F =0.6014C,P, C (14

pacity, F = flow, P_ = lipstream pressure, and P, =
downitream pre‘;surc Eq. (12) is for flow of liquids, Eq..
{13) for gases in subcritical ﬁo“ and Eq. (M) for ga\cs'

Sizing of the control \-alvc 15 prmmn]\ mncuncd‘.’
with calc,ul.n.mg valve capacny -€,- Though the C°

equations that.are used' vary from one manuficiurer 1o

. may \am :hﬂh!l) dnd the manufacturc,r ofa pamcular .

For gasés \&here lht upﬂream precsurc 15 more than
about half the downsiream pressure, the gases are con-."

sidered 10 be in cnucal flow (sométimes called sonic
flow).Here, the flow is not a funcnon of the ‘downt
strf'am pressure. E :

Apphcalums of the coniro] cquanuns -

Let-us now return to thelhot-u ater heater of Fig. 1.
- We will show how the preceding equations can'be ofga- "'

nized into some systematic form for probitm solving.

We will assume that .the process has been operating at”
a steady-state condition. Therefore,- -all initial condi:”
tions (ﬁow temperature, tank level, stream pressures..
etc.y are known. ‘At time 8 cqual to zero, a change”
{upset) is impased on the system. The upset condition:

could'be a change m flow, aud/o: lempu'nure in thé

liquid input siream, F‘. a chdngc in temperature, in.
stream 8, or a clmnge of sétpoint in tank-level height or”
tank tempumturc We will derive multiple. differentia)
tquations, and leave their solutions for a futuie arucle.

We'can start by dcnvmg the equanom w0 dcscnbc Ih? :

process via malcna] and energv ba]ances

s
f o

v.ercAr =3 tank arca C

qumf.d mnstam; and p

B < 1 5 B
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"¢y, equals the tank temperature, L.

T *

"in Eq. (12). Hence, S, becomes:

gl ko iy

~1In. many instivices ‘C‘ISCddt'

firsi-time they appear’in the equations. We must ascer-
tain that we have as. many cquatir)n'ii"as variables—an,

elementary but important point. For each first-order *
differential, we must have one inirial conditon. In this

e\cample the initial conditions are the steady-stafe tank- -
temperatuig, 4, and the tank’s liquid-level height, H.
Next, let us. look at the tcmpcratu re-control logp. The
cmpcrdturc-scnslng element will be gnc.n by Eq. (1}
The ottput from the sensing e!ement r,*,\‘, is reiatcd to

the temperature input, ¢4, b\, : L a2t
‘r" . ‘

"“The initial condlt;on for Eq (17yis that ‘the Output
*We can convert
tank' temperature (o the actual val_ues of the electrical

" units (for elecironic instruments). We would then con-
«vert instrument settings in the controllers to that set of

anits. Because the conversiun is finear, there is no par-
ticular advantage in doing thxs and the controller and

_valve responses will'be the same. The conversion would

add another équaticn that would only add te the. orga-

Cnizafion and br:nkkupm problcnh Therefore, we will

not appiy the conversion hmamc itis actually, donc m

" the field equipment: - .

The vurput, é,4, from the tcmpcrarure scnsmg idevice "
is the input to the temperature controller. We have
specified a PID controller w hose output, ¢, is mvcn bv
Eq. (il) .md c\pdnc.(‘d into;

'LJ“ Ko = oP) - ~ﬂ[<¢,l SEY0 +.

d{o,, SP)

S O L

If we neglect the control-valve dynamics, we can cal--
_(.uiate Howrate §; from Eq. (12). The output from the

controller, ¢, is the fractional opunng, A, of the valve

e
675 S = AC VB, [},J
o i c\,r.-‘\.'&)'
it we \\..ntt-d 10 simuiate the valve d}namics, uc
would have a second=order diffe rc.nual eguation’ rclat-
ing the varizbhles 4 apd o,
1,:, -can b caleuluted Ifom

’t = Q{H)._ gs”l’l

cv\"‘ (19)

(265‘

Eq. {20 shows that the downstream pressure is a .

Sfuncton of the tank’s lignid-level hclght A

We ‘now hdave enough information’ to calculate the
initial condition for the um{rolk: QUIPUL, Gy, Because.
we ke the inidal flow, S We have gy cquatlons but
'eri".bi::s Iht‘t’t il e, ' we ruus[ dcn\,c
c_,qu'illnns in the secénd contrnl lm)p .

Firsr, Tet us ook at the cascade mmml Ioop i hg l

tive thaa asimiple control- lfmp system;Without msmdr*
coatrol the contm \.alw in the vut ]lrlf‘ h.ould open

: (m du -ej bk only on the level of liguid in thé tank. IF.

the dlr\\..l\?’r‘dlh pressure feom the umnul ‘valve -.wrc-
fairly constat it covirld achieve rﬁa&”tld"ﬂt cr).mol Of
the e K Ir wel, H.

*The dounsue‘xm prcscurc, '

um[rul ean be mote effeec- -

LT

i

; controllcr is the fractional opcmng, A, of the valye,.- .

i <, (2 P
'%_:ﬂm \ fre 3 whlch dgﬁnc& the ﬂov. (g_tg,

'For ia.rgu \anauuns in thr: do»wnstrum pruﬁadre we
might be forced: to. usejthe cascade control system to
comrn! levelin thc tank_The Aow controller will correct
for the variations in the. downsticam, pressure. before
these can upset | the tank devel -because:the. ﬂow-c.ontr{)l
Toop tneasures and corrccts the: dlsturbanCc faster than
do the,level-sensing element, and controlif:r alone.

Cascade control can alsn anumpate and. correct a dis
turbance in 4 secondary: loop- before! thc upset:can dis-;
turb the” proceas-ufor cxamplc--' n a- stcam hca:ed hcat
exchanger. s ' e

The' scnsmg ek‘mcntq for thc lcvcl and How’ controt-
lers have‘ sccond order transxcr funcuons, which’ are:

h . -

2 ] 4, '
f( 3 ) og‘ ‘( b )+ "5“ R
, d[¢ N o fd0m "
ffr( dﬁil') + 2% F‘fr(_—dgf) + ¢m.f—" . A
Imnal cendmons for Eq ('71) and’ ( ) az‘c_.'..i-espﬁu-"l' e
uvciy 0 i o Y

Thc outpuc from thc proportmna! lcvc! comrolkr‘ la .

glvcn bv_
-— ﬂ«s“ SR+ &

Thls outpur becomes thc setpoint for the PI{ \pmpor- ; )
tional plus mtegrdl) ﬁow contmllcr Oulput from thc
flow contm!lcr is given, by

' A ) .. .

."’”Kci(‘?’}.'-; ‘?’12) L f (‘f’n ¢:')d9 (94) &

N\e w:ll ,again neglect thc Valvc dynam:cs for lhe
How-control valve. Thcrciorc, the output-from the flow,’

F Thls rclanonahxp is:

© The upbtrcam pressurc on the \.aive W a!l bea ':unumn
of ‘tank- level hclgH H ﬁuumlr F, and orifice .coy ih-
cient, C L y

We now havé'twelve cquat:ons and tiielce unkmmm
Thc niext article in this CE: REFRESHER scnes will,
appear in the issue of Nov. 16 and will cover variou o
tcchmquca for soI\ ing s

- \utum mc Cununi of
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St par ation of variables, mteg[atmg fa(,tor% variation- of e T
~variables, and Laplace tiansforms are: tcchmques for solvmg S
]\the differential equatlom representing pzocesses and Controlq
- _[ohn L Gu_y Dvrmmm[ Fmerpnm- | ' _
] Arvaricty of methods are available for solving the buundan’ cond:tmm of the problem lnu) thc general . )
- difteerniiad equations thatr we obtained when formulat- *solution cqu‘mnn) . . ; .
"ing mathematical maodels for chemical process facilities. A partial differential equation is an c‘cprf:ssmn in-’ ;
These cuations-were derived by applying chemiéal volving one ar more partial derivatives of an unspeci-
mngineering lumlan:un,ﬂs to processes in Parts 1 and2 fied function of rach of rh'c'two; or wore, independent . -
. jthisseries, * Unfor tunately, vne method does not work variables. - - :
“Thest for. all pruhlenn and. umdmnm ' Let us now prm.ccd o some of the classical mathe-, ¢ © S
: " matical techniques for solving differential equarions. Tt
Basic concepts - o ' Sl s
Let us review some basi¢ terminology before we: beytn Sepamtmn of variables .
our study of solvi ing the nmthem.mmi EXPressions, Ve have already used the tcchmque of 5cparauon of .
An ordinary differential equation, ODE, is an expres- »armhlea for solung the Ray le:gh dnsnihmon cquaunn
sion involving one or more derivatives of an unspecified (see Part 1) whu_h is: L :
function (yay, the dependent variable ¥YY with respect to L R
~ the independent variable {say, dme 8). The relationship ﬁ . V{[\ Y- Y) ) J(.z) :
“Tean dontain the wrws: ¥, constants, and functions of 4, df Ly — Vf) : ‘1
The o b (?!_ ordes N i Lhc h.lghw-l iﬂc:::v‘\l'avc of }_ rh where K, the ethbuum constant, is a funulon of X
the equation is the n-th derivative of ¥ with vespeet 1o 4. : :
: ‘ . o . e T ondv: £ 18 the initial liquid feed to the svstem; ¥, the
An OnE of order 2 15 Hinear iF 1t can bc writien as: | S y PR
. R vapor rate, 15 a function of tume! YU is 1the dependcnt
dny et S ri? variable; and # is tine, the inde ndcm vanable
o Gy —— - = ... + !) . M P‘ g b
ain e e T j( RE7/ER \\c s¢ psrm Iht. \.m.xblm Y and 9 o’ obtam B T
' f.,i”)? N () . -'3 L
An analvricat solution-of an OLE for .-.-m‘n,- interval (_ )
say 12 # 2 sc) s a Tuncrion, Y, if i s defined and ' ‘
(say. 112, - <)o !.fm' 'l“.[.l' “ e . L..,, \iu ¢ the rclumn-.hlp b:.‘lv.t' en K and X and bcmccn ) R
can be ditferentiated for all vidues of @ in that interval. LT
o ) o ) b e b Y A G I"andd # are defined, we integrate Fq {2} directly. Thr_ .
The equation reduves twoan equadity when ¥ oand all R
. ] initial mole fraction of ]1quul X,. miist'be calculated: -
derivatives of Yare upl wed in (hc um,ln N dlﬂuc_ntm] 0 Ll
. . inilepe ndr'mlw or. stated, For example, if A and Vare | T
(.-.{lll(lnl‘l hotl \ust th [ [ Ea- (3 . . .
. A generad solution ['ur Fq. (1) umunns n arbitrary Saoth e “:; E‘“I' € s '-'“‘”“-0 . ) is: _ ey
" cotstants. To he independent, the solution canoot be . In(.Y} - ; : LT '
reduced o a foom containing less than nsuch constants, c K—1 |“(L - VB) + o ),
"Ir)- solve for a p«.l!'[ilf‘._llil_r'_ snlu[iqr!. we st Set or solve - " . - ’ ‘_
~rir the noarbitvar, constants (e, we smust solve the \\'htl"c‘ ! :a.lhc mteg a!mn c_ormdnl Suh\ntuunﬂ Ym -

e iu.mrm "otires i)\ :ubstlillfln‘f n ultfml .alnr's ar

- '!n et the wnsthet e

A bl 'In MIER Pt

- Pan _’_\.zu Mop i

e 2 o T

\ atf =0, we s:,lu_ fovie d. Ihc ﬁndl result dsc 00 e
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Variable, ¥ or X —=
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System response modeled by a ﬁ.rst-order eqﬁation

Fig. 1
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Integrating factor

If the variable X is a function of time 3 1(3), the
‘equation for’ 1he gcncral ﬁrst order system can be writ-
ten as: '

gy I
7E+}—X(a) _ - (6)

where X, the forcing function, is a function of #; ¥ is the -

depf.ndenl variable; 7 is the svstem time constant; and ¢
1s 1ime, the mdept‘:ndcm variable.

* For this system, we cannot separate the variables di- -

. rcctl\ However, Eq (6) represents an equation that we
can solve by using an mtegraung factor. The general
form for-such cquatmns is:

.dY :
o f(5)1’ X(6) M
The solution for Eq. (7) is gwén- by:
Y(@) =t [y (6)dl -+ 1] (8)

= /()

For.cxa'mp]c, we can solve Eq. (6') for X(&) = br“

by means of Eq. (8} w0 obain the g(.m_ral so]unon as
shown in lht fol]nwmg :u ps:

h = —1df =
_ b f('r)d 3/7 o
Y = r—ﬂjTLj"(Aﬂ?rg(—-AG d,'5+ 1 .

) )*(9) n 't,—fh'f'[__1_-[(/!(1/7-‘4).9 a4 +’1].

*(9)

(10)

The initial un(lmun lrum the slcad) sate solution of ‘
X{0) = 0. Hende, weé can solve for

!q THRE ){H; =

F=111iz) ~ AP There fore, lhc comp]clc solu-
11001 Ler. !q Hv‘ ’!dli(('\ ln "

e

=}
s
v

“ feA%is shown in Flg 1

be represenwd as:

. tmn an equaiion in cne of the following formb

K 1S (»1), the' soluuon o Eq. {(13) is:

' undcu_: mined (m_ff'czr-m- um onlv be xpphrd 10, hm.s :

F

' [&—'-hg > .}le‘éf-u - r?-’f] (11)

Thc ruponsc of Y-to lhc up\el condnmn 0().(6)-*- o "

Cay
N

Second- order cquat:(ms

A second-order transfer funcnon was dc\cloprd in’ O

Part'2 (Chem. Eng., Aug. _24,}pn 1‘17). Thus function can

. PR A

Yo dY o~
ST ) NPT Y GX 1.
o dﬁ’ a2 & + { }

w hcre G is the sv stem.- gam X, lhe forung funcuon isa- ¢ ¢

function of §; Yis the depﬁndcnt variable; 7 is the sys-
tem time cnnstant { is the dampmg ratio; and dis nme
the independent variable. -

We solve Eq. (12) by (a) cquanng 'lhe left- h'md s;dc
of the l:t:;uauun to zero to obtain the complementary
solution, sometimes called the homogeneous solution,
-and (b} ﬁndmg the particular solution by one of many -
methods. We' will discuss unly two of - these miethads e

“here..For a.complete discussion. including the theory,

refer, o textbooks {/,2]. The to1al solution is the sum of ’
the comp!cmentar\ and particular solutions.
Thc complememary solution to Eq H"‘a s

..d ¥
d8?.

u

+z(-~+1_0 (13
. i R
We solve Eq. (13)-1’))' as.‘:umiug a so]mioh, performing -

.the indicated diffcrentiation, and substituting into the

'origir‘:al equation. For equations having constant coufhi-,

+ . cients, we assumg an c\ponenual function. We can set .
. gp an auxiliary equation by qubcmunng = d"Y; (I'H" .

For Eq (13), we obiain:
-r.r-+‘2§‘7s+l ..0

Y

_ EerT -
Sol\'mg Eq (54) as a quadranc )aclds : -',,-lf'
: _I;- -

512_..

where 3, and s, are the solations of Eq (14).
Deanqu on the relative values of § und 7, we ob-

. For unequal, real roots of the au\.ﬂnr) c-qualmn
(¢ > 1, lh:_ solunun o Fq. (13) s

Y & Ll 4 Lt (a5

“where I and 1, are Lonsl'ixits of imcbralion—. . .
2. h;r equal roots.of the aux:hary equatmn (§ =971,
thc soluuon to Eq. (13) is; T
P 2 L Y= (1, + Iﬂ)e"“ L e

3‘\For |magmzry"m(m iGF - the; aumhary cquahon

i"-" u_.-'

[ .‘u

} "'-c !”"[I cm 5
¥ . - 1'

\fs- 1

[ sin-—

-
7

«'.

The Pdl’{l(‘t}ldl’ su!utlon U‘J Fq (l"’} by the methn ol
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'

o= Perform the indicated differentiations, and maert

- kntwns, providing that the correct form of the part.cu-

wvert Eq. (12}
_—y

A-polynomial,

§ o

Narmal form of particular integrals for second-order ditferential 'equation_s_ Tabla b
' R v ay
# .. - —— e e AY
T : - : Pt Oz » RY =2lX), ]
* Right-hand sicle of differantial equation, Lo a
‘ : . Particularintegqral = © 7 - - Goefficient values
X , : . S )
- - f .
A constant, o A constant, A " ‘
c - : R ¢

A polynomiul,

1
. o
} i . a ) ~ dsfferenuai equation and
n - .
dotaxt .. tax B LR IE S S equaung coe'flcpents
An expanential, - . . An expenential . - R v ﬁ‘__,,_'I__,_:,_-__ ’
Tert ! e’ : PrleQre R
— po » - ey — . .
o . a L =8c - 12P\G - nQH.
Trigonometric, H Trigancrmetric, | : h‘? ,,zp,_ 207
V- - ’
Gsinnx + Heosnx ! Lsinnx + Mcosnx -t -

Calculatnd by subs:ltutmu in the -

2 MR=nIPH-nQG:

"R catpi? <pr0?

“equitions having constant cocficients, and only certain
forms. of the function GX. The procedure follows:
8 As.ame o form of the pamcular solution.

these answers into the ongmai equation.
B Solve the resulting equation for the assumed un-

lar solution has been selected. . :
Forexample, if .V = (u’"te We Can assunie a parucu-
lar mlunun c:f ' .
— (x eT? '
. Y, = e - {19}
“Alter the appropriate differentiation and substitution
inta Kg. (123, we solve for ‘

20
(__h (20

The parricular solation for a. aeu.)nd order cqur\tlon :
tor some torms of C.\ is shown in Table T {/]

Variation of pdrameters

‘Other methods for obtaining the pamcu!ar solutions,
are. not restricted 1o linear equations having constant
coefficients. However, we have to mtegr.).ie two expres-
sions to get the solutions.

For e_\amgie the method of variation-of- pamn eters
involves replacing the two constants of integration,
and /,, in the complementary solution with two un-
known functions of 8. Before proceeding, we must con-
w the equt‘u\lent form: .

diY oSN L g GY
P .-'-' b= ¥

where R is a lunction of 8, © |

‘ Ii ¥, and ¥, are the two (.nmpif.m:.n[‘u') soluum\-., we

(20

can derive

solution:
. YR :
Y () = Y —~—d9 T (22).0
P( ) . Hr . "l ( )_ .-
. dv, ‘f Y, S
where: 11—;;7 - y% - {23y

For lhc Lomplemannry solution via Eq {16) and Ehc
previcus value of GG we prugu:d mth the following

steps: . e ) o “,“A
- 'Yl. = @4
Y, =i : (25)
dY,/d9 :“sle':“_ o i (26}
dY,/df = 5,0, {27).
W = szcﬁs‘;+!:)9 - ;5 At iy ) (?8‘) .:
W=~ )f‘le*s:m e ‘ .(429)
R(O) = Genf/z® | RN
Y, = —e"! C’—[T--a T 4.
e [ROEy
: y W . (50)"_._-.‘_'

Eq (30) reduces to Eq (19) dfter per tormmcr the mdn-r".'

cated calculations. N X

1

These'méthods for obtammg tht: pdmcu}ar solunon:

can also.be applied to linear equations Kaving variable =,
coefficients. However, the comptemmtan solunon will, .
usuaily involve a series suiunon For! dct.ul> corbuit'"

appropriate textbooks (7,2}, Lo :
We can obtain analitic solutions for.certain tvpes of
chnd order noniuu”r rquauom 1 hese are (#) cqua-f

the fo-tl.owin.g formulas for the particular -
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Laplace transforms of common functions - Table |!

No. . Function-of time, f(8) ) R Laplaée transtorm, (s}

.1 " g . BRI
2 8 RV~
ERPR T L g tae, z S
S e . 1‘/(s+a)v :
5 pes Wis+a)?
6. (et —e-09)/(a b} Vis— a)ls - b)
2 ' sinla0)/a 1f[s’+37).
Ce costa) _sJ.'ts:' +a?%)
T
o :g N szﬁ"{.—, f} AT

TO<E<HF=0 Y .,
Ho b re aomo-nt] o E7is®d)

12, e*=sinip8)/b 1V1is - al? + 62

' ts—al/lis~a)2+ 47} 1

——y IR .

]

13, e** cos(b8)

tions where the independent’'or dependent variable does

not occur explicitly; (b) equations that are homogene- -

ous. Again, consult thé dppmprlatc (eXIhooks |] -3].

Ldpl.i((. tran‘;forms

. The L.splau. transformation converts ‘an ordmdry
differcntial equation, with time as the independent var-

iable, to an equivalent equation that can be solved by -

purclv a]g(.brmc methods, The answer 10 the a]qcbrmc
equation is the complete solution of the problem, be-
cause: the initial conditions are included in ihe process
of solving the differential equation, -
The pracedure is 10 convert a function of time 6 10 a

function of the L apldcc transform variable 5 in accord-

sance with: - T E

216 :f :""“’f(ﬂ)a’ﬁ o si)

0.

Applklns Eq. (31) to the first and scecond dcrwatwcs.,

of f(#), we nblam

d=f |
'L'[- '}gu] g s RSN

where /(0} and [ (0 are t]w valucs of the fnnc tion and -

ité derivative when 6 equals zero: Therefore, we must

cllrr(ll\ .
We Bave pow converted a hnear ordmar\ differential
rquition with the independent variable § 10 an alge-
briic  eguation  with the independent.. variable s
{Laplace vansforms can only be applnd ¢ hncar or
Im arized functivns, ) T:b}e 1 gn'r% L aplacc lrar-sfurms
. S

- - - 1‘. . . - [
.'.)f‘}. R B N TR

. huve inivial conditions to be able'1o use this muhod n (38] by (s = 74 } o obtam

of scnme cotnmoen funcuon\ cncmmtc Tt d n pmu.ss dnd
“control-system dynarmcs

\'Luhundt:(.dl manipulations will bc rr-du(.ed xf we
can set all initial values and their dé matwcs 10 ‘zera.

"Starting from an initial steadv-state condition assures

us that the derivatives with Tespect to time are all ini-
uiallyszero. If the dependent’, ~ariable {such as Yin Eq
(12 ] is a difference between the \anable as a function™
of time. and the initial {or’ stead\»s ate) valie of 1hat
\anable th(‘n the initial funcnon value mil ako be
2¢ro.” - ) ’ ™ :
Lm us now solxc Eq. (12) unh Laplacc Lransiorms
q. (34) repre_st-ms Eq..(12) with the function of X prt-
\noush assumed. " We will assume that we have con-
verted Y 1o a difference between the variable and Lhc

“initial value, and that we are ininally at a xtc_ad\-\taie

condmon : . " S

1—Gen (33

Converting Eg. (34) 10 1hc Laplace ‘domain by trank-
formmg cach.term in the cquatmn we obtain:

7252 ¥ (5) + 25”}(5) + m) = .(?_C;:] (_35)..
S _

]

Rean‘anqmg and ssmphf) ing Eq (33 yields: .

