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Numerical Solution of Coupled,
Ordinary Differential Equations

John Newman

Inorganic Materials Research Division,
Lawrence Radiation Laboratory, and
Department of Chemical Engineering
University of California, Berkeley

August, 1967

Abstract

A wide &ariety of problems involving ordinary differential
equations can be linearized about a trial solution and theh put into
finite difference form. The resulting coupled, tridiagonal matrices
can be solved readily on a high speed, digital computer, and‘the

nonlinear problem can then be solved by iterations
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Introduction

Many problems in the physical sciences can be reduced to ordinary
differential equations. The availability of high-speed digital computers
and a generalized methéd of solution allows many such problems to be
treated without the drastic approximations ffequently needed tb obtain
analytic soluti§ns .

Many_of these problems are nonlinear and involve several dependent
variables, but by a proper linearization of such problems a convergent
iteration scheme frequently results, although convergence cannot generally
be assured. Consequently, we shall first show how to solve coupled,
linear differential eqﬁations. This will be followedvby an illustration

of the linearization method for a particular problem.

Types of problems

Tﬁe author has had many opvortunities to apply the present method
of calculation. The effect of migratiod on limiting currents (Newman
(1966)) results from the interaction of several diffusing ionic species
through the electric potential. ' Okada and others (1959) discovered =
non-iterative -method for such problems. However, the present method is
more generally applicable, and no special procedure has to be devised
for each case.

In hydrodynamics and maSsvtransfer, a transformation will fregquently
reduce the applicable partial differential equations to ordinary differen-
tial equations. This is true for mass transfer to a rotating disk, to
a groving mercury drop, and-to "penetration” problems, that is, transient
diffusion into a stagnant, semi-infinite region. Thus, these severzl
cases could be treated to determine the effect of ionic migration on

limiting currents.
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Howevef, in these situations one can also obtain a detailed veri-
fication of fhe mass—transfer equations, taking into account variation
of physical properties and a non-zero interfacial velocity as well as
jonic migration (Newman and Hsueh (1967), Hsueh and Newman (1967)).

The numerical method could be applied to multicomponeﬁt'diffusion prob-
lems,'but the necessary knowledge of the concentration dependence of
the multicomponent'diffusién coefficients is lacking in most cases.

The one-dimensional, macroscopic model of porous electrodes
(Newman and Tobias (1962), Grens and Tobias (1964)) provides a large
class of problems involving coupled, nonlinear differential equations,
at least in the steady or pseudo-steady state and also just after the
current has been applied but before the composition,has begun to change
appreciably.

m

Occasionally one runs into a single, nonlinear differential ecu
tion. The linearization method outlined here was used to solve the

first hydrodynamic equation of the Blasius series

£12 - £ =1+ £ (1)

by Newman (l966),lalthough this problem had already been solved by
other methods. A nonlinear equation encountered by_Smyrl and Newman
(l967)lwas also attacked in this manner.

Two problems currently being worked on are free convection at the
limiting current in the presence of a supporting electrolyte and the
calculation of liquid jugction rotentials. For free convection the
concentration of the supporting electrolyte affects the density as well
as the lonic migration of the reactant. Models of liquid Junctions
such as restricted difrfusion and free diffusion from an irnitially sharp

boundary also yield to the present method of analysis.
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The analysis of a distillation process involving a number of stages
produces a set of equatioﬁs représenting material Balances and enthalpy
balances. These equations are similar to the finite difference approxi-
mation to differential equations in thaf each equation can involve un-
known quantities for the stage above and the stage below thebone in
question. The equations are nonlinear and coupled and'iﬁvolve unknowns
like the temperature, compositions, and flow rates for each stage. The
present method is applicable to such problems. TFor a restricted class
of distillation problems, more efficient methods have already been
developed (Newman (1963)), but the present method is more general and

allows greater flexibility.

Solution of Coupled, Iinear, Difference Equations
At each point j, except j = 1 and j = jr < there are n equations
ma,
of the fora

Z Ay (30 (5-1) + By L (3D, (3) + Dy (3)e, (3+1) = ¢, (5) (2)
k=1

The unknowns are C. through Cn' The subscript i1 denotes the equation

1

~

number, and each of the equations can involve all of the unknowns O

through the sum. A B,  , and Di are coefficients of the unknowns

i,k? i,k K
at the mesh points j-1, J, and j+l, and Gi contains all terms independent
of the unknowns Ck' The egquations are linear, that is, the coefficients
A, B, and D are independent of the unknowns.

Equation (2) is sufficiently general to cover the finite-difference
form of most coupled, linear, differential equations.

or example,

a second derivative is frequently approximated ty
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] ¢, (3+1) + ¢ (3-1) - 2c, (J)

c! = + o(n?) , (3)
k ~ 2
h
where h is the mesh distance.
At j=1 the equations are
E‘I R . 3
By (00, () + 1y (50 (541) + Xy (0, (392) = 6y (5) -+ (8)

k=1

There is no point below j=1, so A does not appear. However, in order

i,k
to allow the treatment of complex boundary éonditions, the third term
involving the unknowns at j+2 has been added. Iﬁ.this case, point 1
is an image point. In other words, it is occasionally desirable tq use
the difference approximation to the differential eguation at the boundary
point even though this involves an imaginary image point outside the
domain of interest. The finite difference form of the boundary conditiors
is then written as an extra set of ecuations which should be sufficient
to'eliminate the image points.

For =1, let Ck(j) take the form

n

o) = )+ ) B (00,05 + 5 0,002 (5)
£=1

Substitution into equation (4) shows that £ , B go and x4 satisfy
£ p) ’

the equations 1

) B (050D = 6,0)
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vwhich all have the same matrix of coefficients Bi K and which can be
J
readily solved.
For the remaining points, except J=Jmax’ the unknowns Ck assume

the form

¢, (3) = €.(3) +

[~1s

Ek,z(j)cz(j+l) . (7)
=1 '

Substitution of eguation (7) into egquation (2) to eliminate first

CR(J-l)'and then C, (j) and setting the remaining coefficient of each

k

Ck(j+l) equal to zero yield a set of egquations for the determination of

Qk and Ek,ﬂ‘
D oy 080) o) - ) Ay 4080 (8)
k 3 /)
Y bR ) =y ), (9)
4 .
where T
by (§) = Bi (3 ;i‘ Ay 4B, (3-1) (20)

)
The solution of these linear equations at each point J is again straight-
forward, but the point to the left must be calculated first since
ek(j-l) appears on the right side of equation (8) and Ez’k(j-l) appears
in the matrix of coefficienté bi,k' The eguatiogs for j=2 actually
take a slightly different form since equation (5) should be used instead

of equation {7) to eliminate Ck(l) froln equation (2).

At j=jm&x the egquations are

n

a

Z‘ T 00-2) AL ()0 (3-1) + By (500, (8) = 6, (0) (1)

where the coeificients Yi K allov the introduction of complex boundary
2
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conditions at the right in the same way that X, | does at the left.
2
If Ck(j—E) and Ck(j—l) are eliminated by means of equation (7), then

the values of C, (j) can be determined from the resulting equations

k
E: by k()0 (3) = 6, () - zz Y, 48,05-2)
k Z
- }j»[Ai’z(j)-+ }j Yi’mEm’z(j-Q)]ﬁz(j_l) (;2)
£ m

where

b, (3) =3B, (§)+ Y

i,k i,k z(J-Q)]Ez’k(j—l) . (13)

. B
i,m m,

=[>]

[Ai’z(J') +

5[]

Having in hand Ck(j) for jgjmax’ one is now in a position to
determine Ck(j) in reverse order in j from eguation (7) and finally to
determine Ck(l) from equation (5).

Linearization of Nonlinear Problgms

The preceding section shows ﬁoﬁ to solve coupled, linear, difference
equations. Often, however, one is faced ﬁith a set of coupled, non-
linear, differential equations. A variety of experience shows that
iteration with a linearized form of the ecuations frequently_converges
to the correct result.

