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" Example 2.17 CSTR

Problem Statement

Consider the following hypotheucal complex reaction scheme for a liquid:phase
' system: A

r‘l
AgC
._;-3 .
B—- D +C
where
r‘l»'= ky CA
AR 7]
ry = ky Cy
r3 = k3 CZ“
=k Ch
ko= 1.0 sec”! _
ky = 0.2 ~liter%/gmol¢'é—scc
ky = 0.05 liter/gmole-sec
ky = 0.4 liter/gmole-sec
where :

r; [=] gmoles/liter-sec

A continuously stirred tank reactor (CSTR) is used for this reaction system (Figure
2.19). The reactor volume, Vg, is 100 liters and the volumetric feed to the reactor Q
is 50 liters/sec at a conceutration of 1.0 gmo]elhter of component A

Since a CSTR is designed to operate at steady state and this system is assumed to
be operated under isothermal conditions, steady-state” mole balances define the
performance of this system’ (i.e., concentrations coming out of the reactor). The
following mole balances can be constructed: y

OUT =IN '+ GENERATION - CONSUMPTION

(Component A) C,Q = CA Q + Vg(ry) = Valr +r3) .
(Component B) .- CpQ-=0- +VRr) s VR<T4-)'
(Component C) CQ =0 + Vplry +1g) — V(rs)

(Component D) Cp0 =0 + Vp(ry) -0
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Va Ca: Cg. Cc, Gy
Cay Cu, G, C

Figure 2.19 CSTR for Example 2.17.

Subsmutmg the rate expressions and rearranvmg results in the followmg set of »
-nonlinear equations:

'fl'(ic)=—CA + C.A + Vpl—k,C, ~ &, C%+k Cz)/'Q =0

L@®=-Cp ~ +V (2, ~k, CB)/Q =0
Al =-C. ¥ VR(k c/" kCo+k CB)/Q =0
f=-Cp 4V, Ch/0 =

Note that the only unknowns are CaiCp Con and Cp. Solve these equauonsusmg
Newton s method.

Solutlon

In order to implement Newton's method the partial denvanves of each equatmn
with respect to each variable (the facobian) must be generated. Listed are the nonzero
elements of the Facaobian for this problem: '

) Velk +1.54,C)
a, o
afl(x) VR (21(3 c)

ac, 0

df(x) Vg (2kp) ..
Ny

B Ve Cp)

ac, 0

2
afix) Ve (L5k C4F)
ac, 0
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, af3(x) VR (2k4 Cp)i, : i _ :
AhE Ve Co)

B g Q
Sylx) Ve (24 Cy)

aCy o

Wl

oCp- _ :

These eqhations and the system of nonlinear equations'presenrcd in the problem
statement can be used in conjunction with Equatmn 2.33 and 2.34 to effect a.
numerical solution of the problem Assume the following values for the starting
pmntC4-03 Cp=023, Ce= 0.3, and Cp = 0.3

Followmg s a program for the solutlon of this problem along: with the results.

PROGRAM LISTING FOR EXAMPLE 2.17

/"1!'11-fiwwv\'frxiiv't(\-\( ’\_BSTR‘\CT xkttlr»l-\'-)ltAtRﬁtA"w\’xﬁllrw"*wt(
C

[ GRAM CALCULATES THE PERFORMANCE OF AN ISCTHERMAL C3TR
C  REACTOR NG A STEADY STATE MOLE BALANCﬁ FOR FACH REACT ION

C g a JTEM OF FOUR NONLTNEAR EQUATTONS CONTAINING FOUR

€ UNENOWNS IS GENERATED. THIS SYSTEM DF EQUATIONS TS SOLVED USING
C ,THE NEWTON HMETHGD.