K G - (36)
:-7,)r75-+25—:+1) . ’
(s = 1)+ )5~}

whue 5, and 5, are deﬁnt d by Eq. (15). *\ﬁcr c‘\pdm:on
by parnal fractions. we obtain:

A B C . ne

-' }}(J) =

¥ =

}m%“;rﬁ+@wmfu—ﬁ)'9”
'whclr'c: 3 7 5 -
- (1 — 57y — s3) l5= &
- - M G )
.: (Sl - 71)(11 e Jn) )
o T =y

We calculdle the consiants 4, B and C \1.—.1 expansion
by partial fractions. Assume. that we can determine -
functions for 4, B and C by exp‘mdmg the r:ghl hand
side of E.q (36) so that:

‘

‘(: -~ 'j-])(:r T 5!)(5",_ _92) (s .::-_1'1) ‘ 7 .

, L i3 A : C""‘ e E
. e X + S
L Gmml e e

To ﬁnd the: function 4, we muh:p!) ‘each term in hq

B(: =7y,

R _
TERE T T s

By <emng s= o we obtam the value for 4. Thc m!um
f'or £ and C are fuund in thc same manner

>
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numbers. However, we can conv ert funcuom contain-
ing imaginary numbers to their equivalent tns__,onomet-

functions. We can ndw transform Eq. (37) 1o a func- "

~n of 8 for the solution: .
. OEERY + B + CN (40y

%pphcatlons to automatic control
. The -design of the automatic. control sySLem for a

pr()(.css plant reqmre.'i formul:mnq the differential equa- |

tions to describe various systems.: We do not always re-
quire a complete transient solution to design or to
troubleshoot control systems.

“For example, if we can describe a control system by a
scu)nd order equation such as: '

d* Y
A=t 324 + CY X (4t

where arbitrary constants 4, B dnd C have replaced the
coefficients 7, { and 2 in Eq (12}, we can transform Ey.
{4) wo the Lapl'u.c domairi: .

A . '4"((3‘) Lol :
,W— (4 2+ Bs +.0) *
(As + BYX(O) + AX(0) - s
G v v 0 )

The two terms on.the right- hand side of Eq. (42) rcp'
. resent two transforms that havel some relationship to the

“. conirol system and to the initial disturbance or forcing

function. Therefore, the stody of only the first trans-
st {for the eontrol system) may provc to be adequatc
T any applications.

Methods exist for derer mmmg the stahihtv of the
“contrul system and understanding its response from the
transfurm of the characteristic equation (i.e., the de-
nominater: As® + Bs +.C). Such méthods .are the
‘ruot-locus, the Routh test, and® the Ny yquist diagram.

" Also useful in contiol theory is the frequenry-
response transform. Substituting jw (J is the symbol for
-the imaginary unit, and' w.is the frequency) for s, we
~ obrain an cquation’ in’ the frequency domain. Such
equations '\g'iin lead to- useful methods in the design

“and analysis of control systeins, and provide a proce-

dure for synthesizing the overall differential equation
for a control svstem. These concepts lead to Bode: dna-

‘grams. polar plots, Nyquist plots, and more- ad\amcd

- methods of svstem: analvsm ) -

. Partial difterential cquatwns :
Perhaps the most usefut application of Laplace tram~

forns involves the solving of partial differental cqua-"

tions. Because we can transtorm an ordinary differential
equation inrg an algebraic une by using transfoems, it
follows that-we can redyce a partial differential equa-
“tiun with two variables intd an mdm'\n differential

equation by using transforms. We must remember that-

‘thé varmblc transfﬂrmcd to reduce the equation must
have un “open” range because m: integrate the Laplace

variahle to infinity,

In dynamic atmlysis rum: is dluavs bne variable.
chu: the transformation can alw.e.vs be applicd 10.the
time varmblc This p:ocedurc w:ll qmnda:d:/c our cal-

' culanons 30 thdt we dn not have 10 apcnd time. Anaivz-'

’ matcnal baldnce 87

. (H) as:’

“"1 . . Far P

F C‘Av ibmolm’h T ST T . .

‘.“

ing for thc tvpe of cquauon and can prncu:d to the x
solution immediately. =~ - e ST

Example dlustratc«. proccdures

Iet'us ccmsxder the tubular rcactur shown in hg 2
whr-rc. Reactant.a is cnnvcrtcd to Pmduct bviaa first-

order klm.uc rmcnon gwcn by: = B T L
CodC,. * Lo
= s %O 43 . -

e s U, CORRI

s

where C, is the concentration of Reactant a, 1b- mole/ .t
fth kis the JKinetic rate constant, 1/h; 7 is rate of reac-..t .
tion, lb-mole/(h)(f®); and @ is time, b
If the conversion of Reugtant 2 is low, or if thereisa .
diluent to absorb and remove heat of reacuon so.that - .
we can neglect the témperature changes, we can solve
the problem: without too much troub!f- g S
. \’e.g!ectmfr Mass; dxﬁ"umon we can 3ppl\ a material T
balancc in ithe dlﬁé!‘tlltiai section of’ thc reactor: '

.‘Inp,ur C,Av S ’ R T

Reaction: r,dV = kc-d;fs'.-gcq.w_ o
Quiput: C, e + ——{Ca;l:-df."}

. A‘cqumulnti'on. C(L JZ) . i N

'whcrc A is cron-sccuun arca of reactor, Ft-- ¢is fow =

velocity, ft/h Vis reactor,’ olunm 3, and Zis reactor
lens{th fr.” L :
Thercfore thie parual dlﬂc:entml equatmn for thc

Step chance in m]ettconcemrauon )
If the .earmr is mm'tlly opemtmg in‘a steady- snu:-"

conditior, and the intetcancentrition chan5e> atcp\s ise ¥

from C i to Gy ¢ at some mnc 9 —'-"0 we can rew m:, Eq

, '{ii;,
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0 a T : 4
. Reactor length o
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Response to step change in-inlet concentration .Fig, 3

A Imnl-.Lecprnﬁ pmh](rn can arife in app])mg inj- -
tial conditiuns in these types of problems unless we keep
wrack of which mdeprndcm variables the dependent

variable is expressed in Jin Eq {43), C, is a lunction of
and Z].

Solving for the initial cond:nons, we note that the
derivative with respect fo time will be zero. Therefore,
we \ull solve: : - :

" dC,(0,2)
1) e

& .= ThG

. Ge p.:mtmg \.mablcs [.m pu:uousl\ dcmonelratcd b} g
lq (2} -and (3) for. the Rax!u&h dmlllatmn cmamp!e] .
_and mugratme mll \add : : .

' (46)‘4

. o Rl A i Mot
- ; PRy o yopianl
by L .
A 3 ' - il
T H
S * -
\
L
oo
‘v

| Congentration of Reactanta, -7

RS
E
i :?j-
»' g
i : E S
=) R b i’? .
. R N |
& ] ] . ! oe \{
“Tubutar.reactar | I . .."4« :
- S R
Inler ' h . = " ¢ Cuuer, I‘ . "551_-’
.. 0 : s ‘ z -
. \ .- Reacior length H T
e o ki
--Response 1o step change in flowrate ” F:g 4
o

" The initial conditions are Z =0, C = C¢ 'Afttr“rc--\
arrangmg we gt‘l -:j'- . PR e L Thw
' C(O.Z) C (‘”‘"”z : ) H.S‘;‘_,I

W’c will now procccd \\:th the dvn.:mlc soluncm of |

Eq. (45): Because 8 and Z aré both mdt:pt ndent \d“u’.l" :
bles, we- ﬁnd the tramfuxm ol' the’ ﬁmt term as’ .,

.2[.,,652?]-

.
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) The complctc transform of Eq. {43} is now written as: TR - N
d(, a($.Z) ' o N T N o
o—EIZ S , : O P - .
77 C(s,Z Coe™¥7¥% S - R B & - N e
‘ ’ - - ) a . Feedrate- '
./# , ’ . _kCa(S,Z) = O (-)1) : f . A 3 —
Rearranging Eq. (51}, we ob_tain:‘_ s B
dCa("‘Z) (s + k) 57 Cao a0,z (50 2 S
( ) . (32) c te :
dZ ] ¥ s : iy
. L ) ; CL < i “Inlet concentratinn
We have now‘rcduced-Eq. (4:)) to a first-urder equa- s [T :
tion that can be salved by using an integrating lactor. § N s
Betare applying Eq. (8), we must first calculate the value = . — .
of the expornent k by substituting the apprupr:atc ternys W, . R g
in the equation for A: N e . ‘\
s+ k 5+ k) o LA A ke L
h = f( )dz = -yt ('3'3) 0 - Time, 8 ~— . L L
- . C 3/ ' ) 7 o ) ’ e R !
CC ) = (_W,.;ze._(_\,/,,,z[ 1) - ]] (5) Tubular reactor response “to step ghanges : Fig.5. - e
At Z =0; 9>0 C(BD)W('_,“,C(IO)_.C‘/: ‘ * o IV
Subsrituting these values into Eq_ {H4) and rcdrmnglm;l obtain two answcm oune forﬂ L £/, Eq (60); the other - g ‘
) will vieted: . ”,ﬂ'dﬂ for 8> Z/U Eq.. (5” L o o .
) . : 1t : : ) .
[=Su ifm. b ) C62) = Cuue*‘*’"»’”e-*h-‘ww 0 .
. ) 3 - C(G,Z)—_-C ,—-uzuaz A (6!) N
! y ) N . ERY
'; CleZ) = : s : Fxg 3 and 4 Hlustrate the concentration profile for - e
C c o . the reactor for the two CODdlthl’lS Fig 5 shows the con- S
—(k kgl el al —(s/0)7% __9_0_ -0z 56 4
¢ -t e {56) centration at the outlet for the two cunquna. :
_ o . - A control scheme sensing just the outlet concentra-
: - Transtorming Eq. (36) back.to the time domain will tion would must likely not- be 1dcqua[e to-adjust for the :
B yield two answers: one for 8 < Z/z, Eq. (57:1), the other two conditions. The step change in concentration could .
for 7> Z'r, Eq. (Dib} - | best be sensed via the inlét concentration thar would
: e - _ start to adjust the system reasonably soon after the
| Catf.Z) = Cp E (5-"3) upset occurred. The same svstemi would not-sense a : )
C,(0.2) = F:‘M,—.(‘kfﬁz A (37b). 'prob!cm for the step changc in flowrate by simply miéas. - . ."
‘ -, - o uring the inlet concentration. The final system would .
’ Step change-in feedrate - : | have to be adequate to control both upsct_-. if they were -
Let us now ook at the response of the system for a considered likely t6 occur. . e
step change in the feedrate. The velocity - will he con- Prediction of events likely to occur is one of the most
stant except for the stép change'at 8§ = 0. For this case, difficult problems in design work and also one of the -
the Laplace transfurm of Eq. (43} is: most eritical. After an accepiable control scheme is cho- i
C s 7 ' © . sen, a complete model of the system will contain many - 7
a _.(_f.___, + 5C{57) — C PRI T ' more equations. Delays in measuring concentration, L
o temperature fag (if temperdture were controlling), erc., TEETI
. . kC, (52)‘.—.. 0 (58} should be included. However, analvzing the reactor s
| l F R probiem at-an essentially constant reactant-tempera-
where € is the inlet conumranun 0 K gactant a at ture level can lead to a control’ concept that we can .
Z =0, ar\d ¢, is the Huid velncity ar the Stt’dd\-:ldﬂ: studv in greater depth as d.:slgn and laboratory-work R
condition (# <0). progress. ‘
‘ \\e'can again use an.integrating factor 1o solve the The next - article in this CE REFRESHER series will
ccm,mun The inital Lnndmug is r\()) = ('uﬂ' 5 '1t: appear in the issue of Dec. "8 and will cover techniqués
s 0. The solutivn for Eq. (58) is: : |- for solving the mathematical models of processes. and
) .C oo g 'C‘ ) ) LOnerl svitems via.an 1!og/h)bnd cnrnputf’r\ o
CiZy = ____'r." — ..; L l.._ﬂ.'i,-rm-'ze—muJZ] - : ., Steven Danatos] Edita %0, s
AR A - . " PR ! i s
5. T . : . ca . - AT
T . . For - oo e .
' . C, ‘(—tk,’n)z ~le/mid - R(‘ Lrences R + o - ]
: -~ : o '......_.....L..m- .:....,.....H...... ' (50) L Jmnsoa, V1, C- and _]c!th,t f, N, “Mathemajuai \l'r\hvd: in, (.."mmu:xl . [
’ [ : 7 . - A’U : T Enginpert nz Y Academiv Press, New York, 1963 ' o 4
: . . . . .\' + A. - s ) . Err\uu_ F ‘-\dvlm d Engmrcnmt \hr‘wma:x--ﬁ" \\:IQ‘, New Yook, : '
S N o C Ann ] S s
& - 3. Wylie, ©.R “Ad\ ath s Eigineering Matheimatics.” Mitiaw -, New - T T

-+ Converting £q. (39) o the York, ‘Jn : R . .
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__,putc: allows the user to generate complex functions.

Oddmg process

sys&emg oI

' anaE@g/ hybrid computers

Analog simulators perform - mathematlcal operatlons in parallcl at
hloh speeds to solve the -differential equations for process systems '

jahn L. Gu), Dynamm/ Enterpmﬂ*

[ In Pare 3 of thisseries,” we dr:»t:lopc'd some manual |
methods for solving the différentiat equations.for dy-
namic processes. Such methads, however, have practical
limits both in the number of variables to be solved and
in the time required for hand computations.

On the other.hand, analog and digital computers
provide rapid and many solutions for the analyses of
Ivnamic systems. Here, we will show how to simulate
“~and solve the differentic \l Lqudtmm for (_omple‘( systerns
on an analog computer.

\n'ﬂnu computation

Anadoy computers pcriorm mathematical opcrat:ons
snmuimnnuuﬂ} by using direct-current {d.c.) electricity.
The variables for the analog computer are voltage and
time, The vaniables for chemnical process facilittes can be
represented by electronic components, which can be
arranged o simulate even complex systems.

An electronic anadog model of the equations deserib- -
ing the physical system can be wired up so that the
voltages will represent the depandent variables of the
systent. After the problem is set up and started on the
analog computer, each voltage (representing a depend-
ent variable) is measured. The value of this voltage pre-
dicts the value of the dependent variable at a particular
time.

Basic 'upx:z':uions include summation, integration and
function generation. Fig. | shows the standard symbols
[!] for analoy computers, which are used in flowchart-
mq Circuir diagrams for multiplication, addition and
'ntcgrmon and thetr malhrmatmdl rc!.mtmshlps are
shown in Fig. 2. -

Hybiid computation IR
Adding digital compurer facilities to dn analog com-

These can be somewhat difficult o simulate viaan ana-

A1 mest the lltlhnl-. wee Chem "'ngl June 29, p. RO,

:\r'ul-apuhlmhr-l thue far in this OE REFRE HEI}-,F, Part 1, J'unr '"3 p- T4
Part 2, Ay, A-& p L Pan W Nov G p '71

TR A RN

Riney

log computcr alone. Thc combmcd systcm is callcd a

hybrid computer.

Hybrid facilities allow the user to greatly e\tcnd the
capacity of the analog machine. The standard analog
computer-is limited to 26 integrators or 26 first- order
differential equations.

By performing calculations scquentmllv via dwnal

control algorithms, we can program the analog ma-,

chine to solve the 26 equations repetitively. For exam-
ple, the equations for solving the tray dynarmics for dis-

titlation columns require the analoy component to be |
“patched” together on one panel ‘board. The digital”

machine is then programmed to remember conditions
from vane time interval to the next'and, in this manner,
predict the dYﬂ.&mlC behavior of the system.

One of the major drawbicks of the analog system is

the need to scale variables. Here, the dependent varia-- -

bles (describing the physical system) are scaled as volt-
age variables whose values rang'e, from +1010 —I0V

" d.c. (the maximum outpnt voltage of most analog de-
~viges 15 =10 V). Becuuse we can change any of the.
program steps from a’computer terminal console, scal-*

iny is no longer the problem that'it once was. The tech-
nquby exists to essentially eliminate this step via in-
structions from  the dxglta[ machine. However, a
procedure for performing gcncral simulation work is
not yet available, . :

Another drawback of the analog system for process

~ simulation work is the need for electfonic wiring (patch-

ing) of the panel. The actual process probably takes less -
time than entering.an equivalent digital program via a
computer terminal or kéypunch, but patching must be
dore at the locatiou {or the anatog machine. Fach tiine
the same program is rerun, the panel must be rewired.
Hence, dccess to a centralized machine is riot possible at
different plant and engineering locations. This. hrmta-
tion is recognized by the industry.

Soon, we will be able to access the hybrid (nmputer
from a remnte location und (via typed commuands) gen-

. erate the w1rmg of the analog machine [ 2) This ducl-_

T 2,
AR
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I Arbitrary computing elernent . 1. N=Summer address : T
. _ p ' . 2. %= Summing junction, This . I
iy X {___8__} =) [N\ A T Wm-aX ‘ : ) " should be designated when used oI
!-‘ ' ;| ) . L/ s - and may appear on all cormput- i :
¥ : X ™, . ) " ing elements with patehsble
P f! z b \N\ ¥ o W ciox b2 unning junctions, ¥
HE . . & : - ) :
TR _§.".. 5 ) © 3. The number of inputs to the - ? o
L X : 'W ) summer is variable {see {
i) ) _ ‘ differertt configurations). J o
i z 5 N W - -w(aX*bZ'*c.‘Y,*‘dY-‘,er:,) iffererrt con ugur.a ions) i
} b Y 1€ 3 4. G = Open-loop gain of the Ie“

i amplifier {5 is negativel 5
b 72 {a7) ' - : D otion e E
ioeh S 5. SM = Saturation magnitude
: ; . Y, 1 . . . of the r.:ighjgain summer.

|

|

We—(a,x, taaq+ . .. +8,X,)

T L L AT

)

1. N = Imegrator address : L

r : 2 Y, = Initial condition {iC)

W= (Y, _J; leX +b2)dr © 3. 8J = Suinming junction L
4
5

1 . K= 1L summing junction .
e [ ) a, . Integrator gain control changes | }
8 . ' r gain by switching value of '
: : SJ) W= —lYg+bd, 4'CVo'—fu aXdt feedback capacitor. . b
' S — . . Integrator gain'= Qutour unit: 281 sezond "
‘ o . z - 1J : . : et Input unit 2k
v @ 8] ’ ) 6. The imegrator mode control i
o : v, . ) . . selects the analog mode of r
iy ) . . . . operation of the integrator. ;
oo b . 5
=i . ¢ Q
I Integrator gain control t
i; o L X
W= Y, fo {aX +b20dT ;
[ el
A ) L)
Ly . H
: A SRS ET L Notes it
o . Arhitrary '-)(1 ) . o 1 F= Arbitrary function-generator i
i e (2 N\\ W ; F.N SJ‘P‘\: w W= fX, Xy, .. X, ) =aZ ‘M = Multiplier :
’ X, _/ X S :_/ . " B = Divider n M
"4 z__j"" 2z L . )  FF = Fixed-function generator i .
Y T ‘ : . ) 2. X, Xg, ... Xah represent functions L ]
: J_' Multiptier . : . of1,2, ... ,n variables H .
L X - : : X — . 3. N = Function generator address i |
¢ i— w r—— { ™ - R R . e
H v M > oy M N -——§-‘l-|L . ,'::—--V!- W= ~{XY+a:) 4. The triangular output represents a !
R S " . ) . device with a committed output .
3 z -—-——j ? 71 _ . amplifier. . 5 P
E Divider : ' 5. The rectangular QUEpUT represents 4 , 5 :
RN 1ae . device without a committed amplifier. -
4 X ; X . : Co . The device must be connected to the ¥
! n) N W - ID Nk Stj S ud W= —X/Y summing junction {SJ} of an amplifier. _,
Yo Y ——{_ ] P2 - : as iHustrated by dashed lines. 5
. . ' 6. Funétion generators mby be N
Fixed finction , . . ' inverting or noninverting, ] - .
\. X——4FF N> W. X FF N S'LL _::--—”i'- W= i i g - . - - }4
il Standard symbols for the computing elements for analog and hybrid computers,| . ' ,
8 R e e e e sl R A L R A e
t ) ;
.' > 19
E i o )
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“opment will resolve the rerun setup problem that is in-

herent.in hybrid systems.

uracy and reproducibility
et us compare the accuracy and reproducibility of

.alts obtained from digiral and analog COmpuers.

The digital machine will generate more than six sig-
nificant figures (based on the data supplied with' the
problem and if the data contdin that many significant
figures). The machine reproduces these same figures as
many times as the problem is run, '

With the analog device, we can only produce about
“three significant figures. System accuracy will usually
exterid to three figures. Overall, the accuracy is not as
high s with the digital machine.

We should now ask how many figures we need for
cngineering destgn work, Pro}mhly, three is sufficient
for most design work. Because: we are aceustomed to
seeing six or mare figures from digital computers, we
tend o believe that they. all mean.something.

‘The basic design of process equipment may not

change. But, change-orders flow through an organiza- -

tivn whenever a slight ‘modification arises—say less
than 0.1% in a material balance. Some (icslgn firrus
rewrile every eiuipment specification and the detailed

cost estimate fog each of the changes. For this reason’
alone, we mn;ht consider the drmlng machine as better

sulted for some engineering -computations. However,
many people would.be upset if we hinted that the dc-
siyn was not os exact as they sald it was. When a deci-
is made to use 6 to'8-significant figures in the com-
“~{ations, the next step is to resolve whether overdesign
wore than 10 to 20% is adequare 10 take into acenunt
" e design uneertainties, :

Example illustrates procedures

A batch reactor problem will iHlustfate the procedures
involved for simulating with the hvbrid. machine

Let us consider a batch-type tank reactor designed to
carry out a series reaction having the form:.,

A—-bB—?’C

where B is the desired product.
The: rate equations for the reaction are:

R, = (_[CA/J() = _kl('.l . ) (1)
Ry = dCy/dh.= £, Cy —k,Cy - :(_'.3)
R, = dCy/dt = k.Cy - - (3
ky o= 109 exp (—9.000/ 7} : {4y
ky = 10¥exp (—12.000/T) (5)

where C = concentration oE'Corrzpnnt"nt A, BorC, lb-
mole/ft?; k = kinetic rate constant, min™%; R.= rate of
“reaétion of Componem A, Bor G, tb- n]()lﬁf{ft ,(mm)
T = temperature, K; and # = time, min.