The equatioﬁs

D.c!' + z,u.F (c,0"+c!2') = 0 : (14)
i1 i’i i i
represent Fick's second law for ore dimensional, steady misration and
diffusion of ionic species in a stagnant medium (Wewman (1966)). Here
ci is the concentration, 3 is the electric potential, Di is the diffu-

sion coefficient, ui is the mobility, zi i1s the charge number, and ¥ 1is
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Faraday's constant. The diffusion term is already linear, but the
migration terms are nonlinear. ZEquations (14) can be linearized by
assuming that one has neérly correct values of cy and 9, sayicg and @o,
and that the change in thesevquantities during one iteration is.rela—

tively small. Then we can write, for example,
1 (o} o" 1My ~ 0:0n on O axtt
= + ~ + .
ciCIJ (ci Aci)((b +/0 ) ci(D o /_\c:L + ciAd) s (15)

where the term quadratic in the small quantities Aci and A" has been

neglected. .Replacing Acy by ci—cg and 0" by ¢"-8°", we can then write
c Qn ~ C.QOH + C0®n _ Coéon . - (16)
i 1 i i

The linearized form of equations (14) can now be written as

1 ) ' '
D.c! + 2z, u.F(c, 0" + c%" + c!o°' + c© 0') = z u F(c%C" + c%'2% ). (17)
1 1 11 1 1 1 . 1 1 1 1

These form a set of coupled, linear, differential equations. The finite

difference form is
s P .]; bl of . _on 2 on
Ci(J l)[Di 27, U Fho I+ Ci(J)[ 2D, + 2;u,Fh2 ]

i 1 I Yol . (o} 1 o'
+ ci(3+l_)[Di + 323U Fho 1+ @(J-l)[ziutii - 2z,u,Fhey ]
o ‘ o, 1 o' (18)
+ @(J)[—Eziuirci] + @(J+l)[ziuirci + zz,u, Fhe] ]

- ; OxzOMN 2.‘ 0'40",. 2
= zihiF[ci® h= + Ci ®°'n=] .

The coefficients Ai in equation {2) then become the coefficients of
J

k
4 and ¢ at j-1, etc., and ® becomes one of the unknowns Ck' The ternm
on the right in equation (18) becomes Gi(j).

The one remaining equation for this provlem would be the electro-

neutrality relation

)
z.c, =0 19
k
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which is already linear and does not involve the unknowgs at j-1 of
J+i.

For porous electrodes the equatidns might involve a reaction term

involving exponentials, like

J=¢e =-c.e , (20)

where # is a dimensionless potential and C3 is a reactant concentration.

The linearized form of this equation would be

_0 O O _ g0 (o]
x _gle™? §e¢ ] - c3e¢ + (1+2%)e - c§¢oe¢ . (21)

A remark is in order for first and third order differential egua-

tions. For the purpose of computation, the third order eguation (1)

C . .. '
could be revlaced by two second order eguations (with jl = fl and
. .
C, =17 or a first order eguation and a second order equation {(with
2 1 * .
1 - . s . L
Cl = fl and 02 = fJ). In this way the finite difference forms still

involve only the points at j-1, j, and j+l. TFor a first order equztion
it is probably better to use a backward difference rather than a centrsl
difference. The order of the approximati w11l still be h if the

coefficient takes on its average value:

key % 3K(3) + k(3-1)10e) (3) - ¢ (5-1)1/n + 0B%) . (e2)

Distillation
The numerical procedure described here was de€veloped primarily
for problems in hydrodynamics and electrolytic mass transfer. However
its application to distillation calculations has also been tested ard
(

compared with the method developed by Wewman (1963). Ore first notices

a difference in the storage requirements. The present method requires
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at least tﬁe storage of the E érrdy; A large number of components
is frequently involved in.distillation, and the E array requires
55,200 storage locations for the calculation of 20 compoﬁents and
iOO stages, compared to 10,000 locations for the largest array in the
earlier method. |
The calculation time was perceptibly longer for the more general
method. The earlier program is a slight modification of the Thiele-
Geddes method and takes advantage of the fact that one set of variables,
the tem@eratures on the stages, controls all the compositions if the
flow rates are fixed. The subsequent adjusiment of the {low raées to
satisfy the enthalpy balances is less certain, whereszs the general
method simultanebusly treats the enthalpy balahces in the linearization.
The general method has two distinct advantages. First, it is
easier to introduce composition-dependent activity coefficients for the
liquid phase without upsetting the convergence characteristics. Secord,
there cah be greater flexibility in the specification of conditions of
column operation. In the standard extensions of the Thiele-Geddes
method, the bottom-product flow rate and the reflux flow rate are speci-
fied. With the more general method one should be able to replace one
of both of these conditions by conditions such as a given mole fraction
of a component in the top or botpom-product, a given product amount of
a component,, a fixed reboiler or condenser temperature, or a fixed

reboiler or condenser heat load.

Conclusions
The procedure outlined here for solving coupled, nonlirear, dif-

ference eguations by linearization and subsequent iteration has proved
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useful in a number of problems. For a given problem it may be possible
to devise a more efficient method, but usually with considerable expense
of personnel effort. The method outlined, it should be emphasized,'is

very general and flexible.
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Appendix A. Program for coupled, linear difference equations.

The next two pages give subroutines implementing the solution of
coupled, linear, difference equations as outlined in the body of this
report. To save storage space, the arrays A, B, D, and G are to be
supplied by the main program for each value of j, and the subroutiné
BAND(J) is to be called fdr each value of j. The values of X are to
be supplied for j=1, and the values of Y for j=NJ=jmaX. The values of
X are not to be disturbed for any intermediate calculations between
J=1 and J=J . The dimensions have been selected for n=6, the number

I nax
=103, the number of

of unknown variables at each mesh point, and jmax
mesh points including imsge pointe, if any. These can be changed apopro-
priately for.a particular problem. The second dimension of the D array
is to be 2n+l, although values need to be supplied bnly for the original
nby n array. The second dimension of the E array is n+l since Ek is
stored here. An example of a main program for the effect of'ionic
migration on limiting currents is given in avpendix B.

The subroutine MATINV is used to solve the linéar equations (6),
(8), (9), and (12) which arise at each value of j. If, at any value of
J, the determinant of the matrix of these equations is found to be zero,
this fact is reported in the output. This usually indicates that all the
equations have not been programmed or that they are not all independent.
It can also indicate that the egquations for j=1 are not sufficient to
determine the image points although the ecuations for j=1 and j=2
would be sufficient to de%ermine toth the boundary point and the imsge

point. In rare instances if may indicate that the trial solution is

insdequate and gives a zero determinant.
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SUBROUTINE BAND(J)

DIMENSION C(69103)9G(6)’A(696l,8(606)90(6013)'E(6f70103)0X(606)0

1Y(646)
COMMON AsBsCoDsGoXsYsNoNJ

101

FORMAT (15HODETERM=0 AT J=+14)
IF (J=2) 14698

1

NPl= N + 1
DO 2 I=1sN

D{Is2%N+1)= G(1)
DO 2 L=1N

LPN= L + N
D(IsLPN)= X(IsL)

CALL MATINV{Ns2#N+1sDETERM)
IF (DETERM) 41394 :

_PRINT 101, J°

DO 5 K=1sN

E(KoNP1sl)= DI(Ke2#N+]1)
DO 5 L=1yN

E{KsLsl)= = .D(KsL)
LPN= L + N .