C

C""""“""l"‘l’lk!'x"lli!‘ \JUNCM(J;ﬁPJR AR S RN SR A SR I I I I IR I L e
¢

< UL INITAL CONCENTRATTON OF A IN 7iii FIZED STREAM (GMCLES/ L)
¢ EE EREOR CRITERIA

¢ F¥(T)- THE VALUE OF THE NONLINEAR EQUATIONS WHERE I INDICATES

c WHLCH ZQUATION

CooRT RATE TONSTANT FOR EACH OF TUE REACTTONS (T [¥OI L ':E THE
C REXCTION NUMBER,

< N- THZ NUMBES OF NONLINEAR ZQUATIONS

2 $- THE VOLUMETRIC PLOW R INTO AND OUT OF THZ RIATTOR (17510}

C XtI)- THE I=1 {CONC OF A}

C 1=2 {CONC OF o)

z ALL ¢

C

Cﬁrlklw!l’)‘ixnv--'{-x ZN;[J_. ,*:‘E}CV‘F/“LC“\I‘ £ X & KXW N C A K w kWY XX N

c THE INTTTAIL GUESSES EC LN THE MAIN PRCGRAN L
C  AS THEZ ERRCP CRITERIA NUMBEE OF NONLINEAR EQUATIOL

C OTHE FUNCTION IN SUBROUTINT FUNC AND THE PaRTI:

C D OF NCTION WITH RESPECT TQ THE INDEBENDENT

o S CIFIED Iii SUBROUTINE CER.
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2 DIMENSION X(4)  FX(4i,Y(4),A(4,4),804) 004y, TEYE
3 COMMON /ONE/ X1,X2,K3,44,VR,Q,CAC
C SPECIFY EXTERNAL STATEMENT
4 EXTRRNAL LYNC, DER
S REAL K1,K2,42,X

(4}

INPUT THE RATE CONETANTS

O n

Kl=_.
K2s.2
K3=.08%
3 Kd=.4

o

INPUT REACTOR VCLUME, FLOW RATE, AND INLET CONCENTRATION

90N

[
C MAXE INITIAL CUEESES

oL LoLs

2 CALL »AWTON METHCU

9]

15 CAL. NNEWTN[FUNC,DER,N.X,FX,ERILTM, 4, E. N,

Ie]

1

PRINT QUT FINA

0

oC €6 I=1.,4
& WR. ST TLX(T

TORMAT! LOX,3H I=,I3,5%,2H X=,014.7)
STOF
END

[
Crxwvbractcatrsasernnnroky AGOTRRT mANwrAA Tt X xR AR KEACT S A FF A I 2 kv
-
~ THE DABTIAL
e myg
- CF THE
O s mE ok x kA AR ARy w B A T
o
C
= S e, S iy .
C VALUE OF N ARE SUPPLIED TC SUsROUTINE DER BY
[ T H# T
c
R N T N e T S g

)
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SUBROUTINE DER (N, X, 2)
IMPLICIT SEAL*S(A-H,0-Z)
DTMENSION A(4,4),X(4)
REAL*8 X1, K2,K2, <4
COMMON /ONE/KL, K2, K3, K4,VR,Q, CAD
DO . I=1,n
DO 1 J=1,M
1 A(I,J1=0.0
(1,10 2=1, -VR*K1/Q-1.5%K2*VR*X (L) **.5/0
AL, 3 =VR*2.*KI*X13) /0

L N

o

[oaJ= SRR N S I VU S E N o TV SR . )

1 B2, 1)=2 *VR*K1/Q
1 AL, 2)=-1-2 . *KA*K(2]) /Q* VR
1 AC:, 1)=L.3*VR*K2*X (1) **.5/Q
1 Az, HKEAYZ{Z) /QYVR
1 22, L-2."K3°X (3} /Q*VR
. A4, SFVR*RE*K{(2)/Q
x Ald,
1 RETURN
A END
C"\'!-xx*vv\'kkkutk\'kgﬁ:&*f\-k‘:q F\BSTRI\ACT KAk x kFRE XKL Kk A ¥ A F AL r P v ok s v w ko oma