Addmona! dara for this anmple arc:
? At capacity, C,, = 50 Btu/(lb-mole)(® F)

Ay, poo= 03 Ib-male/{c? (~ constant)

aperature: 10 0 120°C .
H| = —1800 cal/mole

Heat of ‘rcacrimt at 25°C: {_\.H

— 1,500 cal/mole
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a. Multiplication (fixed resistance}

c. Integration
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Circuit diagrams for analayg -

computmgelements S e L “Fig. 2.

On haad is a 7,500-gal reactor that is available about
one day every thre¢ months. Reactant A will be pra-
duced as a byproduct in another process at about

/500 Ib-moles in this period of time. The problem is to

determirie whether the 7,500-gal reactor will bé ade-
quate. Preparation of the reaction mixture and cleanup .
of the reactor is estimated to take about 12 h. Therefore, -

“reaction time in this equipinent will be:limited to 12 h.

Separation facilities are adcquatc to recowr and refine
the praduct mixture.

The electronic wmng diagram for Lhc hybnd {(ana-
log, dlg:m{) computer that will'simulate this cxamp[v is. |

- shown in Fig. 3. Once the computer is wired vp-in ac-

cordance with ‘this diagram,-the problem is solved
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through conversational computer input/output dialog
via a standard keyboard and CRT (cathode ray tube)
screen, The final program is listed in Table T.

The exponential reaction rates [Eq. (4) and (3)), are
caleulated as a funciion of temperature in the ciigna!ly
set function generators, DSFG 0 and IsFG 1, asshown in

the wiring diagram. (Fig. 3). The Ds¥Gs- ca!culaic 40

sieps in the temperature interval between 100°F and
275°F via a Fortran program. A lmcar interpolation
scheme then generaies the reaction-rate constams be-
tween thc:.c: poinis. Summe;r 17 (Fm 3) suEm: the argu-

mment 10 the DSFGs in order to-reduce error ruultmg
from the linear inerpolation scheme.

Some scaling must be included in the program to
obtain accuracy of results. The prosedures shown in the

flowchart (Fig. 3) and their i mplcmcntauon on the hy:"; "

brid computer were synthesized in one day. These do
not represent the sophmncanon that would be reqmrcd
if ' we had been wniting a general-purpose program.
One advantage of the hvbrid-computer sysiems com-
pared with pure]\" anatug machines is that a printout of

the variabies is po%slbk \\c' can’ then ch.mgc any. incor 7
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Sa'u t e ,4;:11 for sm‘uhmnq reactor

probiem on hybrid computer
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T T T T i we can study the reactor proﬁ]cs for a system operating |
N 0.5 . ‘ . L In an tsmhcr nal manner. The reaclor proﬁ!es oblained
N ' 0.4 a. Temperature = 100°F . ) ' ‘ fiom this simulation for three different tesnperature levs
| 1 o § els are shown in Fig. 5. The opumum temperature of
I i ; 130°F (Fig. 5b) produccs a maximum concentraton of *
SRS L Component B equal 1o 0.18 Ib-mole/ft* within the reac”
L ‘: tion time of 12 h.
b4 ‘\ctual]y, we can oblain a greater maximuin concent,
it - : ; tration by decreasing the. reactor temperature as the
!: 0 20 40 B0 80 100 120 140 160 180 200 .. reaction pmcecds Weé would then obtain higher reac-
! . . Time, h A " tion rates before appreciable amounts of Componcm B
: ({ ! '?: 08 : are formcd. This result could indicate an interesting
ip 3 ' ‘ dynamic study, but one not justified bere because of the.
i : .2 04 b Te tore = 130°F 5 short op('raung time for this process. In a.future anicle
i' } -‘i‘_ 0.3 2. lempera u'el » of this serics, we wsil provide in-depth studies of reacior .
I o - Y svstems.
; :I 5 0.2 : ¥ Comparing ihe results of the studies ob%amtd from
‘ E 3 the analog simulation to those from a digital computer
o | € 0.1 snnul'mon we find that the isothermal case agrees ex-
i v§ g ' : o . i actly with the resulis from the hybrid computer. Hew-
i S 0 10 20 30 40 S50 60 70 B0 90 100 p ever the results of the adiabatic study indicate a slightiy,
Lo ff Time, h 4 different reactor profile. This difference can be traced o
; i 0.5 F - the interpolation scheme used in caleulating the eac-
' !1 ) . M " tion-rate constants. The vse of 8 “log-+” printed-circniy
- ‘ G Temperatare = 150°F s ..card {3} would reduce the error, but would prabably
ek ' “increase the setup time on the hybrid computer, for the -
“ T4 -
‘ r _ problem.
Cok Advy antaots/hmllau(ms ;
| : Analog-hybrid computers are a vseful ool for dy--
oL o T B0 .12 180 - 240 - ‘namic analvsis. The mtcsrauora of differential equa-.
‘ ; ' Time, min : - lions on dl"\.ﬂog svstems is not as difficelt 2 simulation:
L — ' problem as it is with the djgual computers. The.tech-
: | ' Reactor profiles for isothermal conditions Fig. 5 . nology exists to make analog systems as easy 10°use.as
! R ' - the digitals. Howcever, fewer people dre_dﬂclopmg ap-
: . plications technology for analog machines than {or the
+ o " ) digitals because of earlier experiences with the analogs.
T rect or inverted _t')pera.hons lat the CRT screen. The pro- This lack of effort has hindered the development m
: gram (Table 1) is written in the HYTRAN Im;r;.)rcter canned procedures for analog sysiems. Hence, progi rm
language, which runs on the? EAl PACE}.{—IOO nminicom- for analogs are not as plentiful as those for dunmi mal
) puter. ]":.ar.tll Ufth'c program is the exeeutive subpr()gram - chines, and progress in analog methods will continix
! i that initializes the Model 2,000 analog processor inter- Slowly-~at léast in chemical engineering applicutivns
{1 faces and exccutes the other wbpr{)grmns Prablem However, analog-hybrid processing does produce re
! :-| cemstants and initial cunditions for integration are set in sults conveniently, and bcrhaps in a shorter period o
J; P Parts X and XITH, respectively. Part XX scts the values | Lime than ducs a purely digital method.
¢ of the coefficients, and Part XJ] computes the scaled | ’ ‘
' . . . .
! function \.alum o : . »\(‘Lntmkdgcmcm :
!Q Problem interpretation and results ) T want to express my appreciation to J. Pau
| ) Because the existing reactor is not 'equippcd with - ~Landauef of Electronic Associates, Inc. for his help
; heat-exchange equipment, the first step is to deiermine preparing this article and performmg the compue
! the concentration profile that we-can expect from an work. .
ot adiabatic (i.e., no heat removal) reaclor, 'E The next aruclc in 1h:s LE REFRESHER series wi
T Fig. 4 shows the results of the expecied reactor pro- | appear in the issue of Feb. 22, 1982, and will covi
A files at initial temperatures of 100°, 120° and 150°F. | methods for, solving problems in process d\ narnics L
K ’ The maximum concentration of Cumptmcm B in- - dlh‘.lfﬂl compuu,r methods. - '}
‘ creases with dccrcasmg temperature. However, we can’ - . Slevm Danatos, m‘:
" only reduce the temperature to about 120°F before we - T o e §
also reduce the amount of Compcmcm B that is pro- .\l References - oo o Lo
duced within the production time available (ie., 12 H). " 1. Simlatin Dés. 1971 . I T b
- A series of runs.were obtained by simply changing: lhc' -} 2 Landuuer, J. P, Stored Program Hybeid Pru.'r.t:mg smcm Ao o
Co ~initial wemperature from the computer console. v " g :

1% Lusben. \\ L., “Prices \!udch:\ﬁ blmulmnn and- («nmm‘ ferr (h’* h
i’ rnnnﬁ:n \‘h(.mu H:l'l New \uri "3:3 oo H
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‘can cause truncation .errors and smbxhty problems

N

" * PROCESS DYNAMICS/S

M@&dmg process systems

wa digﬁ

omputers

" The differential equations, representing process systems;
‘must be reduced to linear first-order equations in order -
to solve initial-value problems by numerical techniques.

J{,}m L. Guy, Dyndmod Enlerprises* ; ' T -

] The maost powerful tool for solving the differential -
equations for modeling process-dynamics problems is
probably the digital computer. Digital computers'etim-
inate many of the disadvancages of thmr analog/hybrid
counterparts. For example:
.~ Scaling the variables for time and voltage is not
ired because digital machines can handle very
small numbers (ranging from 10798 for some minizom-
puters to 1073% for large machines) and very large
numbees (107 1o 10390,

8@ Initial setup time is probably lowcr for the digital
machine even with the advances in analog/hyhnd com-
puting wols mentiéned in Part 4.1

B Once a digital program is. developed that ade-
quately simulates’ a certain. phenomenon, we can re-
trieve the program and simulate the phenamenon
under different conditions at a later date with less diffi-
culey. (In Part 4, we mentioned that the technology to
facilitate re-setup time for analog/hybrid systems Is
developed, but not advanced to Ihc degree that ivis for
the digital machines.) - ,

& Reproducibility of results is much greater with the
digital computer. Results with from six to cight signifi-
cant figures can be ‘consistently obtained for the same
prablem. However, these results usually have more sig-
nificant figures than the input data for the. problem.

Problems arise int solving systems mvolvmg differen-
tial equations when numerical integration for digital
simulation is used instead of the continuous method in
analoy simulation. The differential equations for the -
simulation are replaced by difference equations that

Systems of d:ﬁ'erennal equations

We derived 12 equations to describe-the-dynamic re-
sponse of a hot'water heater (Fig: 1) in Part 2t of this

*Tu meet the authur, soe Chem, Eng, June 29, 1984, p, 86
" Articles published thuy Ear in thiy E RFHLESHER art |, junc W, 18]
T4, Part 2, Aug. 24, 5931 p 11‘ Par’ 3, Nov, 16, 1981, p. 771 Bart 4.
E».-meaxpsa‘- _ o ‘ ‘
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Intet stream, £ K :
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: i

Outlet stream, F,

Control systems for water heater Fig. 1

series, These equations are reproduced here as the set, - |

_Eq.-(1). Two new variables have been added—one to

dgrmalize the controller ourput, (SPANV), and the other
to determine whethier the ourplt should increase or de- -
crease with the error, (4.YN). [The variable, (4.YN), is
fimited 1o values of +1 and —1.] T

dH . F+ 5, —F,

—a |
. d& B pd . (a) o
o, F.Cp’. +SCDI“ F,Ct, - (;a dH li) L )
b CpAH *_H)ai? (_‘)- :
d(:,“—_ ‘rn'—‘#:'z o . .
- B & T (lc)
o = K (AXNY (¢, — SP)
= (SPANY, =
(AXNY,
.: 71: (S‘P4 N, (P = SP;)JB + -
- % L
kT LA o = SPSP 3,} X d) E
A a8 R

B VUL U0

’Jc‘f Do
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o enad i s o

S = 4,C, \/ﬁl_i—— Py,

(le)
Py = g(H) ()
Ld% e ' L
T dgn + §x"e d; +on = GJH (1g)
4% . o .
: TP dg:?'{”?rr del*"?’n-'—“cpf'o (1h)
. _ 'rt(AXN)J(‘t’u - SP:) i
= TSPANY, TR (9
_ KAAXN)Lop — ¢4g)
O = (SPA’V)F ._ +
— cF (AXNYp(Spy = b1a) 0 ..
f (SP4N’) 4 “_J)
F e AFCUF‘ vV F (lk)
P _‘(HaFmC) ) (”)

Most generalized numerical-integration subroutines
are set up to solve equations of the following type (writ-
ten for n first-order equations):

dy to \
B =AO Y, YY)
dY |
dB —f2(0 . '.! Yn)
! N {
a’Y
- -'f(f? Y,, oy eaYy)

We can rcducc 1hc second-order equation to two
firsi-order equations by the following proedure, which
is illustrated by the cquanon for the ﬂouratt -sensing
element:

" don,

| oh=20 3
B @
Therefore, we obtam two first- ordcr f‘quauons
Fdj;, + 2§F F‘:"Fl + ¢ = Upf, N (5) |
| td:; ‘ ¢m (6)

This procedure can casily be extended 10 the reduc-
tion of one p't-order equation 10 g first-order cquations.
We can rewrite Eg. (1) in the form of Eg. (2) by re-

membering the relation that if Y = (/{#)#, then
dY/dlf = f(6). Therefore: '
dH ([‘ Q —_ F} -
a8 01 (la).
. —d~—-$ F.Cr,f: %-— S|C;,!n ‘-AFa-CPlrﬁ — (iﬂ_)ﬁ (7b)
. dl ‘pr4H . H/I 48
) =l en.

- dg T

CLodf

2

We now have a system of 5 algebraic equations and
11 first-order differential equations w0 solve. However,

Eq. (71} and (7m) are equivalent, so actually we have 15 ., |
“independent equations 1o solve.

Eg. (7) can be made cxacrly into the form of Eq 4]
by substituting the expressions for the derivatives that

‘appear.on the right-hand side of the equations.-Foriu-

nately, we canforgo the step by arranging our calcula-

tions so as to determine the derivatives helore we use
‘them on the right-hand side of any equation.. o

Numerical mtecrratton methods

All of the numerical integration methods that we w :il ’

.
T P

dop,  dRy i [d,  doy,
' .75‘7@?*;;{;5* il o
o _ K (AXN), [ffﬂ+ [¢11 " SP:] S
SPANY, Vb "L T, <
S i\
’ B m“@*—} (7e).
S, = 4,0,V =T = ¥ VP = T, (71
T Py = gH) L (T8
doiy :Eg_@i_n_gg (7h)
L :
S iy /d8 = ¢, R )
%:Eﬂ;&‘ _3“_1' (fj\
a8 75 e R :
dop, /d8 = & (7K
O = K”(M;f;);ﬁ',‘): Per
doy _ Ky(AXNY, (gfgﬂ ) -
| 7 d  (SPANY, '
ddp . K {AXN)p {’i‘i"m. _ ﬁﬂ +
- df '(Sfé,j’\’)p NG .
y ?;;{cs — 62} } | (7o)
T F,=4 CLFV lF zr—‘;’rﬂcw\Pw—P (7o)
Pip=gH, F,C) p

describe require that a problem have known values of .

" the dependent,variables at some time 8, that is. u<ua]]\

set equal 10 zero. This type of problem is called an “ini-
tial value problem.” We then predict the values of the

- dependent variables that satisfy our differential equa-
tion at successive time intervals via one of severa] nu-

merical techniques.

Euler mclh'oci

We can caleulate the Point' Y, at Jime (6 + ki by a

Tavlor series for Eq. (2a) as:

Y0y K a1 ‘ .
——— (8
Y+ )= Y (6 + S .+ s + 8]
_where k is the'step size. 7 .
The derivative flor },(8) is: _ '
dY (s, d = fB, Yy Vo Y00 0 L9y
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v we obtain the foilm«.mu _
L : L
C .Ys(u+f"):}l(8}+.}‘f1+‘9—d—5'+'-' (10}
A reduce the value for the stcp size h, we can
wyld e wrms romam:ng k%, ... . Therefore, we can
filtllll[{ the value Of Y, by: . o -

Y@ +"h) = Y& + Afy (1)

The values for the remaining Y5, ie, ¥, through Y,
,rc: calculated in the same manner. :
% We call this method “first order” because we truncate
1 ternis that contain more than the first power of A.
Vhe omission of these terms will give us a truncation
“rror that is inherent in the method. If 4 s a small num-
ser, the terms including the third and higher powers of
7 will be small compared with the £* term. We then say
ihat the truncation error is of the order of A%

" “The effect of decreasing the step size, #, is shown'in
-t /] for solving the single differential equation:

dY/d ¥ Y =1; Y(@ =0) =0

¥

"As the step size decreases (Fig, 2), accuracy increases,
There also exists a maximum value of # where the
method diverges from the true solution for large values
of time. This maximum value is 2.0 for Euler’s method.
Values of A greater than 2.0 will ‘cause the solution to
diverge, and the mechod becomes unstable. Therefore,
the stability region for the Euler method ranges fromn

'h:ﬂ[oh:?.u.

Ser

d-order Runge- Kutt:—,i method

T second-order Runge-Kutta method s ‘also
' know 1t as the modified Euler method. The formulas for
‘calculating values of ¥ in Eq. {2) by this technique are

s,n euthy }':.q {13y and (t4):

YU + k) = YL(G) A6, VO, Va8 (13)
Y0 + h) = Y(9)+ {f(6+h 3 .~.)+ )

AE, Yy )1 (1)

The truncation error is of the order H. Fig 3 shows

* the solution to Eq. {12). The stability region for this

“method again ranges from b = 0 to k =.2.0. The for-
mulas for this m:.thod can also be derived from a Taylor

. serles expansion,

i

Fourth-order Runge-Kutta mcthod
The formulas for c.:!culatmg values of ¥ in Eq (2)

~ are given by Eq. (13):

Y8+ h) = Vi) + %(_kl; & kg + Oy, k) (15a)

h‘-\ e hy mbsmutmg the relauonshxp nqu (9) into,

(12)

REUERIER SRS 'é(krz. + Uy + 2hyy +4y)  {13B)

Vol + ) = Yo(0) + ik, +-‘2k - )k fk,n) (15¢)
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where the second - subscript in the k terms refers 1o the
subscript of the dependent variable, and:

'n=hf:!0 Yy(0), YA8),..., Ya0)]  (16a)
iy = B0, HO) Vi, VO (18b)
kh=mmvﬂxunbwnmr.ow

h - ‘
q_%P+?Ym+%Lvn ?]umy
r-y{9+%)(m+ﬁﬁvﬂum+é%l(mq

2

Lk k k '
bon = ] 0 413, o)+ 3L, =] qen

; :
N
3]=bﬁ[9+3,},§9),}~_§-1',:__1_

' Btk k“
@=%P+?nm&; Yoy + 2> ] mm

N VR A W [k %
kyn = U,.[B + 0+ 2L Y h) +~—2?-"—] (lan)

1wp£g
aek)

. n(a) + k3n}
- “(9) + k.’h]

ky = R + A, Y, (6) + lc31,:.'
ke = ol + hy- ¥,(6) + kg, .
“—ﬁﬁg+h}(&+kw.w,“&+kﬂl‘Umflw
.The fourth-order Rungc Kutta method can also be'l
derived from a Taylor series, The truncation error is on o ,
* the order of 4% Fig. 4 shows the effect of decreasing the , . -
step size A to solve Eq. (12) In this method, we have ' . |
increased the stability region for \a!ucs of i rangmc
* from’ zero 1o about 2.78. o
. The preceding methods and the cornspond:ng rqua- .
tions use the value at one peint to predict the values of |
the dependent variables at a value of the :ndcpcndem '
variable (usuallv time) for a time interval (i.e.. time'= |
-8 + k). This new value then becomes the one-point |
value to predict the dcpcndcm vanablcs atff + 24, etcr

Adams Bashforth method .
The Adams-Bashforth process predicts the variables

- by-using values of the function at four prc\.ions puintsi .
The formula for the fourth- ordcr process is: o

YW+M*Y@+ |
—z—z(asfﬂ - 59];_1'+,3-U;._2 _ 9‘/;_1)
A AL Y. (0), Yol@), ..., YL(6)] .‘- (’]"71.)) ' Ry

(17a)

Jums = HUE = A, Vo8 =B, Yol .

yw—kﬂ(hm
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. ‘ racy. The method is stable over a smallcr range “of val-

o = j

" Eq: (12) b» this method are shown in Flg 5.

: Adanms-Moulton method

_ dictor-corrector formula for solving differential equa- -

using - Eq (17).

! f‘\../

. Y (B - "h)]
i — ‘3!:), Y {F ~ sm }.{0 - 3,

- . '. Y8 = 3!:)} (17e)
T Ad.ims Bashfbrth method can t.d‘ilty bc extended
ol iple equ.umns

'h'r’ﬁmrmn error is on the order of A3, but the cocfﬁ
cient.in the error term is somewhat larger than for the
. Runge- Kutta method of the same order. Therefore, we
. must use smaller valués of & to achieve the same accu-‘

ues for A, as shown in Fig. 5.

Unlike the Euler and Runge: Kutta mcthods the in-
stahulm docs not appear after one or two time incre-
-ménts. It takes time to-develop. We must use the
--Runge-Kutta method to obtain the initial three valies
" of the dependent’ variables. The results of solvinyg

The Adams-Moulton method is an example of a pre-

tions. The procedure is iterative, and we must %pcmfy an
acceptable error criterion as well as a step size A There
is also a trade-off between step size and the number of
fterations required for convergence, We can use the
error cstirnates to 4d_|u:»t the step size &, but we will defer
this discussion until later. The procedure for fixed A is:

Step /. Compute the initial estimate for YS(f + h) by

’S‘ff‘.';, 2. Compute the v:_).luc for:

c ) = . -

K0+ B V(0 R, o0 + b,
l' Step 3. Ci)ﬂlputt‘ the values for:
ya+m_yﬁ%+ |

[911“’ +4) + 19]1(9) - 5f1(3 —4) +fl b - 2"')]

Y0 + )]

_whcrck— 1 '_’,3

nd)‘ '

i 1k-l)
11 - 1Y

Y"

r

1‘<-<:;
wherc € is thc prcscnbt:d error.

The procedure can’easily be extended o multiple

equations. The dccuracy is' :mprovcd over that provided

by Egq. (17}. The Adams-Moultonmethdd gives us an-

estimate of the error with. rcgard to our chosen siep size

. h. However, we obtain this estimate on! v at the expense

of increased compu[atmns The results obtained for

Eq. (12) by- using - this method are shown in Fig. 6, R
which illustrates the effect.of decreasing the step size.

Again, we.must use another method to!predict the
initial three approxnmduons of the funulons from the
|nmal gwcn valucb :

:

Othcr methods . B

Gear-[2] describes a gederal’ computer program for
solving multiple differential equations. The program
contains Lcchmqucs for starting the’ calcilations, chang-
ing the step size, and changing the order of the equa-
tions. This last refinement can lead to some increase in
the efficiency ofcomputanon For details of such proce-

dures, see Gear [2]. ) : ‘

S systcms trcqucmly “arise_in kmcuc studies and,

distillation-column simulations duc to differing rates of

exponential decay. (rcferred to as time constams) [Wc -

discussed time constants in Part 1 of this series.] By way
of example, let us. consider the eqiation dY/df = \Y,

. when A < 0. Here, the dcpmdent variable, Y, decays by -

a factor of ¢! in the time ¢ equal 0’ -l/?\ the time
constant of the equation.