X{KsL)= = D(KsLPN)
RETURN ‘

DO 7 I=1sN
DO 7 K=1lyN

DO 7 L=lsN .
DiIsk)= D(IsX) + A(IsL)%®X{LK)

O @ |~3

IF (J=NJ) 119999
DO_10 I=14N :

DO 10 L=1sN ’
G(I)= G(1) = Y(IsLI¥E(LINP1sJ=2)

DO 10 M=1sN

10- Allsl)= A(TsL) + Y(IsMI*E(MoLsJ=2)
11 DO 12 I=1yN
DIIsNP1}= = G(I)
DO 12 L=1sN
D(IsNP1)= D{(IsNP1) + A(TsLI*E(LINP1yJI=~1)
DO 12 K=1sN ’
12 B(IsK)= B(IsK) + A(ToLI*E(LIKsJ=1})

CALL MATINVI{NsNP1sDETERM)
1F (DETERM) 14913514

13

PRINT 101y J
DO 15 K=1,N

15

DO 15 M=1,NP1
E(KoMoJ)= = D(KoM)

16

IF (J=NJ) 20916516
DO 17 K=1oN

17

ClKsJ)= E(KINP1yJ)
DO 18 JJ=2sNJ

M= NJ = JJ + 1
DO 18 K=1sN

C{KosM)= E(KsNP1sM)
DO 18 L=1sN

18

C(KsMi= C(K+M) + E(KsLsMIACIL I M+1)
DO 19 L=1sN

19

DO 19 K=1sN
ClKol)= C(Koel) + X{KsL)*C(L93)

20

RETURN :
END

XBL 679-4895
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_ SUBR UT!NE MKT!NVIN.M.DETERM)

DIMENSION ID(6)08(606)00(6013)aAfGoé)oC(éolOB)

COMMON A»BsC»sD
DETERM= 140

1

DO 1 T=1sN

ID(I)= 040

D0 18 NN=1sN

BMAX=2 040

DO 6 I=1sN
IF (ID(IY) 24296

DO 5 J=1N
IF (ID(J)) 35395

IF CABSFIB({T»JTT ="BMAX]
BMAX= ABSF(B(IsJ))

59544

e w

IROW= I
JCOL= J

CONTINUE

CONTINUE

~ |ovwm

TF (BMAXT 74748
DETERM= 040

RETURN
I0(JcoL)= 1

IF (JUCOL=IROW) 991299
DO 10 J=1sN

SAVE= B{IROW$J)
BIIROWsJ)= B(JCOLJ)

10

B{JCOLyJ)= SAVE
DO 11 K=1yM

SAVE= D(IROWsK)
DIIROWsK)= D(JCOLIK)

i1
12

DTJCOL»K)= SAVE
F= 1,0/B{JCOL»JCOL)

13

DO 13 J=1sN
B(JCOLsJ)= B(JCOLYJ)#F

14

DO 14 K=1+M
D(JCOL#K)= D(JCOL9K)*F

DO:18 T=1»N

15

IF (1-JCOL) 15118415

F= BlTyJCOL)

DO 16 J=19N

16

B{TsJl= BlTeJ] = FEBTJICOLsJ)

DO 17 K=1sM

17

BIT3KT= DI(IsKT = F¥D(JCOLIKT

CONTINUE

‘18

RETURN
END

XBL 679-4896
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Appendix B. Effect of ionic migration on limiting currents.

’

This proéram gi#es an example of the use of the subroutines of
appéndix A to solve g particular problem, that éf the effect of ionic
migration on limiting currents (Newman (1966)). Each iteration begins
at statement 8 and involves setting up the coefficients A, B, D, and
G for each value of j followed by calling subroutine BAND(J) for each
value of j. In the program U(I) is propoftional to iiui’ and the
electric potential is the n-th unknown variable, the other unknowns
being the n-1 species concentrations. MODE is 1 for a Nernst stagnant
diffusion layer, 2 for a growing mercury drop or unsteady diffusion
into a stagnant fluid, and 3 for a rotating disk. H islthe mesh size,
and CRO is the concentration of the reactant at the electrode {equal to

zero at the limiting current).
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PROGRAM MIGR{ INPUT»OUTPUT) -
PROGRAM FOR EFFECT OF MIGRATION ON LIMITING CURRENT

BIMENSION A(e.e),e(s.e;.C(e.103).016.13).6«6).xca.e).vke.sa.uce).
1V(103) 4sDIF(6)s2(6)s516) sCIN(6) sREF(6)

COMMON A9BsCoeDsGsXsYININJ
101 FORMAT (2149E84¢4)

102° FORMAT (4E8e49A6) v ‘
103 FORMAT (4HONJ=»1495Hy H=9F644/34HOSPECIES v DIF Z -

1 S/{3XsA6+2F845+2F5el))
104 FORMAT (32HINERNST STAGNANT DIFFUSION LAYER)

105 FORMAT (32H1GROWING DROP OR PLANE ELEGTRODE)
106 FORMAT (14HI1ROTATING DISK) :

107 FORMAT (5EB44)
108 FORMAT (30HOTHE NEXT RUN DID NOT CONVERGE)

109 FORMAT (1HO0s26X9F10s6/(3X9A6+2F945))

110 FORMAT (35HOSPECIES ~ CINF CZERO AMP)
READ 101y MODEsNJsH .
GO TO (1s293)sMODE

1 'H= 140/(NJ=2)
CONST= 040

PRINT 104
GO_T0O 399

2 CONST= 240

PRINT 105
60 TO 99
3 CONST= 340

PRINT 106
99 READ 101s Ns»JsCRO

IF (N) 435495
4 STOP :

5 NM1= N = 1
NM2= N = 2

READ 1023 (U(I1sDIF(IIsZ(T1sS(T1sREF(TT»I=1sNM1]

PRINT 103, NJoHy(REF(I)oU(I)¢DIF(I)vZ(I)oS(I)oI loNMl)

PRINT 110
98 READ 107s (CIN(I)sI=1sNM1)

CININ)= 040 ‘ : ’ R
IF (CIN(1)) 99+646

6 DOT J=19NJ
C V(J)= CONSTH*({H®(NJ=J= 1))**(MODE-1)*DIF(NM1) .

CINM1lsJ)= CRO + (CIN(NM1l) = CRO)*(NJ-J-i)/(NJ-Z)
Ci{NsJ)= 040

DO 7 I=lsNM2
T Ctlsd)= CINCI)

JCOUNT = 0
AMP= 0.0

-8 JCOUNT= JCOUNT + 1
J= 0 '

DO 9 I=1sN
DO 9 K=1sN

Y{IsK)= 040
9 X{IsK)= 0.0

10 Ja J + 1
DO 11 I=1sN

G(I)= 040
DO 11 K=lsN-

A{lsk)= 040
B(lsk)= 0,0

11 D(TsK) = 040

. XBL 679-4897
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a2

IF (J'l) 12012014

DO 193 . I=1sN

B(Tstl= 140
Gil)s CINITY

"rﬁ

- CALL BAND{J)

GO _TO 10

1

18

DO 15 K=1sNM1
B(NoK)=" Z(K)

IF (J=NJ) 16218518
DO 17 I=1y4NM]

16

PP= U(l)/DIF(I)*(C(NOJ+1)-C(N9J-1)!/2-

_PPPs= U(I’/DIF(I)*(C(N9J+1)+C(NOJ‘1)-ZoO*C(NoJ))

CP= (CIT1sJ+1) = Cllsd=111/2s0. ~
A(lsl)m =.140 4 PP/240 = H#V{J)./240/DIF(I}

BlIs1)=" 240 = PPP

 DflsT)® = 140 = PP/240 % H#V{J)/240/DIF(1)

ACTsN)2 UCTI/DIF(II#(CP/240 = C(IsJ))
B{IoN)= 240#U{I)/DIF(1)%#C{TsJ)

‘DITsN)a = UTTV/DIF{II*(CP/240 + C{19J})
Gll)= = PPP¥C(1yJ) = PP*CP_

17

"CALL ‘BAND(JY
‘GO 10 10

18

DO 19 T=1lsNM2

. PPs. U(I)/DIF(I’*(C(NoNJ)-C(NoNJ-Z’)

TY(Lel)= = 140

A(lel)= PP

B{IsI)= 140 ‘
YU{I9NM1)= SP{)*DIF(NMI)/SCNMI)/D!F(!)