SUBRCLUVINE CALCULATES T
LWON GTYEN THE VALUE OF X(1}

TED TC THIE SUBROUTINE WHEN

HE

OO0 0N

R TN R M A R T A XA A I E K AT T E T A F R CA XS Ak MR b e Kk KA A F® Xk 7 X RN M N AT maw b &

Oy OO

1 SUBHRCUTINE SUNCIN, X, F)
= .
4 UIMENSION X{4:,7X:i1)
3 REAT,*8 KL, KZ,KI,K4
€ Fx(1 3 Y
7 Fri2:
£ FX(3) KlLpaey g /G
3 L - XiZi=Kl2))/Q
10 WARIT Ty, I=1,0)
1 Li , 7 T=',D0is.7
3 2z
9
C
CE NP s s S xR XTI T KA RN R RN ERSTRACT R E K R MR TN kN N Mo XV Ko w o w kK AN
o
c IN ORDER TC SCLVE &
C NOUNKNOANS .
e BROCRAM AND

I, GUESS TOR ¥ .S WELL &
THE VALUES OF TEE FUNCTION
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aQ

(N

THE VALUES OQF
DETERMINE THE SCLUTTON. THIS METHOD
TC SOLVE THE SYSTEX OF LTINEAR FQUATION

THE DPARTIAL

DERLVATIVES OF

1o -

THE
JSES THE

UL

FUNCTION
LIBRARY RQUTINE T.INPAC
BY NEWTON'S METHODL.

I'N ORDER TO

CH Ak dh kR R v d A T R E AT S X P R A R kKT A A AR AT XA XX TP A AT P A XA N x kA kX ke Xk &

G UL A Ll N

-3

frelNe s}

Topd st
FEUREN I= SRV

[¥e3

c
[of

30 IsEe sl

(SIS

SUBROUTINE
THPLIC
CIMENSC

SXTERNAL. FUNC, DER
1 CONTINYS
TTES —g

MAKE FUNCTTON

CALL FUNC!X, X, FX.

D 3
3B

CaLl LE

I=1,N
-EXiL)

EVALZT TONES

CALL LIMNEAR EQUATION SCILVER

(e

u

oo o

i

u

i

LINPACIN,2,B,D

IMPROVED WALUE

DODDODETL
100009D+02

BT

FOR X (1]

[AO

0

(SRS NS

» NNEWTN({FUNC,DER,N,6 X, FX, 6 E2L 1M, 2,
T REAL*8(A-H,0-Z}
RN, LY, BIL DY) TRPVTL L XY
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0= .3190711L+00 F=  .1258026D-02
D= .900192CD-Q0 F= ~-.2881844D+00
D=" .414879CD+00 = . 28692640+00
0= .36009225+G0 F= .2881844D+00
D= .3183329D+00 F= .13429640-02
D= .78744510+00 F- -.1016950D-01
0= .3308R8780+00 F= .BBR26533D-02
D= .48388610+00 T=  .10:6950R-01
D= .3188652D+00 - F= .1587539D-09
YL UT288740400 F= -..012589D~04
D= 3248778000 = .85233460-095
O= 491573472400 F= 1012389004
I= 1 K= 1LORSE38DvOU

-2 X= .7838840n+00

= 3 K= .5239818D+00

t= 4 X=  .4915793D-00

Program Discussion: Note thatonly four iterations are required for convergence.
Also note that the convergence was quite rapid near the end (i.e., quadratic conver-
gence). This problem could have been solved by considering only three unknowns,
Do you see why this is true? , '

Figure 2.20 shows converged.values of concentration of 4, 8, C, and D for different
values of Q, the volumetric feed to the reactor. This problem becomes quite nonfinear
far Q less than 12.0 liters/sec. Above 12.0 liters/sec, solutions were obtained rela-
tively easily using the original guesses for concentrations, ie, Cy=Cy=Ce =_'CD =
0.3. Even using the converged solutions for O = 11.4 liters/sec as the initial guesses
for Q = 11.3 liters/sec did not result in a converged solution. Using Newton's method
for Q = 11.3 liters/sec resulted in negative values for the concentrations (extraneous
“toots). ' : ' : _

For Q < 12.0 there is generation of all the molar species, which is not physically
realistic. This can be understood by analysis of the reaction stoichiometry. The first
reaction produces 2B, the second reaction produces C, and the third reaction can
convert C back to 4. This is an example of an autocaralytic reaction scheme sinee
the reactant A reacts to produce more A and so on. Example 2.21, the application of
the tearing method to this problem, will shed more light on the observed difficulties.
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Figure 2.20 Additional results for Example 2.17.