For any system of differential equarions, the time --

constant of cach equation will be different. The more

thé time constants vary, the stiffer the system is. The

equations having fast decay rates will control the stabil-
ity of the method even though the effects of the equa-
tions that are negligible in those terms affect phenom-

ena of the system. On_ the other hand, the truncation -

error is dctcrmmcd by the cquanons hanng slow decay
rates. .

1'5 T 1y T LI B | } T 11— % [ 1T 1.1 1 T 1 T 1 T T 71 T T 11
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o }
3 1.0k m e S - "
a T g LT e ———— Rie—
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= e h el ~
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-5 -
5 e
3
1 i N | | B . ll":l
3 5 .y N
Time,§ = - :
[ _-'Jnms-Mou‘lton integration uses a predictor-corrector formula: effects of step size -
T ) .- o - . . ' ) d ] i

R e R e e

o




:
— I
bt . T .
) . “ . 1 € - SR TR N } : _
- - n RN ~ € 3 L. ~ . o j 'y -
15 : o 1R o i AR SR ‘ 2] .
- . o - b 5
S . - Lo m E .m = N | Lok 11 0.
. .. - m b crm-u . - ‘ .y w = — 3 o ﬂw.wta
E s D e
o ' = - - m- o
ﬂl : . o o E - ' . .ml.x!
H | K s . 3 Wlll_ - - M f. =" ..wp.“........wu gt
- S ] - CL D 8 ]
+ i Y ; [, R
L _ 1 n n..\l.rllfl.!.. N . o
“F . r’li’] 4 i r b . . ﬁbm ‘
R N N S A A I PR ST I A AT BT W i A S Lo g dvaaad g I g l,l ._
. [ o m o oQ o =] [=] :
s 28.8%8..8 .8 8. .8..8..8 .8 8 .8 8§ g 8,78 o
ur u {75 BN w3 7 BN [ I - - - = [ - P, S b |
.. 0, Lo " R o .
o Uy TS Taeamoly J2ing e T wiwy/qy "'s ‘a1eImo|) a1esuapuoy L e
1Ty T.7 7 TIrrr LI T+ v« ¥ T 11 TT .-qq-»—qlﬂlul.u.- . T F 171 TT 7ryrrr o1 Trl TY T I rrrr 117171 TTrrr T n,—.< )
q T . : E
F ! ! H AR k « [ s T . ] )
1 JR N, U S SR £ : | Y] I
I ! ” i 1™ i A R
i i ; . ’ - -
N ' ! } ] L. p
L 1 ! a | u.. .
i [ o o o
™= ™M . I
o 1 . - o - .
a. BN 1 . - - in 1
” - _ T S ‘m xS g
o~
- . P : ) “
- L h ! ; . i . = - . LEN ' ! _ i
. i . £ o . . i EE
- o - 1y . | - a & - H A L i i ! . R
. F A .._ 1% - _ R
N . : - E ™ | T B [ s I
- [ , | i _ 1 £ W i : i i 5
o _ i + Juo = . i - [ S 3 -,.ml..._.
s E 2 I N * ! P , - 4T ' ﬁ ‘ k [ ! " | c g 4 -
ﬁ .- } . m ; 5 . i [ i i _ a - .
! 2 I H ) ! E
L . _ i ..M ] - : . ’ i [T
/v H —_ — - ! -
z - . _ |M I . S . _ i . |M1ul.
- _ . cLooom g R . Semr ]
5 : P [ , i b= -
" ' ' . ! .
o [ 3 . . L] - o -
= .nl..!!l.*lllill,.ml.l.:.:.;.l_| Ii.l!_..ri. AL ! -
- - . ; : ~ " : 1
: - : P : ]
- ; m : ) k s ! T >
ptpd d b bean bt v g b P . NN EN SN RN 1y i) v i i i TR |
0. ~ ] w - ™ o~ - = : - o - =] @ @
ui ui w 15 us u T3] 1 5 : T ¥ il ~ . ™
. . - - - . .
i < s HH sy quey 4,° ‘aameiadwal yue | - , - .
I : ;
A e e LT T : C . C - s -
< RS 0 SR S It IO R VNS TR IETT T MRS S L TnoamteT sl st e L st - Sz ¥
. - - . - LIV PR . . h . ' TR e . i TU R
-~ P




J)‘ W "n" :“5".,[ 1.t ;Ii

lh(. first subsc'spt t Lo ks

lc ) tempu atire level U'l'

SIS FTeT x‘ar gene ral p:m,;n-m for 'r‘)l\-ln',_, mulnplz_ dir. ‘

; m o repintions, Other algorithins for handiing sttt How, respectively, and the secdnd suh%cnpl "‘ 2 stands -
s lﬂLlUdC those of Lzmwr apd W :lEoughbv [3} 1 for output of the controtler., . . -
. . ; Tmpemture——(PlD cr)mrolh [ j’( o
hcaler prublcm R P NP N DL ey (dt _ d¢”)/r CD'Q (H)" \D‘
- Let us now return to the solution-of the water-heater S " df v o df 1
TP preblem, shown in Pu; I. The tapk initially will be SR : o @<
- operatingiat steady State. The feed streams are: £ = Cdgyy /Kuf'f! " \\’{ (Pa — SP;) 4 dd,y _&1_} a
+ 000.4b /min of water-at 120°F, and §; = .1,000.4b f'mm a0 (5P \\f} T, - 40 44 1, >
~:of steam cundcmdlc at 220°F. The outlét stream F, = S f“‘l,‘;,"\_: : C L
C.15.000 16, min at 140°F. ‘At time # = 0, the temperature -7 Lrue!-(prop0ruonal Lontrollcr) b
: ! uf the tl}!d feed strewm, F;; decreases to 118°F. ' L X
& ¢ Weare now ready to solvc the. set [Eq. (1] of equa- ( cI(A’YN))((:’ S‘P) LR Vv gy
e tions that’ describe . this system. We can convert Eq. (l) (‘?PAN) it ." K .',, “, :
S the general form of Eq. (2). This is time-consuming _ ' S e _
i, 1 and unnecessary because we can set. up the Computcr s o déy, - ci(fl k'N) didyy - Q\/ ’ K o
s L program to solve for the derivatives in the equations, | | . - ' a8 ('SPAN) ( ) 1 ( }_~ .
H i The computer program™will consist of: a section of . . : )
ST ’,"_.d.u‘n {physical data,.contrallér dira, ete.), initial condi- - Flow- —(Pl umtrollc ) . . . ) v‘ﬁ
ML rtonstora sibprogram to calcutate initial conditions), a _ Con Ay : . Q;? '
subprug:am to caleulate the functions f, a numerical dbp 'K AAXN) d‘Pm _ d¢‘1z P — g Ly - ‘
B Antegration routine, and a master program to monaitor. .| - 4§ - (SPAV)‘ {( = df ) + Tip } (ky
E “the sequence and outpuat the results. ' B B - - v :
i la . -Franks {3] has put together a series of subprograms Contm! valves
; (Dw. Hot-ta: simulate the dynamic’ operation of many Tempemrure. L
Uoiteny ol plm ess equipment and prnc_::s:; control loops. . ' .
;. Once a'general computer program is set up, we no Py = 3(H) [(H = 2)/2. 31] + 147 (“J

“longer need to convert each cqu‘mon to Y- »d f{which

Fl'uw—-(se:ct)nd urdcr tranaftr funumn) 'QO

-f‘v'r _ % @6?

-4, Miranker, W L.

A -
-_§. conversion is both tedious and time-consat - 7). be- e o ‘S = ‘f’uc V u P,, f (N)
17 cause many operations involve the same phy rsicat phe- : Flow: _ \ ‘ ‘ a
: ,_?m‘nd However, to show-what is involved in setting '"\'V
h a computer program, we will convert the equa- ur = g(H = [(H - 2)/2-“‘] + 147 (M
uo. s for the water-heater pmblem to. the following: ! ) S
. \«!dffflr:f Ml'fmu _ .‘ ’ F = ¢!~“sz!‘ VP IF P"F Lo’ e (P) k Efo
g dH . F' + S, 7'-'Fo" . - We must set up our algonthm to solvc thc differential
! BT pal - {A) cquat:una Then, we solve the algcbraxc equations be:
! . . cause we are predicting the values at (# + Af) from val-
. hm gy br:lfmre ‘ ‘ . w ues at 8 in the differential -equations. Finally, we can
T & FCt sC Fe i solve the algebraic equations directly at (§ + Af). _
i =2 = b ol = Folply (-___,) (B} A Fortran program was written for this ctamplc
- ”H PArH o H\ & which also contained the variable locations for the ar-
i Sens e Aemamits—out o is re rewntcd by & rays ¥ and fof the madel. Fig. 7 illustrates the response
o ! P P Y @4, Lor AL of the water-heater systern for the upset condition and -
. . where thc first :»ub\cr\pt t,’l or F, refers to temperature, L d for th
. level or low. respectivel and the second subscri (S controller sertings used to correct for the upset,
pe Y P The next a.ruclc in this CE REFRESHER ser il
"1 stands for output of the sensing element. tes wi
. %t appear in the issue of May 3, and will cover modeling
2 Temporature—(first-order transfer funcnon)/ !
fr - R and optimization for the control of heat-transfer Sys-
4@1 b = @ 7 S_pT (C) tems lndudmg heut enh.mg: Is,
. - T, \ Steven Danates, Editer .
. 50T Pt _ ‘ -
La e’—ntaccond ordcr trdn:fcr funcuon) Rcfercnces CoL " . .
Tty . 1, Lu-.bcn, \V L., "Prucess Modelin Qnmul.man and Comroi far Chcnuc‘al
. d‘:’u G;H .-{[ . : (:)u y v ¢ Eagincers.” McGraw-Hill, New ork. 1973
Lo df) e —“”.':"z - & o LiD) . 2. Gear, C. W._ “Numerical Initial Value Problems in Ordinary Differential
i Co. ' 'Tl T T Lp P Equations.” Prenuce-Hall! Engimoud Clitfs, N.J., 1971,
e . : Y 3. Liniger, W, and Willoughby, R. A, IBM Research Report RC-1970, lntcr
oLl d¢u/d6 ¢“ (E) nationat Huimr-\\ \Uchmﬂ (‘orp White' Plains, NY., 1967

Numnerical Methods of Boundary-Laver Tvpe for Sriff
. Systems ol anc:cnn;\l Equations,” [BM Reseamh chnn RC- I, Inter-
- nativhal Business Machines Corp., White Plains. N.YC, 1972, .

‘ =L'. ‘ cU R d¢Fl _GpFo‘ we 5 Franks: R, G E., “Modeling and gtmul.nl:mn in Chcnnml Eng‘ulcrnm,'
RN 8 T a (F) Wiley, New York, 1972, . .
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M@dehng heauransfer systems

The equations that model heat-transfer systems in batch or
continuous equipment must allow for isothermal or nomsothermal
heat exchange between process fluids and heat-transfer media.

" John L. Guy, Dynamod Enterprises

[J The dvnantic modeling of heat-transfer equipment -

involves energy flow and temperature, both varying
‘with time at a fixed point in space: We will look at two
hasic modd:ng -concepts: (1) the process 15 intended to
~ crate in the manner so described, i.e, a batch-type
\_~ess, und (2) the procr‘w is not lntcndcd to operate
with fransient variations, i.e.,.a continuous process un-
dergoing upset.. - - :

Batch processes’
The reasong, as listed by E\crn * for chmmng a batch

heat-transfer operation rather than a continuous one

are that the:

B Liquid being processed for the product is not con-
tinuoushy available, .

8 Heating or coolmg mt_duum to the cqulpmcnt is
not continuously available.

B Reactonitime-or treating-time requm.ments ne-
cessitate holdup.

‘8 Edonomics of mu.rrmttcntlv processmg a large
bawh justify the accumulation of a small continuous
stream., ] o

8 Cleaning or regeneration procedure takes up a sig-
nilicant part of the total operating period.

8 Simplified operation of mast batch processes is
advant: ageous. -

Let us review some of the common batch operationa

considered by Kern for which manual calculations are
suitable. The heat-transfer coefficients for these are con-
sidered constant, and the physical properties are calcu-
lated at some average temperature. These examples are
all concerned with the heating or cooling of liquid

thes. For liquid batches, we will consider the use of

—fhermal and nonisothermal exchange media for jack-
_eted vessels and for external heat-exchangers. Such pro-
C*Kern, I Q. “Prosess Heat Transfer,” McGeaw-Hill, New York, 1950.

" Articles ,mblnhed thus farin this CE REFR[ SHER: Pact |, June 29, 1981,
T4 Pwit 20 Aug. 24 1981, 'p, LihParg 4, Now. 16, 198% p. 271; P1t‘! 4
BFL 24, I‘JBi 2 63; Part 5, Mar. 8, lflﬂJ p 97 . , .

cedures applied to-inherently batch processes are also
applicable to the startup of continuous processes.

jackcted vessel: ‘isothermal mediuin

The liquid contents of a Jackclcd tank are being
heated by steam condensing in the jacket, as shown in

Fig. 1a. The relationships that will be developed are.

also valid for a heating or coolmg coil inside the tank.

We can use the same equations for cdoling the tank

contents “via an isothermal boiling Huld—the only

* change being a negative heat duty that indicates heat

transfer s occurring in the opposite direction.
Letting ¢ Bru equal the- energy transferred to M Ib of
liquid havmg a hcat capacnty €, Bru/(Ib)(* F) we have:

dg’

For an agitated batch, we cap_assume that the rank
temperature varies with time but not with positipn. For
a given time, #, we can therefore write: ' .

dp/df = UAT ~1) .

where. U is the overall heat-transfer coefficient,
Bta/(h)(fi®)(°F); 4 is heat-transfer surface, ft%; and T'i is
temnperature in the jacket, °F.

By combining Eq. (1) and (2), we can solve for the

time 8 to heat the liquid from ¢, 10 _
UA(T—1 - (3

MC (d:/dﬁ) o
f _ft..luc di - ’ ' ) o o
e, Ud(T—10 : - ,
UC ~ 1]
Ty o 7] ] "
§= 3G T4
: U.{ T - ;2 .

d_E? = .wc,(zg) (0

where ¢ is temperature of liquid, °F, and 8 is time, h. : -
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b. Nonisothermal exchange mediuvm

Heating or cooling a liquid _t:étgh in a jacketed vessel

wr

Fig. 1

- Qi’ﬂ-ﬂ.f‘

Exanple 1-—Let us calculate the time required 1o cool

10,000 1b of liquid water from 300°F 10 250°F by gen-
erating atmospheric steam at 212° F—gwcn U =
100 Btu/(h)(f*)(°F), and A =100 fi%, and C,
1 Btu/(Tb)(°F).

Subcmutmg the dppropnalc quantmes ‘into Eq. (9),
we find:

3 (10,000)(1)
©(100)(100)

212 — 3007
. - = .4h
[212_250] 08

" We can also calculate the to1al heat transferred, g, the .

to1al steam gencmted ¥, maximum heat wransferred,
and maximum steam rate, Viar ast

g = 10,000(1)(300 — 250) = 500,000 Bty
V= 500,000/970.3 = 515 b

Gmas = (100)(100)(300 - 212) = 880,000 Btu/h
Ve = 880,000/970.3 = 907 Ib/h -

In these computauons we use 970.3 Biu/]b as the.

heat. Uf vaponzallon for steam at 212°F.

N ks -t g S it 7R

Jackclcd vess€él: nonisothermal medium

The contents of a jucketed tank are being heated or
cooled’ by a circulating fluid (undergoing no phase

~change) in the _]deCl as shown in Fig. 1b. ‘Again, the
- relationships can be apphcd to'a heating or cooling coil
inside a tank. For a constant circulating Bowrate, the

outlet temperature, ‘T, varies with time. A heat balance
for the liquid balch and the heat:transfer “medium
yields: :

gygzwﬁ(;;) e
o) b = (7.

1

W.C, (T )

YR Q

J_ T o
T ,:(:s%'r.-‘m:A:-,'g‘.m:i,‘&_'}_kf\'?;_.\ﬁ.f‘ g

For a uniform temperature, ¢, in the tank, we can
write: C . T
dg/df = UA{LMTD) .
- (Tz —1)

dg (T; — 1) o
— =4 - . 8y -
. 0 v N I (Tl - ‘)' ,.( /-
- N7, T3

L

A

We can eliminate the vanable T, by equating E.q {(7)

and (8\ to get: : . .

Ty -t

. cxp{UA/H“ C.} o)
Equating Eq. (6) and (7), substituting the c.\prcssion

for T, from Eq. (9) performing the necessary 1mt:gra-

tion, and rearranging, we can obtain-the time, 8, that is
necessary 1o heat or cool M Ib of liquid from ¢ to.t; as:

9 - MC,, [cxp(UA_/WCW) - 1] in.[ T, - ‘1] 10y
we, exp(UA/WC,,) LT, -t

Example 2—Let us calculate the time required to cool
the same batch as in Example 1, from 250°F to 120°F,
by using cooling water at 90°F and at a circulation rate
of 30 gpm (equivalent-to 25,000 lb/h). For thls ¢éxam-
ple, let U =175 Btu/(b)(ft2)( Fy.

‘We solve the following terms from Eq. {10):

T, =~ (_9'3.'

A _ 15000y "
WC,, ~ 25,00001) ",

cxp(UA/WC ) = exp(0.3) = I 350

Using these values and the appropriate data for the
‘example, we substitute them into Eq. (10):

_ (10,000(1))( 1.35 —

T \25,0001)/\ 135

90 — 120

1 —_ . .
‘)tn(‘g0 250) =0.174h ,
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Next, we obtain the maximum outfet temperature for
‘the cooling water at timc @ equal to zero, from Eq. (9):

! 0
N T, =250 + B0 = 250) _ 131508
1.35 .

Based on this dutlet temperature, the total annual
operaling time and the materials of construction, we
can now decide whether we need a higher coolmg water
circulation rate to reduce the initial temperature rise of
the cooling water.

External exchanger: isothermal medium

A batch of tiquid in a tank is being heated in an
externai heat exchanger by a fluid condensing un the
shellside of the exchanger, as shown in Fig. 2a. We have
now added these variables: the circulation rate of the
fluid being heated, W, Ib/h; and ¢; and 1,, the inlet and
outlet temperatures to and from the exchanger. The
variable ¢; is also the temperature in the tank.

We will again start with a heat balance, eliminate the
variable ¢, integrate the resulting equations, and rear-
range to solve for the time, 8, .needed to heat the fluid
from ¢, to t,. The results are:

dy* dt L
3-9- = L[CP‘ZJE‘ b FVi.Cpi([u "_'ti) ‘ .
dq ' _ (T -ty - (T =) (1),
% = UALMTD) = UA |~ "
. ) : . ln[T ‘:]
., . . =
~ =T —— =0 ’.(12)
T exp(U4/W.C)

v lempirnerer 4] o0

', R S

SR \’-::t‘_'_“ S

[}

o

Example 3—We will rework Example 1 for the proc-

ess shown in Fig. 2b. Let the circulation rate equal *’
10 gpm (5,000 ib/h), U

= 200 Btu/(h)(ftz)( F), and
A =100 fi2.
We begin by solving thé following terms of Eq. (13):
‘ “UA  (200)(100) _
WiCu  (5,000(1)
exp(UA/W,C,;) = exp(4) = 54.6

- Now, by substituting the numerical values for these
terms and other applicable data into Eq. (13), we calcu-
late the required time, 8, initial shellside fiuid tempera-
ture, £ 0z, maximum heat transferred, ¢, ., and maxi-
mum steam rate, V., as:

' 10,000 {54.6 212 = 3007
g = ( )h‘l[ - ]:l.?]h
5000 \53.6 212 — 250
212 — 300 ' .
Limin = 212 — L—-—'—'—) = 213.6“?‘

54.6°
Imar = Wicpi(tq - ‘i)

. = 5,000(1)}(300 — 213.6) = 432,000 Bru/h
Vimas = 432,000/970.3 =445 Ib/h.

If we douhle the circulation rate, the time to accom-

~ plish the total cooling is about the same as for Exam-

ple 1. (Note: This ﬂamplc does not prove that Jackctcd'
vessels are sugc:-_x:lor to cxternal c.xcha__gcrs)

External exchangcr. nomsothermal medium’

For external exchangers using a nonisothermal- me-
dium, we will consider. two situations: a _counterflow ..
‘arrangement, and a multiple-pass one.

Counterfluiv—The  equipment and its arrangement

. that we will npow simulate is shown in Fig. 3a. The

cquavona that model thc sysu.m mllow Unfortunately,

o

e e i as (‘t . . .
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 Liquid, M6 -
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© we will have to caleulate the outlet temperatures, ¢, and

T,, by trial-und error from Eq. (15} and (16).

dg dr

%= MGy = WiCully = 1) = WCy(Ty — Tz)
dg [ (Tp = 8) = (Ty — &) ] N
— = UA ' H
df In{(Ty = )/(Ty = 1)) ()
WiC, (T =) (T -4
Bl iy = 2 15
g e In[(T, = £)/(Th = 4)] 1
‘ w.e: -
T, =T, — L (ro - ti) (16) V
2 ! Mfocpi )
_ M
[4/‘_C [cxp[UA( WC —W—]—C—)]] — H’OC‘po
o%po

(R A B
‘ - In|(7y = 6)/ Ty — )] (17)

Example 4-~Lct us solve Example 2 for an external
exchanger having a counterflow arrangement. We wili *

assume {7 = 150 Btu/(h)([t?)(°F), 4 = 100 fi?, W, =

10 gpm (5,000 b/h), and W, = 50'gpm (25,000 lb/h).

"~ We calculate the fo!lowmg terms in l:q (17%:

. 1 ’ 1 .
UA — =
| e )

- ‘150(:00)[;

1 ;
— =24
5,000(1) 25,000(1)]
exp(2.4) = 11.023

96 o : ‘ TR T

- We make the necessary substitutions into E. (l o
find-the required cooling time: '
10006 o
= 5,000(25,000)(1) x _ o
[3,000(1)(11.023) — 25,000(])] ]n'( 90 — 250)
11.023 — 1 90 = 120

8 =0402 h

Solving Eq. (15) and (16) by trial and error, we find
the initial ternperarures 7, = 120°F, and ¢, == 102°F.