BUTsNM1)= = Y{I9NM1}

_Y{IsN}= (Sll)/S(NMl}*U(NMl)*CRO-U(I)*C(IoNJ-l))/DIF(I)

7.19

TTBlIsN)® = Y{IsN)

G(ly= PP#C(T4NJ=1)

. G(NM1l)= CRO -

A{NM1sNM1)= 140

CALL BAND(JY -

AMPO= AMP -

- AMP= (U(NMI)*CRO*(C(N,NJ-Z)-C(N;NJ))+DiF(NM1)*(C(NMIONJ-Z)-C(NMIQ
INJYY1/240/H/CCIN(NM1Y=CRO) /DIF (NM1) :

20

"IF (ABSF{AMP=AMPO}=0400001 *ABSF(AMP)) 22422420
If (JCOUNT=10) '838s21

T TT

22

PRINT 108

PRINT 109, AMP, (REF(I)’C(I’l”C(IONJ“l)!I’l!NMl)

. GO TO 98

END _

XBL 679-4898
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) _ N
Appendix C. Distillation calculations by the Thiele-Geddes method.

This section contains the FORTRAN statements for a tested computer
program employing the method discussed in "Temperature Computed for
Distillation" (Newman (1963)). The program is designed to handle dis-
tillation calculations for a fractionating column with as many as 86-
plates and 20 components, where the equilibrium constants may be con-
sidered to be independent of composition. A total or a partial condenser
may be used, and the possibility of a feed, a side draw of liguid, and
a side draw of vapor on each stage has been included. A two-product
condenser can be achieved by a ligquid draw from the condenser.

Equilibrium constants in the form of either power series in tempera-
ture or exponential functions may be used. These are put into a sub-
routine so that they cazn be changed Without much troukle.

This program is improved over the earlier program* in the calculation
of compositions and in the re-estimation bf flow rates. - For the compo-
sitions, with the flow rates and temperature fixed as in the Thiele-
Geddes method, the standard method for a tri-diagonal matrix works for
both light and heavy components and avoids the necessity for calculating
heavy components from the bottom, and zégg.versa. The adjustment of
the flow ratés from the heat balances was also a source of difficulty,
which arises because the molal enthalpies depend on temperature and
composition and really are not, known. A crude but effective method of

interpolation, extranolation, and damping has therefore teen added.

This section obsoletes and supersedes the revort 'Computer Program
- . s . " . - ; e
for Distillation dated April 2o, 1963.

VD
ct
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The basic problem should specify all feeds, number and arrangement
of plates, and the amount of reflux, bottom product, and side-stream
draws. For problems with other variables specified, a specification
subroutine would have to be used. Only a dumny subroutine of this
type has been written. The'arrays SPECS and IN are intended for trans-
mitting data to the SPEC subroutine without modifying the main progran.

The significance of the input data is outlined below.

NC - number of components.

NS - number of stages including reboiler and condenser.

NF - number of feeds.

JCOTYP = O for partial condenser, = 2 for total condenser.

KTYP = O for exponential equilibriwn constants, = 2 for power-series

equilibrium constants.

LIM - maximum number of times that the temrerature-correction procedure
can be applied.

NDRAW - number of stages on which side draws occur.

IN(1) to IN(5) - not used.

NPROB - problem number for identification of output.

AK, BK, CK, DK-are parameters in the expression for equilibrium constants.

For the pover-series expression,
K. = AK, + (BK,)T + (CK )T2 + (DK )T3.
1 i i i i

For the exponential expression,

¢ AK, a
= exp < + BK. + (cK. (T + DK.) .
K = exp TIK, Ky o+ (SR (T + DK ]

4

AHL, BHL, CHL are parameters in a power-series expression for the

enthalpy orf a liquid stream. Per mole of mixture,
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h = Z x. (AHL, + BIL.T + CHL,T°) .
: 1 1 1 v 1

i
ARV, BHV, CHV are parameters in a pover-series ¢xpressionAfor the
enthalpy of a vapor siream. Perrmole of mixture
H = Z y. (AIV, + BHV.T + CHV,T®) .
i i i i
i
AL, are estimated molal flow rates of the liquid stream leaving each
stage (the last one being the reflux).

T are estimated temperatures for each plate.
J 1s the feed stage.
H¥ is the total enthalpy of the feed.
FX is the feed rate for each component.
The last three are repeated for each feed stagze.
dJD is the number of a2 stage with a side draw.
S and 3V are molal flow rates for the licuid and vapor side streams.
The last three (JD, SL, and SV) are repeated for each stage with a side draw.
SUMERR - error limit on the sum of mole fractions. The.sum of the mole

fractions can differ from unity by no more than SUMERR.
HETERR - error limit on heat balance. The error in the heat balance

on any stage, divided by the avefage of the condenser and

reboiler loads, must be less than HETERR.
SUBCOL- subooling of reflux for total condenser (degrees below bubble poini ).
DILTM - limit on the temberature corresction, degrees.
SPECS(1) to SPECS(L) - not used.
CHECK is C11111+1 in columns 65 to 72. This is used to @ake sure that

the correct nurber of cards has been read.
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Any number of problems may be run without stopping.

In the output, J is the stage number, T is the temperature, AL is
the liquid flow (or reflux for a total condenser), SUMX is the sum of
the mole fractions, X are component mole fractions. The component

flow rates are then listed for the bottom product, the top product,

and any side streams.
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PROGRAM DIST(INPUT»OUTPUT)
C PROGRAM FOR FRACTIONATING COLUMN WITH SIDE=STREAM DRAWS

DIMENSION AK(ZO)pBK(ZO)iCK(ZO)DDK(ZO)oAHL(ZO)DBHLIZO)QCHL(ZO)QAHV
1020) sBHV(20) s CHV(20)9X{209 88)»EQ(20s 88)sT{ 88)sAL{ 88)sV( 88)s5k

2( 88)»5V( 88)+QERR( 88)s0LDDL({ 88} +ERR{ 88)sHL( 881 sHV( 88)9A{ 88y
3 88)sIN(5)sSPECSt4)sF( 88)sHF( 88)sFX(20s 88) .

COMMON AKsBKyCK9DKsKTYPIEQsTs XoNCoN¢QCO0RpQNET;CHECK’DLoOKoITERAT!
1ITHEAT s ITTEMPsNITsERRY AL’VgSLoSVoNSQNFONDRAWOJCOTYPQIN!SPECSOF.HFD'

2FXsDTLIMsSUMERRSHETERR s SUBCOL s NPROB2HL I HVYOLDDL s QERRYA
101 FORMAT_ (74H1COMPONENTS STAGES FEEDS CoTYP KTYP LIMIT DR

1AWS INSTRUCTIONS 26X s THPROBLEM/(1318))

102 FORMAT (118HO T AKI(T) ' BK(1) CKI1) OK(1)
1 AHL(I) BHL(I} CHLITY AHV (1) BHV(T) CHV{TY/
2(I1397E124493E11e4)) : " : .