Multipass ackanger——Thc equlpmcnt and its arrdngc-
ment that we will model is shown in Fig. 3b. We must
now add a temperature-correction factor, F, to our cal-
culations (this makes the algebra more tedious). How-
ever, we can calculate the time, 6, directly. For the ini- -~
tial exchanger conditions, the solution is again trial and
crror. We can add the F-factor from charts rather than
algebraicaily to perhaps save some calculation work
The procedure for calculating ume 8, is:

R R’\(" \‘A) B

%..MC c,H_WC,,‘(): 1)

. _ (18)*

= UAF )T _(7; EO) ’

'“(T, - t) .

i R= W,C/W,C,, . (19

. UA . :

L | A‘_‘_CXP[_WiCm \/§2‘+ 1] - (2(?)
5= ) © T -

’ L AR =1 : o
K(R+i+\/R- )-—(R-i—l—\/ﬁ'- ) -

“.?.D




Tubeside fluid

Shellside fluid

Sy ’ Qut . Out
Exchanger - _ " Exchanger :
; section 3 Tl .-~ section o
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‘ .. . i |
2 3 LN - t i
J -1 J J+1 N-2 N-1 N i
Ty b7, 4T |
|
Liovp bt b Lo, p |
Tew-nrp T | wen.p
] 1 — N Y
: Ay Ay

In - In
Tubeside Shellside
fluid fluid

T = Sheliside :emperafures

¢ = Tubeside temperatures )

P =Tube pass, i.e., first, second, .. . ., etc.
Tw = Tubewal temperatures

Parameters for modeling a multipass parallel-flow heat exchanger

Fig. 4

s
Vs 1"( = RS)
F= (20
(}e_l)in[ "S[(R“)"-“Rz””} '
g ‘ 2- SR+ 1)+ VR + 1
~ g M l,,(fr_“._ﬁ_) (23)
TOSW,ONT, — 1y

Example 5—Let us solve Example 4, using a multipass
exchanger that increases U/ to 200 Beu/(h)(&)(°F).
We calculate the values for R, K and § by substituting

appropriate values into Eq. (19), (20) and (21), respec- |-

tively; and get:
R =02, K =591, 8 = 0887
We can now make the appropriate numerical substi-
tutions into Eq. (23) to calculate the time for cooling:
10,000 [90 — 250
= n
0.887(5,000) 190 ~ 120
In this example, the increased value for the heat-

transfer coefficient, U, does not compem.uc for lhe tem-
perature corree tion factor. o ‘

] = 377 h

_Continuous heat-transfer processes

In Part 1 (Chem. Eng., June 29, 1981, p. 77), we de-
rived expressions for a heat-exchanger tube with a sensi-
ble liquid being heated on the tubeside by condensing
steamn on the shellside of the exchanger. The constant

" temperature of the shellside fluid sirhpliﬁcd the deriva-
tion of the model because there was one luss differential

. \_/ squation than in the sensiblessensible case. If we add a

multipass exchanger to the sensible-sensible casc, we
have increased the computational difficulty even more.

The model derived in Part 1 contains two partial-differ-
ential equations and is very diflicult, if not impossibie,-
to solve manually-without crczitilng mare cofnplications1

St e g Amm— e s

CUEAL L Ty

A where A4

iy, ft/h; ¥ = vapor gcncrdtcd Ib/h; ¥ =
- ft; p = density,

With computers to perform the calculations, how- - -
ever, we can-solve such problems by numerical meth--
ods. Us'mg the same derivation as in Part 1, and de-
pending on the service condxtlons we can set_up the‘
following equations:

8 Tubeside: sensible (no phase change)

T, : : 7T
—pd; ' —df
4 at hwd, ( G L
TYRRCFT v O TP Gy B
2 Tubeside: isothermal condcnsing or b01hng
- A-—_ +h —p=0 (25)
B Sheilside: sensible (no phase ch.;mgc)
T 8T  nh, wd,
Aocpu 38 - pquAo poay 12 (T m) (26)
@ Shellside: 1suthermal condensmg or boiling
Ldb '- ’
A— 27
av Ty D
Tubewall
(d.oz _d?) dTHJ _
Pod s 1aa ™ @ _
hd “hd .
(T - )“12(T ) @8

= shc[lsnda ﬂnw area, ft%; €, = heat capacity, -
Buu/(Ib)Y"F); 4 = diameter, in.;.A = heat-transfer coef-
ficient, Bru/(h)(ft*)(°F); ¢ = tcmperdturc of tubeside
fluid, °F; T = temperature of sheliside fluid, °F;
T, = temperature of the tubewall, °F; v = Auid veloc-

- tube icngth
ib/ft}; A ='heat of vaporization,
Btu/lb; and @ = time, h. And where the subscript
i = inside or.tuhbeside, ¢ = outside or shellside, and
w == tubewall. ‘ T

. . »y Loh
ey T T i . o a7
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The convention adopted here 1s that heat is flowing
from the shellside to the tubeside. We have also assumed

paraliel flow in the shellside of the exchanger, and are -

not mordeling the tortuous path that the fluid sctually
makes in a cross-baffled exchanger. We can exiend
Eq. (25) and (27) to condensing or boiling a mixture of

. components. This will cause us (o consider changes in
the temperature and the individual coeflicients as a

function of tube length.

The only difficulty with Eq: (24) 10 (28) is that the
-~steady-state solutions (at § = o0) do not agree exactly
with the generally accepted design equations. We have
omitted the resistance due to the tubewall. While this
- resistance js not a large percentage of the total resist-
ance to heat transfer, it wouid be appropriatc to remove
this slight discrepancy. The exact procedure is to calcu-
late a heat balance across a differential segment of the
tubewall. The -tesulting equation is given by

AT, k- [a T, ; | ar,,] 29
@ "~ CopgL9KT T R GR (29)

However, this procedure involves a lot more work in

scmng up, the computer program. In all but the most
precise work, the folluwmg approach is rccommcndcd
- As was indicated in Part 1 of this series, the inside

and outside cocfﬁclenls include a resistance due to foul-’

ing. In the same manner, we can include the resistance
of the tubewall. If we add half of this resistance to both
the inside and outside coefficients, we can calculate
{manually or by machine) composite coefficients that
will agree with the standard solutions calculated by
sicady-state methods. ..

The compeosite cochcncnls are given by:

Iy L d{d, — d)
hi = [7:: Rt ey d,.)] (30)
h ~" 1. R do(do - dl) - 31
e [h— F Rt ok @ di)] (1)

The most common approach in solving partial-differ-
ential equations is to convert the variables, other than
" time, to finite-difference equations. The resulting equa-
tions are then solved by-one of several numerical-inte-
- gration methods such as those discussed in Part 5 (Chem.
Eng., Mar: 8, 1982, pp. 98-101).

Let the exchanger shown in Fig. 4 be pamlmncd into
ngcuons For each section, we can write the cqm\ alent
form of Eq (24) to (28). For convenience in writing
- these equations, we will use the following notation:

Ay = (nd2/4 X 144)p,C,
B, = hmd /12
G = (poymdi/4 X 144)C,;

P = Pass, i.c., first, second, third, . . .,
number of tubc passes

dt; p  BUT,,

— = L, P)
] A, -
(""])Pci [‘Jn,}; - f.l—l.}']
A my (32?
dv.  hnd, .
= m‘(?‘wun 4, K (33)

dY

a8 . P SRR T

' .(.{a[_":f.:.i =Ty ] (34)
AT Y

where Ny, = number of tube passes/shell, n = number -
of tubes/pass, and:

A, = pACy
B, = —(h,nd,/12)
Co = yaAonu
dvo . Npy h .;‘-dﬂ ) i .
¥ = > :2)\ [T_, - Tw_m]n - (39)
P=1 : ’
4T B, - C, e
——j‘,"*;i'ﬂ: T T = Touw) = 75 Twn — ) (36)

v = [pu-cpw(ds - d?)]/‘q’x 144
B, = hado/IQ
C, = hd, /12
In the last section (M in Fig. 4) of the exchanger, we
need to replace Eq. (32) and (34) with the forward dif-

ference for the derivative instead of the central dnﬁ'cr-
ence. These equations become:

diyp BT unpm — v p) 4

B 4, _
R (=1PC 1ty p = ‘.\HP) \

bl : 7

4, \ Ay (37)

dTy "V~ (B . y
=2 e Tl

Plx! ’ . )
C - T
_D_(TN T:\*l) (38]
A AY .

[

A computer program was written to simulate Exam-
ple 5. This program handled the numerous trial-and-
error computations for solving the model equations.
and illustrates the method that we have described for -
continuous systems.

The next article in this CE REFRESHER series will
appcar in the issue of June 28, and will cover the model-
ing and opnm;zauon of chemical-reactor systems.

Stevem Dam:!os, Editor .

The author

ohn L. Guy founded Dynamod .
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_mnkmtype reactor sygrems .

deling Of C

A q’tep-by—step analysis for tank-type -reactors their control
and flow systems, and the associated kinetics of the reactions
shows how to develop a rnathematlcal model to represent the process

_]o)‘m L. Guy, Dynamed F'nfe:pmes"‘ ' - PN

] InPars 3 dnd 4% of this scries, when we reviewed the
dynamic eqquations for a plug-Aow or pipe reactor and a
batch reactor, we did not account for energy balances,
or for the dynamics introduced by a control system or. .

- external or internal heat-exchange equipment..In-those

articles, we were essentially involved only with prelimi-

_nary material-balance calculations. Let us now look at

‘the dynamic modeling of reactor systems,

Tank-type reactor systems

The csierification uf- an alechal and nae u{ pmu cdﬂ
sccording 1o the fnllr wintg reaction:
. / :
‘\ + B,...(J +- 1
!.

Asoan exaople, ler ug consuder the estorifiedtion of

cihyl aleehol wid 7 osiie nid: o
SO CTLE OO e CH,  OCCH, 4 1,0
e Linerivs for M 1emction s given by:
T OO e R (1)
The cgmlibnam constant. K, for the reaction is:
Y o K, = hy/hy L {2}

Cennbininig Fq. (1) and (’?) climinates the reaction-
e u)n<t.~.nl !. 0 RO WE abtain: .

¢

- [(‘ ¢, 3

Frogn thirmos Ewn umr-q we Ub:nn An ﬂ\-mw’:n for
s equithatany eoms tont A, o a !‘mu:un uf .uup\‘r::-

cattier e G EreMav Sop 08, .
1 3 3 L et P Ty : to-
: po e i Do i b O E REYRY W0 ey (LTI FRY
! .
" . ' "y
B B oo i Fl
- il *

ture. We ¢an also express &, as a function.of tempera- :
tine. Hence, we can vhrain the rawe constants as func-
nons of temperature:

The figure shows. a possible control scheme {for the -
esterification process) that we will use to develop the -
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Control scheme for a tank yp reacto %Yst)e
4 .;S:f‘:b

re qmu ] a-qn.muns A mdu,rml balance for cach compo-
nent yiclds:

’ - VX
Fy e RV = Pyt 4 2024

o (f([.u‘(')

— RV = F Y M (7

o tots 1 . ) ( )

, A
et

. Py
+RV = F X, + (3)

+ RV == FyXpy + L )

by changing the expression for the kinetic rate r:'um a-
f‘umtlun of concentration & les unnponl nt/fd,

T '-(u“';': -- d'-")] R
B B T [ T ot
> [ Tag e

_Simulating the heat-exchanger ool s simnlificd e

cause of an i=othermal condition on hoth stdes f the
Iere, we cin assume that the faid wongeas

exchangen.

,hres da nol Vary wih posiion (but_ean vy v ih

timeg T hcerlore, we do not have to sectionalize (e vse

afnite difererns ;m]n'u‘lc'lﬂ the exchangey bundle, fhe .

energy belance equations for the condensing seam

(mln sirle), the tibewsll, and the reaction Bnstare s e

given by:

NS 4 AT, = 1) =0 EEREY
40(‘]‘ = Tlf') -

hA(T, - 1) (2)

e Y an T s

gk e oy <,

i L
¢ !
t
:

; '

mole fraction, x, o n}ﬂ ain: - © e .
+ L )
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Cun!ml loup simulations

For each conrol loop, we can write i,hL dlﬂu: ntinl
cquations \w- Part 2, Ghon. fing., Aug. 21, 1981, p. 111)

r.” the sensing element, the runtrn!l: T :md the contrs!

valve The pressure-cinural Toop will huve litele cict on
the 1ocmal operation of this rerctor. T wo were sinmila -
dig o rraction that re tioved one of the mmprmf"l!\ i
the vapor phuse or in the study of eiergency opcrating
conditions, we would not be l_l')lt, to make this hl!n[lllr)‘
ms’ ARIUTH mmn -

lhc dddt{mn of the sulfuric ac wid cats alyst is shm\.n as
a un:1rz'i'll—fuop and the process operation might he (his
sphnticated. b robably, addition ol the ent: 11}5r will be

with o saall mictering pump-

adjusted nrineally. Actd
conrsalration can bc tieasurced in the profess fontine
vi a titedtion appacans, or siecpled howely and 2o
v eiat in the lahnratory, Thi

luups is not critival to the

n Wi Svstem 1f we maintain o certatnt minimum acid

cones ntetion,” Flowever, we do wanl to measure the
ancunt of acid calalyst supphvfl tu the process bc(dmt
of 155 cost and the cost of neutzalizing it

l.ev(:l control

For the level-contro! system with a pI (pmpa,rumml
and integral) controller, we can derive:

dip

LTt 297‘ v
e B ¢,=d¢‘/dﬂ“-‘=‘; ;

' Ti{do/df) + U] + 6, = GHp

+ ¢ =Gy (14)

(142)
(14b)

T R RS '),'

. (Sj))[! ‘5': ) .

p T '(5’!' "\ o -
Kol }_})A
TSFAN), ]
K44V, td‘ﬁ o (SE )t] U
" (sm V), ST (122
Fy =0, Cu VP, — Py (i6)

where the sllhunpt £, in these cque ltlnu\ reprsent [!lt'
level- cmnrml systean.

’I'cmpct'.'liurc control ‘ ' ]
For the temperature- control loop with a PID (propar-
tinnal-inteyral-deri At[ve) cantroller, we will abtair:

Ry S (1
:i?«,ﬁ,-r_ [ a1 a’gﬁ}} N
a0t T T \UTdE T (17a)
: _;.cr,(__'_l?_.).z.{ -
‘p.j.‘i o (sl“ a\’ i(;‘T SP)T} + .
DI y O wmq :
- Jer www+T~—ﬁf (12
4or; _ __.u.i‘._'iff’lt[ dor’, 1
@B (SPAN), Ude +f, (67 = (5P)] +
%
Td 40..7} (18a)
o 8= onCa VP = @12 - - (19)

"One’ addmona! equation is necded to complc:el) de-"

scribe this control loop. Thls equatlon rciatu the tem-

Bl S U ST P N S g S

== g

eut- rans['cr area,,

TR L,

Hcat tramfcr

x' g N e V]

MoIa com.cntratlon d'f

“anh - P e

- Hcat cz;pac:ly of tubcwall
Control valve capac:ty :
b

Insu:le and outside dlamctt:r 5
Molar ﬂowratc of Reactant A

!J Sk

urs:dc hca:'

L op, i Ceti

; Enthalpy for output sgcfm}

I'-Icat.‘i‘(:pfJ rcactloﬁ;' o g :
o

mf.‘l:qq!d-. levcl m rcactor

' Rcacnon ntc constants g

; Fqu:hbnum
'Tubc lcngrh

’.‘Comrollcr spafn){y,
;- stk 0
{&Stcam-chc:st cmperamrc, )

By D T 11

'-u“’S:gnal o controller from"scnsuig c!cmcnt
_”‘,.V,Control}er outou g ‘
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Reactant flowrates

perature of the Londcnsmg steam to the stcam’s opcral-
ing pressure. Neglecting supcrhcat of the stcam, we can
usc the Antoine equation:

ST st

B - .
] P = A+ —— . 20y .
n + O (20)
where A', B and €' are Anwine coeflicients. #
et e s = N .

The cyuations for the flowrates of thc two reacliants
are given by the following equations:

2 d2¢ ' . d¢ ; .
T;‘AT? + 25’“7”751 + Pra :_GF‘AFA 21)
b = dop,/dl, (212)
724[""#’34/’10] + 2 paTiaPra + ‘ﬁm = Gp,F,. (21b)

d;
TEB dgs + 2§FBTFB¢FB + ¢pg = GFBF B (?413)

(SP)FB = ¢m X (Rano) (?.5)‘_:

(K )pu(AXN)pep [ o
Yo = GpANY,  Lers T (5Pl
¥B2 = (SPAN)PB { FB T FB]‘ | -
—T_i; f [&";-g - (-S‘P)}é}@] "(25) \
d% B - (KC)FB(AXN)m[d‘?FB ¢FA )
d§ " (SPAN)y df (R atio)- -
o Prp = ?’“(Rano)]' (262) "
. Tirn : -‘

Fp = bppaClrn VI 1)rs — (Pz)gu-'; 27y

In Paxr b (May ‘31d msuc) of lln_ Pmcus Dynamics se

rfq d! ‘ N
M e ( -) (©
r.'ﬂ A Y [ \.)
b= Mo [._‘l!’ﬁ"”{i’fj«:)_-_-] m{ —l‘wvl (1)
h( e LA WEY — AT Y
The time required 1o coul the bach in Exanple 2
fhottom of righthand (olumn on p. 91, May 3rd issue) -
then beecomes: - ° .

y (m 000(1))(, !'35——-.)'-1:1(00—1'5-’(1) osah
_ '»;000(1} 1.35 - 1 60 -~ 120
ﬂf : '
w w Cro X

i- ’ . 1» ‘- ' '_.
lVono[C\P[U‘f (-i-;}-—é* - -ﬁ C*—).I} - H/'C ;

i [n +
. 1
VA -
:e\p[ [( ”

ln(f -—I)[‘ __(}7’_:

)+ (e )]}

pointad out by ldcphm\c, or ma:] ‘The coryect |qu'mm.s ¥

K ) plAXN ’ : . <L
“Ppag= —(——E%J—V——l& {{qu = (SPYp,] + Eq. (4) through (27) can be programmed as shown in
: ( Jpa ' _ . Part'5 of this series (Chem. Eng., Mar. 8, 1982, p. 97). |
e — (SP)p el ) - 20 Initial conditions can be obtained by setting th( accu-
. f (T sa (22) mulation terms (i.e., the time-varying lcrms) 1o zero. -
L ' ' ' We can further qimphfy the calculation procedure by -
A%raz = (Ke)pa(AXN )ps [ Ay assuming that the response of the secand-order wansfer.
‘ , g P
a4 - _(‘SPAN)FA ' df ' . “functions [Eq. (14}, (21) and (24)] aré very fast in com- ]
: _ - parison with the other time constants of the system, and’ -
7'”.‘{(;’“ (SP)P"‘}} (22a) we can assume that the system mcasurcmems rmd the i
e “signals o the instruments are equal. This climninates ;
Fp= $paCipa \/(P])PA ~ (Palpa ' (23) three differential equations. :
: ‘ {! .
d% ) ddrps - The next-articie in this CE REFRESHER scrics w 1]1- _;
T3y ‘;B + 2 T i Y e s = (”FBF (24) appear in the issue of Aug. 23, and will cover the dy. "
a0 ' a6 . ¥ namic modehng of a tubular reactor system, *
' .¢FB = d¢i,3/d8 (243) Slﬂrn Dunatos, Fdito %
Corrections ', “.»J

s
rics, some Crrors ucum(d which a nmr.bu af renders
1(¥ ABSWers. w the c).ﬂuplu are:

“The time required to ool the Iml{’) in Exaapie 4
46, righibund column;, shouid be o ]1 adaterd
l‘n, ful'n\\mq sufy ~.t1|u.m,15 .mu Fa. (171
1“000

5,000 sU( 3 0“0)(1)

(Lu'\ ."f‘ ]J
1\\ RIS \

& .

1t

'lﬂ — 50
("0 — i._\f)

[ 25 UUO{I)(H 0235 — 5 (1)0”)]
o U B o
.301.)}1 : _'?‘ . . . i‘1
: 1 - ¢) e

l]l e e . » LR oo

+ r(] ~Rs) oy

S{iR 1) — \R ‘]}
—-S[fR-L 1) + VR, + 1}

(R - 1)1.1[

-
The Lr;u mom are nu.r‘\cfrd 8 G zz:“\ shomn o) 4
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Dynahﬁc modeling bf -

tubular reactor systems

Intérpreting and incorporating the kinetics and thermodynamlcs ofa-
chemical reaction leads to the development of a mathematical model -

that mcludes the ﬂow and control systems for a tubular reactor.

john l Gu)- Dynamod Enterpmes

[J The dynamic modeling of reactor systems must take

into account the energy balances, the dynamics intro- -

ducesd by a control system and those arising from exter-
na! or ibterrah hv at-exchange Lqu|p:nuu and material

ey,

St Pt 77 of this series, we developed the model for a
- tank-type reactor svstem, Now, we will extend the mod-

eling to a tubular-reactor system. |

~ Tubular-reactor system.

We will study the catalyric dchydrogcnatlon of ethyl
benzene w stvrene via a vapor- phas{= reaction in a tubu-
lar reacior. Heat far the reaction is supplied by a heat-
transfer fluid. The flow diagram for the system and its
contrals is shown in Fig. 1.

The reaction rate, R, is given by:

R = k[P —E’i] o )

¢ K -
k= 12.600.exp[ = 10,000, (t + 273)]  * (2)
K = 0.027 exp{0.021( — 5003 ©  (3)

where F, = partial pressure of ethyl benzene, P, =

partal [:m\urc‘ of sty renc, £y = p‘u(m! pressure of hy.’

drogen, and v = e mprmlure Q.

Other data for this systeni are listed in the accompa-
nving tible

[ we neglect radial, gradlcnts in the reactor, we can
relate the conversion, x, with the mu]c fraction of ethyl
benzene, ¥,.'in the reactor as:

l—Y Sy,

l—x

¥ = | : ~E - 4y -

’.!~+-r-+-S I-|-1r,

. .
Fiore ¥ = mole steam “mole ethvl benzene.