103 FORMAT ({60HO STAGE FEED - . ENTHALPY COMPO
INENTS/189E224796E1547/(8FEL547)) )

104 FORMAT (40HO - STAGE LIQUID DRAW. VAPOR DRAW/{I892E17461]

105 FORMAT (69HO SUMERR HETERR : SUBCOL DTLIM
1 SPECS/(8E1567))

FORMAT (9E844)

1
2 FORMAT (1314}
3 READ 24 NCsNSINF9JCOTYPIKTYPHLIMsNDRAWSI(IN(I)9I=195)sNPROB

IF {NC) .98+98+99
98 STOP

99 READ 1 (AK(I)’BK(I)’CK(I)oDK(I)’AHL‘I)DBHL(I)OCHL(I)IAHV*I)O
18HV(T) sCHV(I) s I=219NC)

READ 1y (AL{J)sJ=19eNS)
CREAD 19 (T(J)YsJ=19NS})

PRINT 101, NCoNS9NF¢JCOTYPpKTYPcLIMQNDRAWO(IN(I).I=105)oNPRbB
PRINT 102s (TsAK(1)sBKL{IYsCKIT)9DKIT)2AHLIT) 9BHLIT) $CHLITYsAHVIEYY

TIRHV (11 9CHV(T) s1=1sNC)

DO 4 J=1sNS
SL{J)= 040
SV{J)= 00
FlJ)= 040 %
HF(J)= 040
DO 4 I=1sNC

4 FX(TsJ)= 040

DO 6 JF=LsNF '
READ 24 J . L

READ 1» HF(J)O(FX(I-J)'I=1’NC)
DO 5 I=1sNC

5 F(J)= F(J) + FX{IsJ)
6 PRINT 103y  JsF{J)sHF(JI o {FX(IsJ)pI=1sNC)

IF (NDRAWY 94997

7.00 8 J=1»NDRAW . ' ‘ - o
READ 25 JD ~ . '
READ 1s SL(JD)sSV(JD)

8 PRINT 104y JD3SL{JID)ISVIID)
9 READ 1y SUMERRIHETERRsSUBCOLsDTLIMs{SPECS{I)sI=194)9CHECK

PRINT 105, SUMERRoHETERRoSUBCOLgDTLIM’(SPECS(I)vIﬂpo)
ITERAT= O

IF (ABSF{CHECK = 114111) = 0e¢01l) 1091093
10 ITERAT= ITERAT + 1

JC= =1
ITHEAT= - 1
ITTEMP= 0
L= NS - 1
N= NS

XBL 679-4899
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1F {JCOTYP = 1) 1351111

11 Na L
DO 12 I=1sNC
12 EQUI4NS)= 1.0

13 NMl= N ~ 1 .
V(1)= ALI2) = AL(1) = SLt1) = SV(1) + F(1)

DO 14 J=2sL
14 V(J)= AL(J+1) + V(J=1) = AL{J) = SL{J) = SVIJ) + F(J)

VINS)= VIL) = AL(NS) = SLINS) = SVI(NS) '+ F(NS)
15 CALL EQUIL(200) .

DO 17 I=1,NC - | , v
ERR(1)= 1,0/(AL(1) + SL{1) + (VI1)+SVI1)I#EQ(Ts1))

X(Isll= FX({T41)*ERR(1)
DO 16 J=2)N$S

ERR(J)= 140/(AL(J) + sSLJ) + (V(J)+SV(J))*EQ(I|J)
1 = ERR(J=1)¥V{J=1)*EQ(IsJ=1)%AL{J)}

16 X(lsJ)= (FX{(1sJ) + V(J-l)*EQ(IoJ-l)*X(IoJ-l)i*ERR(J)
DO 17 JD=1sL

- J= NS =-JD
17 XtIsJ)= X(I9d) + ERR(J)*X(IDJ+1)*AL(J+1)

DO 18 J=14NS
_ERR{JI= = 140

DO 18 I=1sNC
18 ERR(J)= _ERR{J)} + X(IsJ}

DO 19 J=1sNS
IF (ABSF(ERR(J)) = SUMERR} 19319435

15 CONTINUE ,
ITHEAT= ITHEAT + 1 v '

IF (JCOTYP = 1} 21920520
20 CALL EQUILI(NS)

TINS}= T(NS) = SUBCOL
21 DO 22 J=14NS

HLTJ)= 040
HV(J)= 040

DO 22 I=1sNC
HL(J)= HL(J) + X(IgJ)*(AHL(I)+BHL(I)*T(J)+CHL(I)*T(J)**Z)

22 HV(J)= HVIJ) + X(IsJ)*EQ{TsJ)# (AHVIT)I+BHV(TI*¥T{J)+CHVITIRT[J)#*2)
IF (JCOTYP = 1) 24423423

23 HV(NS)= HL(NS)
24 QNET= HV(L)*V(L) = HLINS)#*AL(NS)

QC= QNET = SL{NS)#HL(NS) = (V(NS)*SV(NS))*HV(NS) + HF{NS}
IF (JC) 22692245225

224 DAMP= DAMPH*(SUM/FLOATF(L=1) + 100)
EPSP= 040

JC= 1
GO_TO 228

225 DAMP= DAMP#EPS1/(EPS1 = EPSP)
If (ABSF(DAMP = Qe5) = O0¢5) 22742279226

226 DAMP= 1,40
227 JC= 0

SuM= 0,0
228 EPS1= EPS

EPS= 0,40
DO 32 XK=2sL

J= L = K + 2
QNET= QNET + HV(J)%SVIJ) + HLIJI#SLIJ) = HF(J)

QER= QNET + HL{JI#AL(J) = HV{J=1)#V(J=1)
IF (JC) 27927425

25 EPSP= EPSP + QERR(J)*(QER/ABSF (QERR{JIIT)

XBL 679-4900
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IF (ABSF(QERR(J) = QER) = ABSF(QERR(J) + QER)/340) 27426426
26 DL= QER¥{OLDDL(J)/(QERR({J) = QER})}

GO TO 31
27 DL= QER/({(HV(J=1) = HL(J))*DAMP

CHECK= AL(J)
IF (ViJ=1) = AL(J)) 28029929

28 CHECK= V(J=1) .
29 IF (ABSF(DL) = 0425#CHECK) 31931530

30 SUM= SUM + 0¢25%CHECK/ABSF(DL) = 140
DL=0+25#CHECK*DL/ABSF(DLY

7’31 OLDDL(J)= DL

QRERR{J) = QFER

AL(JY= AL(J) + DL
32 EPS= EPS + ABSF(QER)

33 QR= QNET + (AL(1)+#SL{LII#HL(1) + SV(1I¥HV(1) = HF(1)
DO_34_ J=2,L

..34_CONTINUE

- IF (ABSF(QERR(J)} = 0«5*HETERR*ABSF(QC + QR)} 34934913

CALL OUTPUT(1) ’ ) -
0X=2 040

CALL SPEC -
IF {OK = 140} 393510

35 IF (ITTEMP = LIM)} 37936936
36 CALL OQUTPUT(2) :

GO TO 3
37 00 38 J=1sN

“A{NSsJ)= 040
HV{J)= = (ERR{J) + 140)*LOGF(ERR(J] + 140)

DO 38 K=1N
38 A(JsK)= 040

DO 44 1=1sNC : ’
ERR(1)= 140/¢AL(1) + SL{1) + (VI1}+SVI1)I*EQ(Is1))

DO 39 J=2sNS
39 ERR(J)= 140/(AL(J) + SL{J) + (VI(JI+SVIJIIIHEQITsJ)

1 = ERR(J=1}¥V(J=1)*EQ(IsJ=1)%*AL(J))
DO _44 K=14N

DO 40 J=1sNS
40 HL(J)= 040

CHECK"—X(IoK)*EQT(AK(I)oBK(I)’CK(I)’DK(I)’T(K)oEQ(I’K)oKTYP)
HL(K}= CHECK#{V(K)} + SV{K)J#ERR(K)

IF (K = NS). 41943,43

41 HL(K+1)= = CHECK®V(K)

DO 42 J=K»lL
42 HL(J+1)= (HL{J+1) 4 V(II#EQ(TsJ)*HL{J) ) #ERR(J+1)

43 A(NSsK}= A(NSsK) + HLINS)
DO 44 JF=2sNS i

J= N§ = JF + 1
HL(J)= HL(J) + ERR(J)*HL(J+1)#ALEJ+1)

44 AlJsK)= A(JsKY + HL(J)
DO 46 1=1,NM1

1P1= 1 + 1
AlTeI)= 140/A(Ts1)