“lomest tne auther, se¢ Chem Eng, Mav 3, p. 96,

T i prihisnad inus far in this GF REFRESHER: Past 1, fune 20, 191,
b Past oA’ ST po by Pare ), New L6, 1981, po 271 Par 4,
F)vr‘ Mo

7. Junc 2K, i‘.‘l-‘ T
; . . .

AT e T T e T

Energy

p 51 Part 3, Mac A 1582, p 97, Part 6,M, vy L BYB2,p. 1 Pant '

A matermi balance for a dlffcrt_nna! length, .\Z of
reactor gives: :

Ga)

F\ - Re(d)AZ 1 AFY,
.(,_)y;_--_(_‘,_)_ﬁ_-_;[;FYe-{— 'AZ]:
An 4 x 144 n Z )
) 2 pr{d;)? )
(P N aoy
. 26 [(+ % 144 ] )
L [aFYﬂ] Ra(d)* -9 v) w(d)
al 32 § -4 x 14T 08 T4 X 144

Equations for the molar ﬂowratc, F,and dcnsnt. . pof -

" the reaction mixture as a function of conversion x are

given by: . : » .
T F=FSyi+n o (§)

Co L LBP (S 1 ¥ x)]' -
P‘R(:+.2'73}[ s+1 ) )

The kinetic equatmn Eg. (l) -as ‘a function of the

. CONnversion X lb

S (- xy 1[ D } R
R= *{(1 + ot S) (1 +=x + S) ]Pp“ (8)1 :
~balance relationships '

We der.\c the equation for a differential section; AZ, ~
of the reactor by an energy balance, as follows:

o] 0]
i -"—l AT, -9 = 59[?%?‘\‘20”']_(5)'
L
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Preheat & ’ o y

Ethyl benzene
Feed: f

i : ! Steam
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. Reactor and control system for vapor-phase catalytic dehydrogenat'io'n. of ethyl benzgne

Fig. v

Tubewall and shellside equations for the energy bal-
ance are as follows: :

T

er
aAono 28 PovoAqu'a_z — nh, 12 (T T, w) (1.0)7

.pw[(da)‘z - (dl)z] aTu:- -
4 X.144 a0,
' hﬂdﬂ

) },.d.
(T =T~ —’—’(T.., -8 (1)

{

The equations for nlodchng the cncrgy balance in the
preheat exchanger are:

(;p;(:?ff; ) 6

hy7d, ' pstea(d;)2C, :
LT, — ¢ i U S
2 Je= O ( 4 % 144 )az (12)
(_'E’_'i_l (do}g - (di)zlcpw)ﬂ -
' 4 X 144 a8
L AT Ty hd(T,—1 -
2T T T2 (13)
(pvo po) . :
‘ T mhdm(T—T)
{pa ocpa af a[ ‘ 12 (]4)

For the slca(iy:~s:al(: solution, we can use the tech-
niques of Part 5 (Chemn. Eng., Mar. 8,
pendent variables are Z and Z, instead of time 8. The
steady-state solution gives the mmal conditions at cach
poml in the exe h.mgt,r :

- Simulating the control loops

.» The control loops for this reactor systemn are shown in -
Fig. 1. Here, we find that the incoming ethyl benzene
and steam are under both-Row control and ratio con-

trol. The composition analyzer for the product leaving -

the reactor adjusts the flow of the heattransfer fluid.
Let us now write the expressions {i.c., the differential

and _algebraic cquanons) that will model each of the -

. centrol Joops in this proc%s system.

: ‘ Tl o e
92 R S L CIIENI AL ENGINE RS

p. 973 The inde- -

Ethyl benzene flow-control loop

.44, o, -
e = 15
C dg'P + Q‘BTC d& ¢l’ G(FE . ( )
| o, = do,/df (15a)
A0, ‘ -
B Ng Y+ 0= GF,  (15)
K AXN),

2 = (SPAN)C {9 = (SPL] + U

| | Lflo, —(SP)Jd8 (1)
o _ KolAXN) (do, 1 | ey
B - (SPANY, {dﬁ 2 e BRI ()
. Feo = 0G0 VI(PLY = (P, )2 (n.
Steam-flow control loop
P90 4 0.0 % - G,F, (18
ldgz+§l’rl +¢l_-ll_ }
¢, = do,/db (182)
| T,E’é‘i;lug,nf,b, 44, use)
K (4XN),
2 = TSPy, 7 e
S Y L ]
[[¢ (SP).] T"r,-,f[é, ol a9 _
o, _ K (AXN), '
o (smw),
RN . > [¢" S ] 9
{[¢'~’¢‘ d 6‘d6]+_ Sle ~6n ] 19 -
S= FonC, \/[(Pn)2 (£, )%1/2° (20)
Analyzer tempcra[ure control loop . .
NGES ACERY @

where Q\ is - thc dcla\ in the- anal»zcr——t\,p:ca[ly 30 10
90 s for a procc:“ gas chromatogrdph

ATRTEY .-;f,'!:aa-e T T%—




FI

K«:A(A AN Ja

¢.“l2 = (SP.‘L’V)A N
R Rk ——J’[% Sm«fe} (22
d¢.42 _ KcA(fifh\ )A [d¢.4 O } oy
& T (SPAN), Udf +TME¢‘ (SPhaly (222)
—g + #= Gl @3
Lo l(Eh-s] e
o w e % s (23
.Kct(AXN)i

-3l

T, ({6 80 ¢A))} P

oy KN [, B L g
: t A -

# T (SPaN), L& _
| ()] e

(SPAN),

= 6uCo VI = (BF 12 (25)

Solvmg the mathematical models

Solution of the equations for this control system does
not differ appremably from that for the control system
in Part 5 of this serics. Solution for the preheat ex-

‘hanger is the same as in Part 6 (Chem. Eng., May 3,
\“-/p. 93). For the reactor, we can use the following sum-
mary procedure- to describe -the reactor at time
It + A8
- Solve for x_, at time & by using Eq. (4). Here the
suhsulpt n rcfcrs to the point m in the reactor.

2. Solve for the rate of reaction by Eq. (2), (3) and

(8).
3. FExpand Eq. (Sa) and (9a) w0 ob[am

) [ v, dp]d_
g T Y=

4 X 144

—{Z) - ") o

-n'(di)ch[ 3t +lap] 1 [ach]_
"

tx 144|720 3z
Ay bord(T. — 1)
AL { R L S 4 b) -
reara 12 90)

4. Expand 3p/28 'by using Eq. (4) and (7) and the
following identicy:

%g_ - (ap)(ay )(aa;)

. By mdkmg the ner._c“ary e.uhmtutmns into this 1dcn~
uty, we will obtain:

.L/ap__ 1.8P.

.08 R{z+‘>73) .

' [(1+Y)(—1—S)—[l—Y(i-i-S)[}aY
D

R AL %9

—— e

Wk

LR

B

SR

R I

e
=

n

. Shellside flow area -

" Gas constant 4

- Controller setpoint = '
" Tubeside temperature .
* . Shellside temperature

* Tubewall temperature -

" Bulk density of catalyst .00

. Nomenclature -~

Controller action’
Heat capacity on tubeside

Heat capacity oa shellside

Hear cap:_:.cify of tubewall -
Control valve capacity -
Inside and outside diameter’

] Molar flowrate inside reactor
: "Molar flowrate to reactor
" Gain of sensing element

Heat of reaction -

Inside and outs:dc heat-transfer cocfﬁc:cnt

Reaction-rate constam

) Equ1hbr1um constant for' chemical reacuon
~ Gain constant of commller

Tube tength

. Number of tubes -

Pressure . - B

. Upstreai pressure of control sal\c
" Downstream prcssurc ol' conu-o! valvc

Rate of reaction -

Controfler'span &

Controller-reset time

Coutroller derivative time o
Shellside vcloclty R . -
Conversion - e

"~ Mole fracuon of ethyl bcnzcnc S

o,

Finite distance .. ° _ L.
Fluid density at inlet, 7 -

Fluid density at-outlet
Dcnsuy of tubcwall

. Data for catalytic dehydrogenation of ethyl
.|- benzene to styrene in a tebalar reactor

Compoiite sheilside confiicient 100 Bruilhjthz)(" F}

T .

i Bulk density of catalyst ! 80 Ib/f3

.‘ Qperating pressure 1.2 satm,

X Heat of reaction . 60,000 Brufibmol

s Specific heat of reaction mixture 052 ’

b4 Specilic heat of heat-transfer fh.ud 0.58

: Ethyl benzene to reactor 75 1b-mal/h

-“_-: Steam 10 reactor 750 | b-molfh

;“ . Reactor data . .

i Tubes, number . 100

" _ Tube diagmeter HO gage BWG‘i 1% in.

.:‘ . Tube length : . 6

A Inside diameter of shelf - 23.25 in.

f Composite tubeside coefficient 60 Bru/(nKFt2) (P F)

% Compasite sheliside coetficient 150 B(ul(i\)(hz_}(" F}

i . Prehear’exchanger e .

i Fubes, number ’ . s

T Tube digmezter {14 gage BV\-G) - Xin. !
Tube length o s ‘ 121t
Inside dismeter of shell - 21.25in. .
Compaosite tubeside coefficient © 100 Bru/in{R2H'F) 7,

‘\6
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With Eqg. (:b) (9b) .md (26) we can calculate the

derivatives at time #, and numerically integrate the

equations at all points in the reactor to obtain the val-
ues of the dependent variables p, t and Y,.

5. Obtain the time derivatives of the temperature.

" wvariables for the sheliside and tubewall from the finite

difference relationships of Eq. (10) and (11).-
6. Integrate all differential equations numerically. -

The final set of difference equations .

" - In order 10 find solutions for the variables in the ex-

: LI .
ample for a tubular reactor, we need numerical daa for
all the variables at time 8. We will, in using the finite

difference technique, consider the reactor as having M

sections; and the preheat exchanger, L sections. ‘We will
obtain values for the variables at (§ + Af). We will
bcyn with the prchcat cxchanaer

Prrbm.r exchanger, tubeside
Section 1: d,/df = 0
: Scctlons_; =210, = (L - 1¥

di, (ti = t_y)
24 Toos gl T G
@ ( LTV
Section L:
dt . (4 — )
== AT ) — o
l AX12% A -
where: EERS A A
pdiCp
Preheat exchunger, shellside
Section L: dT;/d) = 0
Sections j = 2ty = (L — 1) ‘
4 2T~ Tim) A(t — 1)
di 2AZ, - :
‘S'cction‘ (E
’ dT, ‘ »-Uo(T T
—la. 072 V4 T -7,
d AZ ( !
' - hid X 12 X 4
where: = = ;
’ pwcmp[(do)- — (d‘)Z]

(Note: Be careful of the sign of v,.).
Preheat exchanger, tubewall .

- Sections j = 1 10 j = L:

d:e = AT, = Tp) = B(T 5 = 1)
here. ‘ L 4X12Xhd,
PeConcl{e)? == (d)*]
e AX12 X hd;

Py pm[(d )2

Reactor, .fhcﬂ.ﬂde and tubawall
Use the same equations as for the preheat exchanger

(@]

but substitute different values for lhc phys:cal data, and-

T
o

I_dg_ - _{(F Yw -

Reactor, tubeside
, Sc__clic'msj =1 lbj = M:
11—y +5)
T e e :
_ (1 +7,) ,
k=12 600cxp{-—11000/(t + 273)}
K; = 0.027 ;xp[0.0?!(!; = 500)} .
(ki)T

= ""[(1 («L 7 ?s) - }1‘}[(1 + x5+ s-)]]f""r -

4o 18P [(x,.q-s+1)]
TR+ /L (S+ )
F=FRS+1+x

B; = p; + Yer"i_
G=8D, = -
D, = ’-‘(d.-)f/G)(H‘l)
.- Section 1: .
dt, dy,, dp, o
df T odf a8

-Sections j = 2 10§ = (M — 1)

.d_Y";_ [( it c0+1) F;-l}eb 1l)] _ R,-—'Dj
n 2C, 02

i

E{i: i f(_)(( 1541 F}»;";‘—J)__
d¢ ~ EDI\ n 2AZ _ -
L RDAH+ A/ V2 T — )|
R Scction M: " o o
RuDy
Cu

Yew—.n)']._

5. —-3 1(%)(“%’%1?4*%’) -

RyDy AHp + h(wdi/12XT oy — ’ai)] I
Instruments-—~Solve Eq. (15), (16), (18). (19) and (21} °

through (24) for derivatives.

“Tregrate all of the derivatives humcrical]y

Selve algebrare rqmztwn.r-mlnlct temperature at the reac-
tor must cqual the tubeside ‘outlet temperature of the

preheat exchanger: Shellside inlet temperature at the

preheat exchanger must equal the tubeside outiet 1em-

perature of the reactor. Finally, we compute the flows

from Eq. (17), {20) and (25).
The next article in this CE REFRESHER series will
appear in the issue of Nov. 19, and ‘will cover lhe dy-

_narmc modeling of d;sn]lat:on systems.
.S!rtm I)anam:, Edh'ﬂ -
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: of uibie dY| gives:
i nernieother et hent l[l'u!u withent plaiy ‘ln‘-:_tjc'. I X
A ' . ) o= - ‘1 -t e . e “
. \—/{‘q’r el W cannot, G A Lt ,'J' e "\1 ~,|lt_l(‘!!l£*:ﬂ‘ L teh _\‘: ,’jz. k q'"d i ' (7 v
' Cean Tl UL HIRHTER TSI m-. Juaving phose 4.5 14-1- 83 B a_}’l . ) :
chis l! e, ln.e lu“n\\. Il' dli u' ‘ ’

M@@hng the pha% equﬂ&bm&

in dynamic systems

-

Devclopmg mathematical models for heat exchangers and

the Rayleigh distillation begms by computing equilibrium . - i

constants for the liquid-vapor system. The resulting models IR
‘are then programmed for dynamic simulation on a computer.

" John L. Guy, Dynamod Enterprises*

L) The modeling ofsy-'stcrlns involving phase chémges in We can derive Ey. (2) for a differential 1cnath of tube;i

“one ormore of the components requires calculation of d¥,, via an energy balance by usmg the gLneral ﬁmtc
¢+ auequilibrium constant before developing the réquired dxﬂ'ercnce analysis. . R _
. finite-difference equations. A typicalexample of such a ’ 2 s !
. - . - L ge e . nrﬂ'di a(p‘H,) R
.~ system is the analysis and control of a distillation tower, - : 2 = 3
"+ In the first articlet of this series, we considered Ray- 4 X144 a6 1- St : R |
. [cigh distillation, a one-stage system that involyes e a(W;H) 'h n,'-rd: ‘T . i?) .
vapor-liquid phase equilibrium. For that caleulation, | ST —'IBY ( A
we can complete an approximate analysis of the process . .
with a desk calculator- -although the work becomes A material balfi_nce for CO“‘PO“““J and total flow-
tedious. Most prob!ems will be solved via the computer. ratc, W, yields: - . . ) .
“Typically, .this is necessary when a steady-state (or‘ L nymd} '[a(Pa ‘j)] ____" a(“‘ 1_-(3).
' static) solution is required. - : T 4% 144 g 1 BY : g .
For vapor-liquid systems, the cthbnum constant - N .
K, for Component j is ch b Because it is sometimes convenient to use point hqmd . ¥
p Jig v . rates, L;, and point vapor rates; V,,.and their corre- - -
- K, =Y/X; - (1 spondma male fractions, .X; and YJ, we can substitite
(The approach is the same whether considering vapor- - | total and point ‘-°“d?tl<m>: E,q (4), and (5), and the.- .
liquid systcms, or liquid- tiquid, liquid- ﬂ.ohd liquid-lig- cqu111bnum rchmomhlp g!\en bV Fq (1) LHLLY Eq {3 ) oo
-_md vapor, ete., ones) . . obtain- Fq (6) o S
. A wealth of hl.r(.)]-.‘«..llld articles deat wnh I}\C,C‘L)i)liJl::t- e Wi-ﬂ L + v, "; e “H) ‘
l-T\tmn of the copnilibrivig constant [1-to 71 Here, we will : . ’ o :
simply state that theeguitibrinee constant, K, G fase L Wz =1 Y + VI’ 0O '
:.in[}.(‘:!' l“!“.[,m:u””;’ [‘nv.\‘smn-_und compasition of the | o "’r"’] [0(!) )] Al \/) L VY
" l(llﬂf arer v 11“)[ {l s - ) . . _ ) 4 % 141 .‘0 M §

' -a}; oY, .

o o)
Lot s lnuL at the \uUl.-f \a vipotnerulee comgerioe HY \

thitt is sheosi i Pl LT P 6 v dorive “l" o LAt I fovw material bal mcc fcr thc dlffc‘tmnal length
: in: lnrrhr:u.,d heat r: snsler p‘th pi.fw ohe m. sl In'- o g

3\!)lin< Nn te Ty h{ e \g‘n »p‘_:, r,:" .
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Tu'mSn"P lﬂ ~
T Soutin ot oy
fiuid in "7
N._ 7 - ..mj “Shellside
: " i fluid out
N_1—J—._—---‘_.-u- .
N-2 dm L
]
i
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'.‘
l| s
RIS I SE L N B

r
Coudenser 1.
- sections Y

l Tubesiéie'

Ay
\
\‘ ) N
- Enlarged tube section
3 ;
\ .
I N B
. ) a4
Shellside’ I:———
© O fividin .
. 7 '
1 .-1 Tuheside .
- . © vaporout.

liquid aut
" Vertical vaporsin-tube condenser - - ) Fig. 1
’ Cooling
V, tb-mat/h water
Accumulator -
4 -
- ¥ Bt '
- Tank o .Seam, s, Ib/h
R P ‘
- Y ( l Reloiler
\ o« e B

. Condensate |
e

-
*Hotdup, H'

e . R
“‘Process arrangement for the .
example of a Rayleigh distillation Fig. 2
—_— - - AR

Tr v-r«.-s,,. X __xrc.A\"\""

P ‘\om(ncldune
A, Sh(.:llsid.c;ﬁm\' area, fi®
C,  Syrevific heat e o
o Tube diameter, in ! ’ Lo f [
] Hentrander meﬁrun! Bm/\h}(h )( g
LN Ernahalpy, BoflBanole '
Hio Lageid Babdap, hamele ) s

A F.iill‘\”":‘i!‘ll’ll somntant derived frénn Ko N
I I.El{l!ils ﬂi‘)\\':‘;ur: Eb-'n\,.rk;g"h
A Number of compancnts

np 2 Nunber of tubes - v . '
P Pressure . ' - o
L @, Heattr )n\(cr r"nc, 'Blu,/h T P
T8 Sicam rate, b/ 4'y . .o
! Tubeside lempt.r:xmrc, F e

T Sheliside [c‘[I‘!j)('.;'aHil’C‘ ‘F
Tubuwall temiperature, °F
Tule length, fi : .
Vapur flowrate, b-mele/h - - _{' s
Liquid \r)lumc, fi¥ !

- Total flowrate (liquid plus \.\por) ll_:'-mu]é,’li

in o o v sba b = % ey oy et

Molr fr1ct10n of laquld
* Mole fraction of vapor Lo
) Tibe-iength increment,’ fi, ) b
- 2. I\{nlc fmcuon on lma]-ﬂow baSlS :'
T:mt: R ’"" T '
3 Latent h(.al Blu/lb o
Y p Dtmu}, lb,’ﬁ:’ } :
i
g J i
k Tube position - "
L liquid. 4, | A
., 0 Shellside conditions ‘
5
. .!.‘ h
ﬂowmlm phy sical pmpn.rnca ®.; and tube chmelr), :
¥y, or . !
dB/dYy = f(V, Ly, 9 ¥)) @

Of conrse, we can use the equation for pressure oper-
ation, but the error introduced by the cflect of pressure
in Eq (1) decriases as the pressure increases.

To mmpktc the tubeside C“dculanons we nu_d thrce
additional items; :

1. An estimation prou:durc for calculatmg the indi- _
vidual heat-transfer coefficients [/0 and 7/}, and the .
compositc tubeside and shellside coefficients (see Part 6,
Chem. Eng, May 3, 1982, p. 93).-

2. f‘\n estination’ or calcuhuon pruccdure for deter-
mining streamn or.point -enthalpy of the hqu:d andi

vapor [2, 7, & and 9}.

3. A procedure to esnmatc the stream densities of the .

liquid and vapor portions‘{2, 5 and 9. - - -

We.can then use the finite-difference technique de-"
rived from Eq. (1) through (8) to simulate tubeside cqn-

- ditions in the exchanger.“The resulting cquanons are

alxo vahd :f more cmnpllcatcd than neccssary, for sm- i

o dmen s

e s




LRl

[ROUR .z

gle-phase S)‘;tum and muluphdsc smgln component

ystems.
\_/ The finite- dlffcrcncc cquzmom from Part 6 of this
series for the shellside and tubewall temperature proﬁlea

-1 complete the model for the condenser. These equations
} are: ' o o
i 4T, By o Ca(T:m—Tk)
. — =2 — To =) (9
R do ‘ Ao (Tk u:l)nT + Au I Ayl . ( )
where: 4, = vo o o
v B, = —(h5d,/12) .. o
' :l ) Ca = —pouﬁAuCpo_
3 : . .
L dl,. B, .. . Cyp o
‘“ﬂ’@f" = ;If(?k i :&‘;(ka ~ &) (10)
swherer A, = 0, (ds — d5)/(4 X 144)
o B, = hd,/12
C, = hd/12
“The. dynamic model -
After sctting the time derivatives to zero to obtain a

steady-state solution, we complete the dynamic solution
by p&_rfor:mn& the following: -~

Step 1- -
coefficients by the methods given in Part 6 of the series.

We can also compute these coefficients at various points
x ./ the exchanger and reenmpute them as ihe vapor and/
S

or liquid flowrates and compositions vary. These addi-

tional computations usually do not appreciably alter
. the results. However, we can and probably should re-
" compute thé coefficients if the total flowrates change
appreciably. .

Step 2-—Calculating the derivatives in Eq. (9) and
(10).
Step. 3—-Intcgratmg numerically the resulting finite-
) ! . difference form of Eq. {3) or (6) to-obtain new valm_s at
time (0 + AF) of the quantity p,Z; at Points
A ko (N1, (N-2),...,
formy of Fq. (3) is:

d(P. k7 ) Wi- 117 e = Windix

(1)
d? e ’me)}m |

PRV Y Ny

S,

For the number of components in tht, ‘i)blt‘l’ll M, the
anole fraction, Z 4, mu~: sum to .1, or:

el (1)

=1 foi k == '.‘»'—‘_i. N -2,

2 M K
N

Thus, we cnn obtain
tions ot ench poeint in l}

e s

showr Ly: - " _
I o p, . ‘o
. , . : = ..._.....--__z'._...,._ .
e g = (13
! S ip20
: _ . o TR o
Yhis procedure allows us 10 calculate p; K directly, and
: *to estimate the dcrihn: JO

r_ \fr'[' 1‘ ()1 I ‘I"]ln“’ g
"ll-"\i oo o {‘ <-‘|f“l“ e_),;‘za RS,

Jk) and mth the

Computing tubeside and shellside composltc ‘

2, 1: The ﬂnitc-diﬁ"crcnce_

»rotal component tle .
- '\:C!:angx'l"i‘)y nocmnlizing, s

' Rd)lel'fh distillation” con L
- We dlscus.sed shortcu: methods for: s:mulﬂtmg R.a.}- <
leigh - distillation’. (an - inhérently, nme varying batch

'!H ““uf‘ Df f Shy

numcnca!!y mtegrcmng thc ﬁmln difference form oqu

{2), which is: | 7 .
a0 . ST
(4 X 144){(M(k+lﬂi(k+l)‘— W; ;cH. )
. npwd? : - AY,

. (A rzr'rrd /12)( Lo — tk)] (14)
The prowdurc is now iterative. S

Step 5-—Assuming a temperature, 4, at each point, &;
in the ctchdng,c: weé can now solve for the fraction of

vapor. by means ‘of the Rachford and Rice cqu‘mon [12]
from:.

() =S
Wi,‘k : (K
Thls procedure is also iterative.

We can now calculate the point composmom for the

Z,-kuc',fk i
= DWW+

=0 (15)

calculated (i.e., new). llquxd -and vapor compc\sxuons :

from the following equations {13} .
: (_L_) _ (L/.W,)f'.k = 1 — (V/W), (16) _‘
AV ik { V/W)i,k - (V/W)i.k ) =
Lo ' H:Zj.i{(l'/V)i.k + 1] : . 17 '
- =Ty WKy )
Xn"yk”\;k i - .(13)

We use our selected enthalpy-estimation pluu,durc
to calculate a point enthalpy based on [h(.. above com-
pos:tmn values. .

We can now iterate via our selected temper ature until
we obtain a value for the difference in the stream en-
thalpy (as calculated in Steps 4 and 5} that is less than
some prescribed error. -t

Step 6—Integrating the dt:rwatwes calculated in Step
2 numerically, we obtain new temperature profites for
the tubewall and the shellside stream.

Step 1—Integrating Eq. (7).-numcricaﬂy, we obiain
new valucs of W, (fork =N -1, N -2, .., 2 1);-
or, using the algchra:c form of Eq. (7) {as gwcn by Eq.
(19)], we obtain the new values for W‘ & Thé deriva-’
tives, dp; ,./dﬂ have been calculated in Step 3

W, & um gl f(ﬂ’.&-’i)-.\}’[ - 19)

4)(141

Ste;: g.. Rttur.ung 10 Qtvt) 1, ‘we prmud G thc- next
time interval, 8. N

The snme proo. ([- re can be usuf for mu!t'u\mrmr‘-nt
phise “change on the shellside, . or,-multic umpm‘uzt
phise chiange on boly sides of the exchanger. (Indend, T’
hive developed a :computer’ program Based on the
above: prut‘edures) g i

LA

"

proc:,::b) in Part 1of ﬂm series.. [et us turn our at!cn"(\n

B

o —




C o L T LT _ T conshoet A e not constant new s the e l'hi\.—c \n!

co Let us consider the following ]Hl)hu]n

i g .d . in an mhucmlv buteh | proceis, we have ay e

oo l ! y Comalar mixtore nf(r.:.mc-n(ms \.mtl B. Compe; B

- Poueny o .
S 1 the maore volaiile one, hutwe desire 10 leave this- timp R
nent in the tank and distill the less volatile tnc m- -
; o he nd The addition of water 16 the mixture {‘,m.,“
U - . AzZCotrope \suh Component B, and we can conccmn B :
B H Camponent A and the excess water in. the tan
§ k. Adi TH "
)t ] tion of water to the reaction mixture is required | in i, z‘" )
! | nextstep of the batch procedure so we are ot Priseni,
. with the .uldmrmnl expense of scp’iratmg Waier ‘md )
3 . Compnnent A :
R e e e b d The system shown in Fig. 2 is init My
0 . 2 3 g 5 3 8 o \}1 \1 ey o g ]1 ﬁ” »‘a{ 1o1a] uﬂ.l\ .
; 2. Motar holdup At some time, we will ¢lose the reflux valve and vy - . |
. cwithdraw ug produet from the sysiem. . R
b ] With condensing steam supplying the energy. o \.a-'
R S -1 1. pur iz¢ the material in the tank, we can write the equa’
: L S e tion for the cnergy balances on the tubeside ‘and qlye :
-8 o tubewall, Because we are con51dcr1ng an lsothcrma} ,
ALY F el ] e 1 L b phase change on both sides of the exchanger, we do ot
N «é [ | b . ‘need to sectionalize (i.e., wse finite-difference proce-
v B 584 : ] . durcs) the ‘tube bundlc Thc cquauons are:
- 3 o Tt i Vi I 7 . h ) rd - ‘ : |
. I I-.- : e RN DRV S - B S = =- b St et ¥ 7 ( T ) - (?0}r
5 280" I N ! R AN R W : N N

R N R S S O Y B “dT, B, o C »

ol S E L : : . o __.I.f.=._£(r“ T,) _.__‘E(Tw - (213
376~ - - . : . df Ay . ,
ol o 1 2 3 4 s 8 7 8 : S
S I : . - b, Reboiler heat input v Thc total nmluml balance equation I'or the 1anL
sl 254, : - . — : ”‘“d s . : ‘
i, R U S S R 0 e : C d(p,-lr},),f.dﬂ_; -V 7 £22)

‘ 1}‘ 253 -~ or simply: - d(H/d0 = -V ' L (23 )
: - : i . ' ' :

- W '
g [ & 252 - j #l | - Eq. (23) allows us to avoid-a density caleulation, Tn e

3 } § 282 T Y17 i some probiems, the dcgrcasc in molar holdup, H;, and T

ol g rr B R S AV Y G S T ;. therefore the decrease in liquid level, decreasces the '
1 B s : : Ly A heat-transfer surface, and we must use Fq.- (22) T
i = ! . i S VB & I'hc matcrlal ba!ance for Component _; is given by: Y
¥ : 250 S et X £ d(H’X)/eﬂ = aVY (24}

T .—-—"'!"“"- = : N
ib S " S ' ; Su')smunnq Eq: (l) into Eq.. (24) and expandmg
SR 249 L 2 - 1 . , .
' S A R 2 3 4 5 6 7.8 (| dx; -—Xj[VK +(ciH’/a‘H)] e

o : 1 ] ¢. Reboiler temperature - ’ B ';;0 - : H' (*3)

i ], 1.0 — : . ‘ _— e
i1 . . : _4___ //" ‘The energy balance for the tank systemn is given by? SR

9 ] ! : .

‘ T 08t +- i - byt Ty, \

" gL Al e T b L ] Q=" Te=T) COSNENE
E " 9.’: 0.6 ) Q"&/ 1 " . 7 - ‘
A0 E T e | vy H@HE

f a. , El' - ’_/ | S _ - AN . dg ]f" K s
; 3 :u 04 . . /ti. * ' / " ' . . ' o S

c - "

SRS B P /( S R R - - A bubblepoint ca]culauon rciatcs the compom:on of .-

SN IR 3. i 4R R IR TN 5 A I “ the hqmd and the tank tcmpcraturc For equilibrium oy

] 5 02 : : _C:f“m ~T T : - existing between the liquid in the 1ank.and the vapor - -, ¢

- { gl R 5% Sae L =] i N S S _ leaving the tank, the temperatures of the two phasesare "5

B IR oot ] _ . nNa .cqual:'We can calculate hqund and vapor cmhalplcs by i

’i - F -0 v o2 3 4 8 & 7 8 a suitable procedure. g

S B L ' o Time g, v~ - - | | -. Forthe example, we arecollecnng thedtstlllalc in'the

It 4o .- = dReboiler recoveries, . - L ovcrhcad accumulator.. We can caleulate the hne lags’

g — |- | Between the inlei and: outlét streams to the condenser.”

IR ':'%‘_-.--* v Rfe!;l!tsl frohmdcor;';puter modelmg DR S I I Howcvcr there i is httlc mtcrmt in thcm We will spec;fy

! :E S AP of Rayleigh distl ataon problem 2 L. Fig. 3.} for lhls c;.amplc 1hat the’ condcnscr ‘will condense' and

"T:iii""fﬂ! l-.\r.l\HRI’\TG IG NOV
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-show a manual valve in the steam line,

W T 7 I T M M VA Tt Y AV AWCET WAL 4y AT r -

Computar ~darived pict for tunk temperatura produced by a Ime printer frc-m the program

L e

dern WAy e

Fig. 4

subeool the overhead vapor to 100°F. Ve can then rate
the condenser by a separate calenlation.

In our process (Fig. 2), we du not have a control sys-
tein for adjustitig steatn flow to-the reboiler. We do
As the tank
temiperature increases, the stenm eondensing in the
tubes decreases, and the conesponding flow reducation”

teduces the pressure drop across the manual valve, T he

temperarure of the steam increases with pressure. This
telationship between the steam teimiperature and an
e, rtion o model the contol vadve (see Pant 2 of this
sorioay supplics the necesary equistions to coaplete tlu
Athesds,

C Oonputer L\Ll]i‘v

T hese pl(}udnm\ e be modeled with a o

b rvann devetoped Dy ome The vesids, ae o funciinh of

Uiree, Brean the pragram are shown in Figo Sam 4 Fig,
3 rupesents the molar holdup in the 1ank and uver-
.h*.'.-"! \mumul'\mr Fig. 36 and 3c show the reboiler
T iaat o the systen and the tank remperature, re.
it E-'i\ Fig. 4.also shows the tank TEMIPLratire as

Pl by o luw printer from the’ prograru. Such com-

boocrsaented plots, which are mell) neeessary for
T, vsta elindnate mmh engincering time used
o epinal ploaiing, - 0 - C :

L"‘~,7., Sy L

sl ,u(' [ ST LINE IR Y .“:“

il ‘N)'lf'n

Component A propeses the placing of additional siages
between the tank and thé overhead svstem. We will
show the pmcoduu for anaf)/uw this in the next article
that will appear in the issue of Jan. 10, 1983,

Steveny Paatos, Rt
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Modeling batch distillation -
in multitray columns | ~
Packed or tray columns can iprove separation cfﬁcieﬁcy for

batch distillations. The modeling of such systems via a computer
stimulation enables rapid _cv'aluation of many alternative techniques.

" {HTI#T PROCESS DYNAMICS/I0 |

. [ In the separasion of a two-component system of A
and B via a Ravieigh distillation, the addition of water
for -+ an asentrope in which Component B (the less

' Vi - e ane) is distilled averhead. Tn Pd.rl 9t of this se-
ries. \\r muodeled such a system. While we cian remove

" essentally allvof Cmnpum at B from the tank {95% in
seven hours of operadon for vur example), we lose 49%
of the more volatile Component A

To reduce these losses, we can donsider adding stages
(either as trays or as packings). between the tank and
condenser. The svstem with trays is show nin Fig. 1. We
.need additional equations to desu lbe the added trays in

order murkl the system.

Developing the model .

" Fiyg. 2 shows a cross section of the tray coluinn. the
flow relatonships for the liquid and vapor streams, and
the holdups on the tray and in the downcoiner. A total -
material balance around Tray number & vields:

dip Hy  dleyH),
o &

=V + L - B

Ly + F, — DI, — DV, (1)

.-\s;,-:umiﬁ'g that we can neglect vapor-phase holdup,
Eq. 1) ean be simplified w;
A i L _
T T = Ve F by = Vi Ly

Fe =D, — DV, (’J)
o simplest procedure [/] s 10 assune @ constant
N B! ‘lup H} . and to assume an r:qull(brlum stage.

*aoaneet lhr uuh\r s () ‘mn Enmg, May 3.1080, p hy

LAgridee pabinded chus e i thie CE REFRESHER: Pt L. June 20,
14Bi, b TH Rt L, Aue TR po 18 Pare 3, Now, 16 LUBLL p‘-rI:P.ul Lo
[Yer ”i P oAt Pare 3, Mar B0 P2, poT Pare A, a3, 108 Py Par .
7. june 20 1"8'.. p Y7 Puart B, Aag, 23 14947, p. il Part Q,NIN__"J. il p 75

T ot M e e b -

) _]‘uh-;i L. ('lg:,. 'D}n—umml Ln.’rrprraer'

Because we know that- the outlet Howrate does not -
change instantly when molar holdup ts kept constant,
we can approxim ate the stage hydrq.uiits by estimating
- a hydmullc time constant, M. {This procedure can

Couiing
water

[T R y ';_ﬁ -

) ; 1__1 ﬁ

fray 20~~~

Srearn,’5. tbih

-—

Condensate

Process arrangément‘ for the

example of a batch distillation “Fig. 1
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Nomenclature

A, Active area of tray, fi?
4, Downcomer area, fi?

DL, 'I iquid draw from Tray &, Ib-mol/h
DV, Napor draw from Tray & lb-mol/h

F, Feed to Tray & 1b-mol/h

H - Sueam enthalpy, Btu/lb-mol

H,  Liguid height in downcomer, in.

H, Liquid holdup, ft3

H Liquid Holdup, 1b-mol

.H,p Head loss under downcomer, in. liquid
H, Vapor holdup, ft?

H Weir height, in

Hy.  Hydraulic time constant, h

K Equilibnum constant for Component j§

2 Pressure-drop cocfficients

Ly Liquid flow from Tray & Ib-mol/h
L Outlet weir height, in.

Valve thickness, in.

vy Hole velocity, ft/s

X, Maole fraction of liquid for Component j
Y; Mole fraction of vapor for Component §
AP Tray pressuré drop, in. liquid .
AP, Dry-tray prcqsure drop, in. liquid

¢ Time, h

n Tray cﬂ'icn’:ncy

PL Liquid density, Ib/ft® or Ib- mo!/ft
[ Valve-metal density, 1b/ft3
Py Vapor density, 1b/ft? or 1b-mol/ft?

B (Hyon

Tray k + 1 j DV."
T ___________________ .4 Feed, F,
Hy p o e
) e
| 1/ Al TN

4 1 Tray k - \ \h-\‘\

i \

(H ) Vi, b \

. (L, +DL,)

Flow refations existing'on a

_typical tray of the column R Fig. 2

ror P - ¥
<a it ] > o

[

also be used for packcd towcrs) in cquatlon form . we

obtain the following relationiship:
dL i oo

: [Vk—l H Ly — W = .
L, + F ~ DL, — DV,,] 3 .

With the preceding simplification, we can derive a
material balance for Component J as it is processed on:
Tray k:
d(H e : : .
an = Vk—lytk—ll.j + Lk+1Xl.l+l!,,' + ‘r'k/-'k_,‘ -

(Vy + DV)Y, j— (L + DL)X,; 4)

Ve eliminate Y; from Eq. (5) by substituiing the fol-
lowing definition of the equilibrium constant:
Y = KX, (5)

Making the substitution, and after some mampula—
tion, we ob:mn '

d:; = };L[ k-1 Yomng + Lo, +
Filpg = X (MK + DVK + Ly + DL};)]' (6)
An energy balance around Stage * yiclds: -

diHL)e _ 1
4 - H’
F(Hp)y — (V + DV Hy) -~

[V,‘ 1(H ).l: 1 T Lk+‘.l(HL)k+l + )
— (L) + DLJ:.)(HL)J:]. (7)7. 3

Simulating an equilibrium stage

We now have sufficient cquations to simulate an
cqu1hbr1um stage. The procedure for gcmng a solution®
is:

Step 1—Integrate the set of equations, as given by Eq‘
{6)—i.e., one equation for each component.

Step 2—Normalize the calculated mole fractions.

Step 3-—Calculate a stage temperature and an equi-
librium vapor composition from a bubblepoint (the

_temperature of initial boiling) computation.

 Siep 4—Calculate a liquid enthalpy from the temper-
ature and liquid composition in steps 2 and 3.

Step 5—Integrate Eq. (3) 1o solve for liqud Rowrate
leaving the stage.

Step 6——Rearrange Eq. (7) by assuming tha: the
change in liquid enthalpy is small (this assumption re-
duces the computation time}, and then so]vc for the
outlet vapor rate directly from:

Vy = in-l(Hv)k—l + chn(HL)kn + F{Hp) —
DV(Hyy— Ly(H) — DL(H RJ/AH) (8)

Modeling real trays

- We can simulate the operation of tray dccks with a
more sophisticated procedure, and the following is rec-
ommcndcd for more-exacting work. We will simulate a

real” tray instead of an ideal stage.

The composmon of the vapor leaving the tray can be
derived from the definition of a Murphrcc tray effi-
ciency, whlch s

Yy — Yoo . .(Qj

log

_Th;.,' = .
Yﬁ,)‘ — Y(R—U.i

00 . |
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Rearranging Fq. (9), we obtain the .fdllowing for:
Yei = Yaous + e (Yi; — X k-~ .) (10)

Theoretically, the cfficiency, m, j, varies with each
component on each stage. We can calculate the change
in 7, ; as the liquid rates, vapor rates and physical prop-
erties on each stage change via sume suitable method.

‘However, we should determine how precise we can cal-

culate these numbers before proceeding. In the example
that will be discussed later in this article, we have as-
sumed a constant tray efficiency, and proceeded with-
outi additional computations.

We can rewrite Eq. (2):

Aol

0 =Va+ L =V~ L+

F, — DL, ~DV, (1)

The calculation for tray hydraulics relate the liquid
volume holdup, A, with the outlet liquid flowrates, L.
First, we calculate a dry-tray pressure drop via the max-
imums of Fq (12} and (13) for valve trays [2], and via
Eq. (14) fo sieve trays [3). The dry-tray pressure drop is
a function of the vapor flowrate and physical properties
from tray (¢ — 1). The liquid-density factor converts
the calculated pressure-drop value to inches of liquid:

For valve trays:

AP, = 1.35t, (—p--) + lKl(uH)z( L) : (12)

L

_ “\Pdrv = 2([' Ylov/oL] Ty
For sieve trays: X '
APy, = KiViulev/op) o {14)

- The tatal tray prcssurc:-drop is given by:

AP = AP, + 0.4(gpn/L V% + 04H,  (15)

The downcomer backup (inches of liquid column) is
given bv

2/3
Hy = H, +04(§’°) +

(AP, + Hu,,).(p-n‘sz.«.) (! 6‘)

Liquid .h:)ldup by volume in the downcomer (fthy.is
the product of the downcomer backup (ft) multiplied
by the downcomer area (ft*), or:

(HL)dc - dc(Adc»/l?) : (l7)

" Liquid holdup by volume on the tray deck itself is the
‘product of the liquid height (ft) on the tray, as given by

Eq. (18), and the active area (ft*). Eq. (18) ncglccts any
liquid gradient on the tray.

{(H ) e = Hy _+ 0.119(pph/Lw;pb)2f3 o (18)

~here pph is flow in Ib/h.
The total tray holdup is the sum of the llquld in thc
downcomer and on the tray deck, or:

Hym= (H) A/ 12 + (Hye  (19).

With reference to Fig. 2, we can make the simulation
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g 33 : i - even more sophisticated by calculating the compenent
< 55 Lt L 2 and total material balances around the downcomer and
>:. 80 - —j"ﬁél the tray decks individually However, this degree of
2 : l : 2 4 sophistication is 1gnorcd in the following discussion.
';“ | ] RINE] For variable moiar holdup in the hqu:d phase, Eq.
LW 3! § | _ (4) becomes: :
-— l |
S 1 1 (o, H X)) ‘
c - ——A0 SMLULTVE Y 4 L WX i+
g i | ) 0 k=175t Lxep ke, . -
£ o5 R 5 - L— . ; .y
e LA S B2y, — (Ve + DVOY,, — (Ly + DL)X,; (20]
c 111 . "
S Mr T T Substituting Eq. (10) into Eq. (20} yields:
0.1 Lk : . :
g.gf L ‘ s {'[V o = (Vo + DY, )(} = M N Yoo +
bor o1’ 1 s 50 B 98 935 9899 af o
8 05 : 9. .
Concentration of A in liquid, X, , mol % _ Ly Xisng + Py ;= [Lx.+ DL, +
- - - S (p,H)) -
R Er e ey A 5y - Vi + DV Koy + —= ]}/P:.H;, (21)
988 4 [
358 1— 1 : i S o
R R B For this case, the procedure for solution is:
2 gL i IC¥ Step 1—Calculate the derivatives in Eq. (11} and (21},
ok B i | A There will be one solution for cach component..
t— 50 : . _I—é:/7i/ Step 2—Integrate Eq (21) 1o calculate the'mole frac-
g = A tion of each component, and’ normalize. :
E 50 | -__;FIJL% ' Step 3—Calculate the 'tray liquid Icmpcraturc via a
< A bubblepoint. calculation. ‘
k] AT | - Step 4-—Calculate the actual vapor. composuion from
8 whd L deol ity 4 Eq. (10) by using the equilibrium vapor composition
-y O O D O 0 Y 0 O O O B from Step 3. Calculate the vapor temperature by a dew--
€ gl.dils A L o] 1 point compuzation. . .
g 05 ‘_"_‘_.‘?i. 5 Y 0 0 O 0 - Step S-—Integrate Eq. (11) in order to calcu]au: the
S A oo ey s B G 3 S -change in molar heldup. By using a suitable procedure
0.05 AT i e for estimating density, we can estimate #he volume of |
o i1 510 5 90 98 938 59.9% quuid holdup on the tray deck -and in the downcomer.
005 05 - %58 sms Step 6—Solve for the liquid flowrate from the tray by -
Concentration of A in liguid, X, . mo! % using the results of Step 5 and Eq. (12) through (19).
T - " : . Step 7—Estimate the vapor enthalpy by some suita-
PSBUdO'chabe'Tt"c':.e q;:;gr_ams trace . " ble procedure, using the values of the vapor composi-
course of the batch distilation Fig. 4. tion and lempcramrc from Swep 4.
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Step 8---Solve for-the vg&pur rate from the wray via
Eq. (8). :

Application to multitray towers

The solution procedure can be applicd to multitray
twwers. Mowever, with nuce- wpimm'mul integration
methods,
simultaneously ‘as opposed to solving each stage sepa-
rately.
muore econoimical because of the stiffness of the system *
due to the truv-hydraulic calculativn and, in some in-
stances, due to the integratinn of the liquid composi-
tion. The stiffness for the latter factor can be quantified
by a (L + KI)/H| factor [4]. This factor controls the
step size for incgration, which is used in the simulativn.

Rayl ‘iUh distillation problem :
In Part 9 (Chem. Eng., Nov.-29, 1982, pp. 78-79), we

- used a Rayleigh disiillation o separase un equal molar

mixture of comporents A and B. Complmult A was the
mare volatile one, but we desired to leave it in the tank

and distill the less volatile one overhead. By adding-

witer to the mixture, an azeotrope was formed with B.
Thereby, Companent A and the water were concens
trated in the tank. After performing the simulation, we
discovered rhat 95% of Component B was recovered,
but that 49% of Component A was lost.

Sinee the Toss of (mmpnncm Ay slquu snt, we will |

now needel this separation by adding 20 ways. We will”
use an assumed tray efficiency of B0%: between the re-
boiler tank and the condenser, and provide reflux 1o the
rcsnhing tower, as shown in Flg
ratio of 1.0 is assumed.

These modifications increase the sharpness of the sep--
aration, However, we do not achieve a complete récov-
ery of Componcn; A-We will lose very litle of Compo-
nent B, A higher reflux rado, additional trayvs, or a
change in operating procedurss such as additional

*Sec Part 5 of this seriew, Chem. Eng. Mar 8, 108, p', mnl,

there are advantages in salving all the trays.