HV{TI)= HV(I)*A(Is1)
DO _45 K=IP1lyN

45 A{Isk)= A(LTsK)}%A(Is1)
DO 46 J=IP1sN

HVIJ)Y= HV(J) = HVITI*A(Js])
DO 46 K=IP1sN

46 AlJeK)=z AlJUsK) = A(IsKI*AlJsI)

'XBL 679-4901
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HVIN)= HV{N)/A(NN)
DO 47 1=1sNM1

J= NM1 + 1 -1
JPl= J + 1

47

DO 47 K=1lyJ
HV(K)}= HV(K) = A(KsJP1)*HV(JP1)

DO 49 J=1sN
IF {ABSF(HVIJ)) = DTLIM) 4994948

48
49

HVIJ)= DTLIM*HV(J)/ABSF(HV(J))

T(J)= T(J) + HVIJ)

ITTEMP=" ITTEMP + 1
GO 10 15 :

END

SUBROUTINE EQUIL(N) .
SUBROUTINE FOR EQUILIBRIUM CONSTANTS AND BUBBLE POINT

DIMENSION AK(20)sBK(20)sCK{20)sDK(20)9EQ{20s 88)sTI 88)0X(20| 88)

-

COMMON AKsBKICKIDKIKTYPIEQsToXINCoL9AIBsCrDISUMXSUMD
IF (N = 150} 1197
IF (KTYP = 1) 24244

SUMX= 040
SUMD=_040 -

DO 3 i=mlsNC

A= E(PF(AK(I)/(T(N)+DK([)) + BKUI) + CKUIN*({T{N})+DK(I)}}
SUMA= SUMX + X({IsN)*#(A =~ 140) . .
SUMD= SUMD + X(IsNI#A®(CKIT) & AK(II/Z((T{N}+DR(]))*#2))

T(N)= T(N) = SUMX/SUMD
IF (ABSF(SUMX) = 0400001} 1191192,

A= 040

‘Bz 0,0

C= ‘0.0
D=- 0

DO I=1sNC
A= + (AK(I) = 1 O)*X(IoN)

Oa

5

A

B= B + BK{IV}#X(IsN)

C= C + CR{II#X(ToN)
D

D= + DK(I}*#X{IsN)
SUMX= A + B¥T(N) + CH¥T(N)*%*2 + D#T(N)##3

"T{N)= T{N) = SUMX/SUMD

SUMD= B + 240#CH*T(N) + 3,0#D*T(N)¥*%*2

IF (ABSF{SUMX) =~ 0,00001) 11,116

D0 10 J=1,sL

DO 10 I=1,4NC
IF (KTYP = 1) 89849

EQ(IsJ)= EXPF(AK(I)/(T(J)+DK(I)) + BKII) + CRK{TY®{T{JY+DKI{IN}]}
GO_T0 10

10

EQ(IsJ)a AK(I} + BK(I)*T(J) R CK(I)*T(J)**Z + DK(I)*T(J)**S
CONTINUE

11

RETURN

_END

FUNCTION EQT(AsBsCsD9TIEQIK)

FUNCTION FOR DERIVATIVES OF EQUILIBRIUM CONSTANTS
IF (K = 1) 18192

EQT= EG¥(C = A/(T#DI¥%2)
60 10 3

EQT= B + ZIO*C*T + 3.0*0*7**2
RETURN

END

XBL 67924902
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SUBROUTINE OUTPUT(JOUT) :
DIMENSION AK(81)sEQ(20y 88)sT( 88)sAL{ 88)sX(20y 88).5TAND(4)0

1ITERAT(4) s SUMX{ 88)sV{ 88)sSLI{ 88)9s5VI 88)
COMMON AKsEQsTaXsNCy» NDQC’QR’STAND’ITERAT’SUMX’ALOV’SL’SVONS

110 FORMAT (11H1ITERATIONS»418)

111 FORMAT (118HO J T(J) Al {J) SUMX = 140
1X(1sJ) X(29J) X(3¢J) X{49J) ' X(5sJ) /7
2(13+5E156693E1446)) ‘ _ '

112 FORMAT (119HO J X{69J) TX(Ted) X{8sJ) _
1X(99J) X(10sJ) X(11yJ) X(124J) X(139sJ) /
2 (1345E154693E1446)) .

113 FORMAT (105HO J X{149J) C X{1594) X(164J)
1X(17sJ)  X{(183J) X(19sJ) X(203J) /{1345E15¢6
22El4461))

114 FORMAT (34HOTOP PRODUCT AMOUNTS BY COMPONENTS/E6306oElSc6.3E1A.6/
1(E184694E156693E1446) )"

115 FORMAT (41HOHEAT BALANCE SATISFIED CONDENSER LOAD =9E1446919H
AREBOILER LOAD =yFl4e6)

134 FORMAT (lSHOBOTTOM PRODUCT/E63-6¢:1546!3514¢6/(518o634515 693E1446
11} :

135 FORMAT ~ {20HOVAPOR DRAW ON STAGEsT4/E63+69E154693E14467(E1BeBI4E
115e633E1446})

136 FORMAT (21HOLIQUID DRAW ON STAGEsI4/E63469E15 603514 6/(E18 6'4E
1154693E1446)}

117 PRINT 110s (ITERAT(I)sI=193)
IF (NC-20) 11841204124

118 DO 119 I=NCsl9
DO 119 J=13sNS

119 X(I+1sJ)= 040

120 PRINT 111s (JsT(J)sAL(J)pSUMX(JI¢{X{T9J)sl=195)9J=19NS)
IF (NC=5) 12341235121 ‘
121 PRINT 112y (Je{X(I9J)sl= 6013)9J 1-NS)

IF (NC=13) 12391235122
122 PRINT 1139 (JolX{IsJ)sI=14920)9J=14NS)

©123 DO 124 I=1sNC
124 SUMX(I)= X(Is1)#AL(1)

PRINT 134y (SUMX(I)9I=1sNC)
DO 125 I=1sNC

125 SUMX(1)= X(IsNS}*EQ(IsNS})#*V(NS)
PRINT 1145 (SUMX{I)sI=1sNC) g

DO 131 J=1sNS ,
IF (SL{J)) 1285128126

126 DO 127 I=1sNC
127 SUMX(T)= X(TsJ)#SL(J)

PRINT 1365 Js(SUMX({IV»I=1sNC}
128 IF (SV(J)) 1315131129

129 DO 130 I=1sNC
130 SUMX(I)= X(IsJI®EQ(IsJ)®SV(J)

PRINT 135s Js{SUMX{T)sI=19eNC)
131 CONTINUE

GO TO (1325133}yJ0UT
132 PRINT 115 QC»QR

133 RETURN
___END

SUBROUTINE SPEC
DUMMY SPECIFICATION SUBROUTINE

0Kz 040
RETURN

END

XBL 679-4903
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Appendix D. Distillation calculations by linearization

The program in this section solves the same problem as the program
in appendix C, but by the method outlined in the body of this report
instead of the Thiele-Geddes method. The input data are the same as for
the last program, but some gquantities have a different significance, as
follows:

LIM is a limit on the total number of itgrations.

IN(S) controls the number of times that temperature corrections are made
without changes in the liquid and vapor flow rates (see the state-
ment just before statement 39). A value of O or 1 for IN(5) should
be satisfactory.

SUMERR is used to check convergence. The mole fraction of each component
in the reboiler must change by less than SUMERR between one itera-
tion and the next in order to satisfy the convergence criterion.

HETERR is not used.

The output is also similar to that of the preceding program.

The dimen;ions.in the program correspond to 10 components and 4O
stages (including the reboiler and condenser). For problems outside
these limits, the dimensions can be changed appropriately. The BAID(J)
and MATINV subroutines of appendix A have not been repeatied here; The
number of unknowns on each stage is taken fto be n = NC + 3. ‘The three
additional unknowns are proposed changes in the temperature, liquid flow
rate, and vapor flow rate. |

* The flow rate of the bottom prodﬁcn is zontrolled fthat is, left
unchanged) by statesent 41, and that of ¢

These represent the two remainin grees of freedom after the purber

[8ie]
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of stages, nature of feed, etc., have been specified. At the top or
bottom of the column one might wish to control one of the following:
1. Bottom product amount or top product amoﬁnt.

2. PReflux or vapor flow rate from the.reboiler.

3. The mole fraction of a component ih the top or bottom product.
b, The flow rate of a component in the top or bottom product;

5. The reboiler or condenser temperature.

6. The heat load for the condenser or the reboiler.

On page 36 we have given FORTRAN statements for implementing the
first five of thess possibilities at both the top and the bottom of the
column. Statement 41 and the following stateaent should te replaced by
statements 41 through 48, and for the top, statement 52 and the following
statement should be replaced by statements 52 through 62. These added
statements use IN(1) through IN(4) and SPECS(L) and 3PECS(2) to decide
wnich specification to use, which compornent to control, and what value
to achieve. |

These additional, more flexible specifications must be used with
caution. First; they can contradict each other. One can't specify both
the top and bot£0m prdduct amounts independently. BSecond, one must stay
within the range of possible operating conditions or the column. For
exanmple, the reboilér témperature can be no higher than the boiling
point of the heaviest component. Other limitations may be found which

are more subtle than these examples.
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PROGRAM DISTTINPUT,,OUTPUTT
C PROGRAM FOR FRACTIONATING COLUMN WITH SIDE-STREAM DRAWS

DIMENSION ATI3 13138 (13513 CTI33401sD1 1527 TG I3 XTI I3 Y (1%
113) 9AK(10) sBK{10)9sCK{10)sDK(10) sAHL{10) 9BHLIL10) s CHL{10) s AHV{10)s8H
TTVTI0) s CHVITOY »FGO T s HE (0T s FX{10940) s INTS ) s SPECS (AT o SLIEN Ty SVIGO)
3, FERR(40) s SAVE(10)9T(40)»AL(40) sV (40)
TTTCOMMON RSBy Cy D3 Ga X3 Y sNP3 NS 9 AKs BKyCX s DKy RTYPyNCy JCOTYP» TTERATSNPTY
INP2sQC»QRsSLsSVIERR T9ALsVIFsHFsFX s INsSPECS - ,

101 MA 4 M N T
1AWS INSTRUCTIONS 926X THPROBLEM/ (1318))

102 FORMAT (118HO T AKTD BKITY K1) -DKTT) T
1 AHL{T) BHL(T) CHL(T) ARVIT) BHV(I) CHVI(T)/
2(T397E12e493E1Te4]))

103 FORMAT (60HO STAGE FEED ENTHALPY COMPO™
INENTS/TBsE224 196ETBe 7/TBELISa 71

104 FORMAT (40HO STAGE LIQUID DRAW VAPOR DRAW/(1842E1746))

105 FORMAT T69HO ~ "SUMERR ~— —~ — HETERR SUBCOL DTCTH™

1 SPECS/(8E1547)) _ »
Y FORMAT TIEBG) R T T
2 FORMAT (1314), - '

3 READ 29 NC NS YNFsIJTCTYPsKTYPsLITMyNDRAWs TINTLIT s 1I=T35T»NPROB
IF (NC) 98998999

98 STOP
99 READ 1, (AK(I);BK(I)oCK(I)-DK(I)vAHL(I);BHL(I).CHL(I).AHV(I)o

1BAVITT S CAVITT TETNCYy 7 7
NP1= NC + 1

NP2="NC + 2

NP3= NC + 3

READ 1s (AL(J}9sJ=1sNS}
READ 1s (T(J)sJ=1sNS)

PRINT 101y NCsNSsNFs JCOTYPsKTYPsLTMyNDRAWy [INTIJ»I=1s57 ¢NPROB
PRINT 102s (IsAK(TI)oBKUI}oCKI{T)sOK(T)oAHLIT) oBHLIT) oCHLIT) 9AHV(I)
IBHVIT T sCHVTT T 9 T=19NT] ]

DO 4 J=19NS

SL(J7= 0s0
SV(iJ)= 040
F({JY= 00
HF{J)= 040

DO & T=1,NC
4 FX{TsJ)= 0e0
50 & JF=I1sNF
READ 25 J
READ 1y HF(J1s (FX{TsJ73 I=T3NC)
DO 5 I=1sNC
5 Fr(JI= FIJT & FXTIyd)
6 PRINT 193,  JoF(J)sHF(J)s(FX{I1sJ)s121sNC)
IF (NDRAW) 99937
7 DO 8 J=1sNDRAW
READ 2» JD
READ 19 SL(JD)sSV(JID)
8 PRINT 104, JDySLIJDTISVIID)
9 READ 1s SUMERRSHETERR»SUBCOLsDTLIMs (SPECS(1)sI2194)sCHECK

’ PRINT 175s SUMERRZHETERR;SUBCOL»DTLTMy yI=1y
: L= N§ = 1

DO IT1 T=1NC
11 SAVE(I)= 040"
ITERAT= -1

IF (ABSF(CHECK = 114111) = 001} 1291293

12 ITERAT= ITERAT + 1

XBL 679-4904
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VIil)= AL(2) = AL(1) = SL{1} = SV(1) + F(1)

DO_10 J=2sL :
10 V{JY= AL{J+1) + V{J-1) ~ ALUJY = SLTJ} = 5VUJ) # FUJT

VINS)= V(L) = ALINS) = SLINS) ~ SVI(NS) + F(NS)
PO 17 T=1sNC ,
EQ= EQUIL(IsT(1)) :

FRR{1)= 1s0/(ALILI+CLI1) + (V(11+5VI1)I1¥EQ)
ClIs1)= FX(Iy1)#ERR(1)

DO 16 J=2sNS

EQR= _EQ

EQ= EQUIL(IsT(J))

IF (J=NS) 15913913
13 IF (JCOTYP) 15915914
14 FQ= 140
15 ERR(J) =10/ CALIJ)+SLII)H(VIJI+SVIT) Y*EQ<ERRTJI=11#VIJ=1)*¥EQB*ALTIN)
16 ClIsdi= (FX{IsJ) + VIJ=1)#EQB®C(I,J=1))*ERR(J}

DO 17 JD=1sL B

J=z NS = Jp . :
17 C(TsJ)= ClIsd) + ERRUNH*CITyIJ+1)#ALTI+T1)

DO 19 J=1yNS .

SUMX= 0.0

DO 18 I=14NC )
18 SUMX= SUMX + C(1sJ)

DO 19 I=1,NC
19 C{1sJ)= ClI9J)/SUMX
. IF (ITERAT=LIM) 20,920,522
20 DO 21 I=1yNC ;

IF (ASSF{C(Is1)=SAVE(I))}=SUMERR) 21921927
21 CONTINUE
22 HL= 040

HV= 0,40

HLU= 0,40

TU= T12Z2]

DO 23 I=31sNC :

AL= HLFCTT s T *(AACTTT+BALT T # T 1)+ CHL (I #T(Ty#¥2)—— ~ = ===~

HV= HV+Cl(1 1)*EOUIL(I,T(1))*(AHV(I)+BHV(I)*T(17+CHV(I)*T(l)**Z)
723 HLU= ALU + C{12 YHF{AHL( IT+BHLT T Y #TUFCHC( Iy *¥TU®® 2y "~

QR= AV(1)+SVI{1))#HV + (AL{1}+SL{1))#HL = HLU¥AL(2) = HF(1)

HL= 0.0

"HV= 0.0

HVB= 0,0

T8= T(L)

DO 24 T=1NC

Hi= HL+C(19NS)*(AHL(I)+BHL(I)*T(NS)+CHL(I)*T(NS)**2)

AV=AVFCI T,
24 HVB= HVB + C(IsL)*E(UIL(I,TB)*(AHV(I)*BHV(I)*TB+CHV(I)*TB**Z)
'—~"'”__‘—_?*TJC6TYPT"?E_iﬁiiB“__‘“‘_‘_”‘““”*_ [l