The advanced integration methods are usuatly’

An initial reflux

=

water in the system-—ull or any mav be necessarv o

recover more than 70-85% of Component A,

These: procedures, alonyg with the routines developed
for the reboiler and oxcnhcad svstem in Part 9, can be
modefed with a computer program that I have devel-
oped. Fig. 3a represents the mdlar holdupin the ok
and overhead accumulator. A level-control lunp’in the

. overhead system can be modeled with the equations

developed in Part 2 of this series. Fig. 3b shows the
reboiler heat input and the rehoiler emperature.
Fig. ¢ shows the recovery of componeniss A and B.

“We recover abuut 64-794% of( «omponent Ain the prod-

uct tank after Ave hours of operation. Assuming that we
transfer the liguid from the olerhead accumuiztor to
the product wnk at this time, we will have recovered
about 70857 r)f(umprmuu A, We have significantly
reduced the loses of Component B, singe the progrim
predices losses of only 0.0037%, Lnfnrtund:z Iv, we do not
have the option of continuing the dih[l”d[mrl hecase
the reboiler wnk is almost empy (for the conditions
chosen for this problem),

Fig. 4 shows the progress of the distillation as piotted
on a pseudo-McCabe-Thiele diagrams. Such p!ot_s can
be generated by the program. Su:_h plots can suggest
Cﬁ.xngt_\ it colemn conditions that can give the re-
quired reciners ol ('nmpmwnt A For further study,
cach reader can decide the vari: thle 10 be changed.

_ We will continue lonkmg at distillation in the next’
article, which will appear in the issuc of Mar. 21. Here,
the emphasiy \.\1“ bc ol COnlinuous iower upcmnon
. ) - Steven Danatos, Editor
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. PROCESS D

ICS/ 1

amic modeling of

continuous-distillation
and emergency systems

- This final article contains the procedures for simulating
-continuous distillation, and describes the methods for modeling
. emergency, startup and shutdown conditions in* process piants.

John I.. Guy, Dym:mod Enterprives*

[} Far the dvnaunic analysis of continuous towers, we
need a1 miore sophisticated steacdy-state program than
as rm;uiu d tor the batch-distllation program that we
eatseussed in Pact 10T for modeling trays. The steady-
state program enables us to determine initial values for

- the ¢olumn variables,

Example illustrates procedures

Let us consider-the distillation tower shown in Fig. 1.
The column is designed 1o remove three light-key com-
ponents r)wrhmd, and o remove a stream comammq

only the heavy-key component from the botton.
The four-component system can be simulated with a
‘modified  van  Laar  activity-coefReient  estimation
method. In our example, we will use 15 ideal trays (ie,
tray efficiency = 100%) 1o show the difference in simu-

Lumu actual valve trays and estimating the tray hy-.

dmulu_s by means of the ‘hydraulic time constant (see
Part 10 of this series for the details.). -

We will begin by reviewing the required procedures
and e juations inarder to simulate this four-component,
fifteen-tray svstem, In parts % and 10, we simulated
tank- or kettle-tvpe reboiler systemns, respectively, In this
example, we find a natural-cire ul.umn reboiler systern,
This citnt be modéled but gc.nrmlly not quite as simply
as the tank-type reboiler.

The "aatural-circulation l'cb()llt.l’ has a circulation

“rate dependent on vapor- and liquid-phase rates and
densites.
-aper-liquid equilibria, as well as on local temperature

: .Vifcrr:nccs and exchanger geometry. The shellside and

" Ty meet the authur, see Chen Eng, Mav 3, 1982, p- 6.

\rluu;mhhshrdmlhss(,1 Ryeresiren: el Lo 20 194t p 74, Purr i

2, ety 1 o TV Pare b Mo LR UEL BT Par 4, D.:..,S_....J.......""‘ o
_Hi Part 3. LJ_:,_,._LJ..'_‘—J U7 Ptk Sdiced, 1 ‘JZ Paet 7. Junc 4R, l"ﬂ'
p. Y Part B, -\L.._'.Z._,i:l-_') 90 Paa ®, Now 19, IGEU p. i, Pare i Lon
1683, o Y7 . L

The temperature profile depends on the.

tubewall temperiature protfiles can be calculated as de-
scribed in the previous articles —especially Part 6.7

The tubeside calculation procedure begins with the
mulncompnnem phase-change that we considered in
Part 9.'ln addition to theequations in Part 9, we must
derive equations for the fluid-flow hydraulics 1o deter-
mine the total flowrate through the cxchahgcr wheside.
Fair [/} presents a procedure that.can be extended o
dynamic systems.

The bottom of the tower can be simulated with muste-

To condenser

Fead 2

-, Operator-set
minimum

Qperator-set ;
ratio: ,”
steam/feed

Steam

__:._-....‘ [ l——

Distillation system separates four

-components in a 15-tray tower -

Fig. 1’

I

. o . . y
o : - b



: ‘ For single-component systems, we can make reasona-

H ) . ; g
o +6 ' 7 ble assumptions provided they are not forgotten when
AT TR :,L\‘ : . we start to analyze the resubts. If we maimain the liguid
e S \ ‘ level and the pressure fairly constant in the bottom of -
vt =] . k B B T
TR T the tower, and if the exchanger has only a small preheat
! ‘ e At . section 50 that the major mechanism of heat transfer is
o - -y . -
i i ‘;‘- '3 T A Tray simutation : nucleate bo:img. thF svstem w:Ilﬂ'(:nd to behave as a
3 N tank-type reboiler. These assumptions should be veni-
; ' 2 T o fied by simuiating the natural-circulation system at var-
I*' £ *2 PN 1 ious times during the column simulation. This proce-
g’-;.[ = ; 7 sﬁ”_ N dure saves much computer 1ime and work.
+ . . . .
!:;, ; §' Hydraglic e . The eguations for each tray were discussed in Part 10
gf*} g o e peneEnt [ - f this series. The two methods—constant stage holdup
jhs . : — . . . .
of R T e i A and variable stage holdup—and their results wiil be
[ a, Temperature on Tray 12 11 compared later in this article
i -1 - K N
Pt i .
i Al . . Modeling the control loops
i P B : . The control joops (Fig. 1) can be simulated by the
& 2108 7L L] ’ . methods zncn in Part 2 of this series. For the level-
L I 5 A B Sy contro) loop at the bottom of the wower, the level trans-
I % 2106 7 7 s v W mitter can be described by a second- order transfer func-
1= ) / . ' " tion. Alternatively, we can neglect the compumtion and
P v Bana e 4 - -
1B E I R . save calculation time because there is no appreciable
Ta 4B 102 AN NN ‘ _ : time tag. The controlier can be described by the equa-
e ® 17 , tion for a PI (proportional + integral) type of conirol-
1! 100 L_b; Feed 2 flowrate ' ler. The contrel-valve equation for a liquid is also given
I in Part 2.
)i oo 108 I For the temperature-control loop that rcgulatf.s the
4 B2 flow of Feed 2, the flow-sensing element can be de-
[ . B
N Z > 106 scribed by-a second-order transfer function, or we can
i, 28 Y .
ST e neglect the computation.’ The temperature-sensing cie-
S %104
52 1 T ment can be described by a first-order transfer function..
s o 2 RRSS w - , The temperature controller can be described by the
2 3 - - H . - .
¢ } 2%102 i B B s S SO St SR equation for a pmportwna] + mntegral + derivauve
::, i’ae-wo [ <. Overhead vapor flow i ] * (PID) controller. The flow controller can be deseribed
i © : by the.equation for a Pi controller with its_setpoint
i 100 T equal to the ouiput of the temperature controiler. The
! z — S J—} T control-valve eguation has been given in Part 2. -
= wo curves practically . - " - . / ..
f g3 9 ~1-5F" on 10p of esch other T . The third control ]‘oop {(Heat input/Feed 170ver-
i o2 : head vapor rate) requires the type of analvsis given in
' ; z = h““'ﬂ-—, . r . - .
t oy % —— Part 2. We must be careful to compare inputs by using
. B e — the same dimensions when simulating the decision unit
i ES 97 . — . ® 1R
o g9 - - In this example, we are looking for the maximums far
‘4 - s e B - - three quantities: (1) the signal from the sensing elenient
- 2 . i - L . L .
by * 9% , _ : fur Feed T multiplied by a set ratio, {2} the signal {from
Li a5| d. Steam flowrate ] the m'crhcad-vapfar Hm}'-sensmg c]cmc;u. li'a.{ld (3) a
i B oo : b 2rG . . ‘e conv sta’’
il 00 01 0.0 03 Y o5 manual operator-input have converted all inputs to
H Time h the decision unit to pereent of the range of the steam-
H - ; fiow controlter. The time-lag or time-delay function
Jd - B R . R : .
: Results from tray simulations, with models using , afier the flowrate-sensing element for Feed I-compen-
'ii : variable- and constant-holdup tray hydraulics Fig. 2 sates for the time that the change in feed flowrate affects
I ) ' flow hydraulics in the reboiler system. The equation is:
Y@ = X(@# ~ 1) _ ) {1

rial and ehergy balances, The inlet sireams to the bot-

" toin are liquid from the bottom tray and liquid from or, expressing Eq. (1) as a Laplace wansform:

the reboiler. The outlet streams are product low and | - - Y(-s) = X(0)e™ . ' '('?) o
! liquid 10 the reboiler. The amount of material in the : o L
; bottom of the tower must be taken into account because where ¥ is the output from the unit; X' is the input 1o the-
the difference in the liquid-level height and the top. unit; and 7 is the time that the signal is delayed. .~
tubeshect of the exchanger (or, some other convenient The flow-sensing elements for the overhead vapor,
reference point in the exchanger) has a direct effect on Feed 1, and stéam to the reboiler, can be degcribed. by
the circulation rate, pressure balance and vapor-liguid sceond-order tr'}nsfci‘f‘untliom OF again we can neg]c(t
rthhnum of the rehoiler. . this camputation. The steam c,nmmllcrvnth s setpoint,
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Echo print of input data e Tahle ! | - : T B ;
. aYNA .001,.5,.025, 1, 1,252, 190.4, 9.001 ‘+4 ~Feed forward control : o

TRAY §,1,1,10,62.3,5,6, 2,150
TRAY 0,1711,15,62.3,5,6,2. 1.5, 0"

+
W

CONM SECOND FEEQ 1,202,21.0,1.0.01 N

| CoNM CONTROL TEMP  2,12,22.0,1.0.008 _ _

CONM OVHD FLOW  3,15,21,1,1 +2 ¥ \\ : 7 '
i

CONM  FIRST FEED 4,201,21,0,0.01162, 0.005, 0 (R3]

Change from steady-state value, °F ",

CONM MANUAL SET  50.0,0,200 “ E)gr:::ﬁvlaom N _
‘CONM STEAM . FLOW 8,138,21,0,1,0.008 . (Rl S ) :
CONM BOTTOM LEVEL-5.0,25,0.1 0 ) -

CONX 106, 0,4,0,0,0, 7453 S ;

CONX 105,0.5,9,0,2,0.04 - a. Temperature on Tray 12

COND 194,3,0,1,3,0.4,0,5

CONC CONTROL TEMP 2,2,0,2,122,212,100.1.0
" LONG QVHD FLOW 3,3,0,20,446, 400, -3, 01 R

CONMC BOTTOM  LEVEL 6,6,0,1,150,234, 500, 1, 0.1

i
-

—
(=]

—
(=]
[+5]

[T
(i

CONC STEAM  FLOW 7,B,3.2.0,478, 200, ~1,0.001 Tl ] |
CONC SECOND  FEED 1,1.2,2,0.974,200, ~1,8.0) s L r | i .
CONV STEAM  FLOW 7,198, 0,2 75, 70, 18, 0.02 7 T | e .

CONV BOTTOM  FLOW 6.0,1,2 35 33.5, 2487, 0.02
CONv SECOND  FEED 1,202,1, 2,25, 20, 2487,0.62
CONR 14.3578, --5869.59, 376.638, 16344, 540, 112872
UPST 1,0,15.3
" FDCH 1,10,0, 1, 16280, 24, 185 -

FACH 1,0.6634, 0,-10.4252, 889114 . .

g

Feed 2 flowrate,
% of steady-state value

—
=]
a8

b. Feed 2 fiowrate-

__‘
=
o,

KEVV 21,100 . 108 _ B
KEYV 22,9 - c. Overhead vapor flow !
KEYV 22,10 58 i :
KEYV 22,11 §§106 ! 1 i !
KEYV 22,12 . : ’ i
v KEYV 22,13 3106 - ’l L : ‘
KEYV 22,15 = 8 o | »
KEYV 21,202 - 7907 ] L) P
KEYV 21,198 52 . L e H
KEYV 415,1 8% jool | [T !
KEYV 21,15, 1 . . ‘ )
KEYV 4,151 _ : 100 I
KEYV 21 : o -+ '
KEYV 25 | £ 99 s l
KEYV- 4 - - : ——"—::"‘miﬁk ; — i,
PLOT 1.8 g Baal R e L !
PLOT 1,8 &2 i, !
PLOT 6,2.3,4,56,17 . 2 g7 --F::--___"_, !i
g2 A )
~ i
) . . . . : . - 95 d. Steam Plowrate - 1 . i
from rthe decision unit can be described via theequation ] - : b
for a P! controller. The equation for the steam=-control 100 T o Bottom product flow T !
valve was given in Parc 2. . il ' ‘ - '
. 95 : |
Results of the simulation £3 \ ]
Input data that describe the dyn1n11c paramcn:rs are = ; %0 | !
listed in Table I These lines.describe tray data, meas- 2 % 5 ] o
urements units {or sensing c:lt:mcnta), algebra units, de- 2%3 E -
cision unit, controllers, control valves, reboiler unit, ggao”_ L. Curves coincide ;'
upset condition, fecdstream changes, and requests for ) A0 HAY . i
summ,lr\r results in tabular and graphical form. For our R 15 _ . bt ] ‘ A
‘mpit: the upset to-the tower was taken as.a 25% .| N T A ; '
lcunn in the Feed | rate to the tower. ‘ B T 1 | I . oo
\"['lg 2 shows the results of the 51muhumu for onc_,sgt' 0.0 0.1 0.2 - 03 0.4 05 !
of control-doop parameters. The gr tph\ shaw the: (h[!u- e . ) Time, h o o

ence between a m:‘lhn(l for simulating the vaive trays
rigorously with vmdhl: holdup, and one for estitiadng

Tower rasponse when steam is controiled

the constant- ho!:iup tray hv(h.mhu. Vi !hc hvdmuhr via overhead-vapar flowrate or via Feed 1 Fig. 3 L
B ) - : P . . . . - : ‘
. . U S Wy o PR . - e !,i‘?"
[ S S T I e . . . R
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Tray k+ 3

Livi--

Vapor-phase
- boundary >«

"
Liquid-phase
boundary

Modets for a typical {ray consider the

PR R e

liquid-phase and vapor-phase boundaries ‘ Fig. 4

time constant. Fig, 2a shows the vanaoon in tempera-
wure on Tray 12 {used to change flowraie of Feed 2) vs. .

time. Fig. 2b shows the variation in flowrate for Feed 2.
Fig. 2¢ shows the variation in the overhead-vapor flow-
rate, while Fig. 2d shows the change in the steam flow-
rate 10 the reboiler. .

The purpose of the curves is to dcmomtrdtc that

there is little real difference between the two correla-

tions used for this simulation. However, we shouid use
the correlation for trays in towers where a pressures
control prc')bl:-m is suspected or anticipated. Hence, the
change in pressure on tower cquibibrivm can be in-
chuded in the caleulations. This correlation should also
be used for a ldrge change in inernal flowrates,

- Fig. 3 shows the results of two simulations tha differ
in control-loop parameters. One curve shows the re-
sponse of the tower when steam to the reboiler is.con-

troiled by the sensing element for the overhead-vapor .

flowrate; and the other shows the tower response with
the steam being controlled by the flowrate for Feed 1.
The curves show the changes in the tower variables:

Variable Gl ‘ Fig.
Controlled stage tcmpcr.aturc ‘ 3a
Flowrate {or Feed 2 o <7 3b,
Overhead-vapor flowrate ’ . 3c
Steam flowrate . 3d
Product stream from battom of tower e

The resalts in Fig. 3 show that cither set of parame-
ters gives a stable, reasonably fast response to the upsat
condition. However, we do not get this fast response
without a penalty, because the reduction of 2545 in the
primary leed stream. (Feed 1) did not vield a corre-
sponding reduction in energy consumption.

We will now consider some applications of dynamic’

modcling to emergency systeins u‘.ualh !'ound in the
chemical process indhistries.

Pressure relief sy stems

In order to reduce the size of, and investment in, ..

emergency relief systems, it is becoming mc,rmamgly
imporiant to simulate thcm via dynamic mudelm&,

For example. overpressure in a distillation tower re-

68

i = [U';.-— = h - Nh.i Wi + Lu:‘u 1

.‘:ulls in the Iclcasc of vapor o a Rare Sysiem. As proc-
esses have becoine }argcr these flare systems have been
required to increase in size. Now some sysiems have be-
come Jarge enough to cause concern because of increas-
ing land costs, erc,

Dvaamic modeling can reduce these costs by ena-
blmg the development of novel operating procedures
and moré-sophisticated {as opposed to redundant)
methods of instrumentation.

Modeling a distiliation tower for such considerations
requires additional computations. A common assump-
tion that we made was that vapor-phase holdup was
mghgablc While holdup in the vapor phase may be
small in comparison to that in the liquid phase, the.
pressure change in a tower depends directly on the
change in molar holdup of the vapor phasc. .

Let us laok at a typical tray, as shown in Fig. 4. In

“this apalysis, we will consider two svstems: The firse will

consist of the ligmd-phase boundary (lower left). the
second will consist of the vapor-phase houndare (upper

. righl.').

I we constder-a stage having no external lecd ind no
side-stream withdrawals (these can be applied as add)-
tional input and output streams without much addi-
tional work), we can derive component and total-mate-
rial halances. For the laquad phasc we obiain:
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For the vapor phase, we obtain:;
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The volumewric holdup in the vapor and liquid
phases (H, and H} will be a constant, and we could
add another equation to account for this. However,
because the volume of the vapor holdup is usualiv’
much greater than the valume of the liquid holdup. we
introduce bardly any ervor by assuming that the holdup
for vapor volume is essentially constant.

“The sccond consideration is that Eq. (6).is only exact
for = completely mixed vapor phase, where the vapor
compasition to the tray above squals the average com-
position of thetotal volume holdup, This ts analogous
1o the tank problem that we considered in parts 2 and 3.

At the other exwreme, we could comsider the How

analogous 10 a pipe ﬁ0w where:

2 i8) = Y (6 — 1) ' ).

where 7 15 a time-delay function that dcpcnds on the
vapor rate and’ the tray layout.

In an actual column, we could be at either extreme,
or somewhere in between, While we could develop
equations for each situation, we cannat describe tower
operation that precisely. or éven say-that we have that,
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requirement. Even the c\cprr:mon for liquid holdup and
flowrate (dcvelopcd in Part’ 10) s an approximation.
Far comparison, an actual tray [?} is shown in Fig- 5.
‘o completely describe the tray’s operation, we would
take into account: the liquid distribution at all points
on the tray; erftrainment of liquid to the vay above,
and weeping to the tray below; changes in wray efli-
ciency during operation; and sccondary physical-prop-
erty changes such as surface tension and viscosity. After
doing so, we could possibly obtain “beiter answers.”
~ We could also complicate the mode! and never be
able to make recommendations becuuse we would ei-
ther nut vet any answers, or the modeling costs would
becomne prohibitive. Therefore, we prefer 1o use simpli-
fied models s that we can reach some decisions about
problems--understanding that the model s not perfect.
We can caleulate the number of moles in the vapor
space as a lunction of time from Eq. (5). For the system
pressure above a tray, we can use a pressure- ~volutne
relauomh:p sue h as:

P, = ZnRT/H, @

" We can caleulate a vapor temperature {rom an en-
ergy balance, but this prabably is not pecessary, The

only remaining item is to arrange our calculations so

that the vapaor rate {rom a tray to the tray above de-
pends on the material balance in the vapor space, as
well as the tray pressure drop acrass the tray, [ have
developed a model for this but have not been able to

mpare the results with an actual tower operation.

~riowever, the model could be used in the process design

and safery design for such systems.

Systems involving reactions
If we have kiiwtic rate dats, we can simuolate distifta-

ton and other uperations involving chemical reactions. -

These could be intended uperations or unintended op-
eratinns such 4$ inadvertsntly routing a chemical to a
pece of cqu:pmgnt that acts as a catalyst,

For a plate distifiation tower (possibly the most diffi-
cult systen (o simlate), we can add a reaction tern to
the material balance, as gwul by Eq (3) and (4) for
liquid-phase reactions.

The analyvsis can be used to. sumulat:_ the p«mnh]c
overpressiire in a piece of equxpmcnt design a velicf
svstem, d(..xlgn an instrumentation system, Oor dca:sn 2
different system at different operating conditions. .

Loss of condenser coolant o
Loss, or severe reduction, of condenser cooling water
(or loss of air circulation for air-cooled unirs) can resuli
in either loss of reflux to a tower or loss of conling fof a
reactor, o areitle an emergency condition. This analvsis
s probably routinely made beginse we have aleeady
developad the necessury equations for-the simulation,
and because we do 'nn_’n need additional kinatic data.

artup and shutdown
TThe same tpe of “What would happ(_n ] R

- questions applicd th the normal operations of pmcr.k;\‘c's

‘can alse be asked 'ib(}ul the prﬂCCdut(‘.& for ,stammc, up.
ar shutting down the facilitics. Again, dynamic analysis

- will play an important role in answering such questions.

abour situations where
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Other situations and design aspects

it is impossible to discuss every situation that can
lead 10 a plant emergency: Each sitwation and each
process must be analvzed durmg the design phase. [t is
better to lobk atsituntions before constructing the facil-
ity. The question arises:
and money are enough?” Ultimartely, every engineer
will have to answer this qll(“iti()ll hut eynamic analvsis
will become more zmpnrt ant in the design of Facilities.

Additionally, dynainic rnmldmg can also be. applied’
to situations where catastrophic results are not hkely
outcomes. For exiomple: .

Clan, we revise procedires to assure that a particu-
far valve s not open during shurdown (ur at other

times) so ds to cause the dbnormai dx\chawt_ of pollu-

tants to a waterway? .
® Can we design processes in such a way so as aot to
produce bypmducrs that will create disposal hazards?
8 Can we design procésses that are more energy‘effi-’
cient and maintain gnod safety and reliabifity?
- Obviously, thére areno answers for every situation
and no recipes for success. However, if the reader thinks

safer, more-cfficient . designs, this series will have
achieved 11s purpnwﬂ- e
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