25 HV= HL
26 QC= HVB*V(L)—HL*(AL(NST+SL(NS))-HV*fVTNST*SVTNSTT"*‘HFTNS?“"‘“__“'“
. CALL OUTPUT )

— GO 10 3

27 DO 28 I=1sNC

28 SAVE(I)= C(T»1)
J= 0
DO 29 I=19NP3
DO 29 K=1,NP3
Y(I,KﬁOQO

29 X(IsK)= 040

30 J= J + 1

XBL 679-4905
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DO 31 I=1,NP3
G(I)= 060

DU 31 K3IyNP3
Al{lsK)= 040

31

B{TsKY= 0,0
D(lsK)= 040

GI{NP1}= 1,0
DO 38 I=1sNC

BINPI»IT="T1e0
EQ=z EQUIL(IsT(J))

BITsNPI)= EQDT{ T TTITVHCIT o IVHTVIITFSVIITY j

CIF {J=NS) 32533,33

32

BITsT1= = AL{J+1)
DITINP2)= = C(IsJb1)

33

GO TO 35
IF (JCOTYP) 35935434

34

EQs 140
B{IsNPLl)= 040

B{NP1sI)1= EQUIL{TsT{JT+SUBCOL)

35
36

BINP1sNP1)= BINPL1sNP1) + C{IsJ)#EQDT(IsT(J)+SUBCOL)
IF 1J=17 37+37+36
TB= T{J=1)

EQB= EQUIL(I,T8)
AlIsI)= - EQB#V(J=-1) -

ATIsNPI)= = EQDT(I+TBI¥CT{ I3 J=1T#V{J=1]
AlTsNP3)= =~ EQB#C{1eJ=1)

37

B{TsI)= ALTJ} + SLUJ) + E@H{VII)+5VIJT]
B{IsNP2)= C(IsJ)

38

B{IsNP3)= EQ*C(IsJ)
G(I}= FX(IesJ)

39

IF (ITERAT=IN(5)) 39439940
NP3= NP3 = 2

CALL 3AND{J)

. NP3= NP3 + 2

40

IF (J=NS) 30465465
B{NP3sNP2)= 140

B{NP3sNP3T="140 .
G(NP3)= F(J) = SL{J) = SVIJ) = AL(LJ) = V(J)

DINP3sNPZT= = T1.0
AINP3sNP3)= ~ 140,

IF (J=1) &41+41+49

41 B{(NP2yNP2)= 1,40
GINP3)= G(NP3) + AL(J+1)
CALL BAND(J)
GO TO 30

49 IF (J=NS) 50952452

50 TU= T(J+1)

GINP3)= G(NP3) + AL(J+1) + V(J=1)

DO 51 I=14NC
EQ= EQUIL(IsT(J))

EQB= EQUILTT,,TE] .
HVIB= AHV(I) + BHV(I)#TB + CHV(I1)%#TB#*2

HVI= ARVI{IT + BAVITIX¥T(J] ¥ CAVIIT®T(Jy#*Z
HLIU= AHL(I) 4 BHL({T)#TU + CHL{I)*#Tu#%2

HALT= AALTIT + BALTIIFT{J) + CHLTTT*TUIy*%2
BINP2sNP2)= B(NP2sNP2) + HLI*C(1sJ)

BINPZ2NP3T= BINPZyNP3IT + AVIFETFRCT 19 J]
DINP2»NP2)= D{(NP2sNF2) = HLIU#C(IsJ+1)

ATNPZsNP3T= ATNPZsNF3) = HVIB¥EQB¥C(T3J=1T

XBL 679-4906
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A(NP2s1)="= HVIBHEQB*V(J=1) )
B(NP2s1)= HLI*(AL(J)+SL(J}) + HVI*(V(J)+SV(J))*EQ

D(NP2sI)= = HLIU¥AL(J+1)
AINP2sNP1)= A(NP2sNP1)=V(J=1)#C(IyJ= l)*(HVIB*EQDT(IoTB)+EQB*(BHVlI

‘51

11+240%CHV(T)#TB) )

BINP2sNP1)= B(NPZ.NP1)+C(I’J)*((AL(J)+SL(J)i*(BHL(l)+2-O*CHL(I)*Tl
1INV +(VIJ)+SV(J) ) #*HVI*EQD +2e

DINP2sNP1l)= D(NP2sNP1) = AL(J+1)*C(I.J+1)*(BHL¢I)+2.0*CHL(I)*TU)

GINP2T= AF(J)
CALL BAND(J)

GO TO 30
B(NP2sNP2)= 140

52

G(NP3)= G(NP3) + V(J=1}
CALL BAND(J)

DO 64 J=T4NS
IF (ABSFICINP2yJ))~0e4*ALIJ)) 64964963

63
64

CINP2yJY= ALTJY*CUNP2sJY/ABSFICTNP2»JTT%0e4
AL(JY= AL(J) + CINP2yJ) :

65

DO 67 J=1sNS .
IF (ABSF(CINPLs»J)})=DTLIM) - 67967966

5
67

CINP1sJV= DTLTM¥CINPT»JT/ABSFTCINP I JT]
T(d)= T(J) + C(NP1lsJ}

GO TO 12 o
END .
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SUBROUTINE QUTPUT

: : ‘ ; ; 3)4%{13. 3. :
1139 AK(IO)vBK(lO)oCK(lO)sDK(lO)o SL(AO)’SV(40)tSUMX(bO)oleO)oAL!#
201aVI60Y
~ COMMON AoBoCoDoGoX,YQNPBQNSoAKoBKoCK.DKQKTYPoNCoJCOTYP;ITERAT.NPI)
INP23sQCsQRsSLISYISUMXsTo ALY
110 FORMAT ~{1H19T14s11H ITERATIONS) )
111 FORMAT {13¢5E15+603E1446]) . : L - i
112 FORMAT (118HO J T(J) ) lJ) o : V(J) K

PXUle ) - X{29.1) X{3s.J} Xl4od) - Agxts'd) )
113 FORMAT (119HO U X{69d) o TX{Ted) X(BoJ) .
1X(998) ~X$10e4Y - X{11sJ)  X(12sJ) X{139sJ) ) ‘
". 114 FORMAT {105H0 J Xt149J) 7 - X{159J) X(16oJ) : :
IX{37003 S X(184eJd) X(19sd) - - X(20sd) }

- 115 FORMAT (17THOCONDENSER LOAD 9E14e6919Hy - REBOILER LOAD -|E14a6)
b co

1(E18¢6|451506’351hn6)) ' | )
117 F b 6. 06 3 LYY:)

1M '
_ 118 FORMAT {20HOVAPOR DRAW ON STAGEO14/E63061€15g§’351406/(5180604E
1150603E1406)) :

E 5 14514.6/(518.6|4E
1154693E1446)) : .
PRINT 1104 ITERAT
PRINT 112 . ’
1F _(NC=5). 12091200122
120 DO 121 J=1sNS :
121 PRINT 1115 J:T(J)QAL(J))V(J)I(C!IIJ)OIHIONC)

R TGO TO 127 , -
. 122 F : , {c 1=1 onloNS) . _
T U PRINT 113 ' , _

1 _(NC=13) 12391234125
123 DO 124 J=14¢NS ’ .
IZQZQBINT 111 Jn(C(loJ)oIﬂbnNC)
GO TO 127
125 PRINT . 1119(J9(C(IQJ)’I=6913)9J=1’NS)
. PRINT 114 )
. DO 126 J=19sNS
© 126 PRINT 111 Jo(C(I'J’DI'l#’NC)
127 DO 128 1=13NC.
© 128 SUMX(T)= Cllsl)#AL(]1) .
PRINT 117s (SUMX{I}s l IQNC)
DO 130 I=1sNC o
EQ=_ EQUIL{IsTINS))
B " IF (JCOTYP) " 13091309129
129 FQs3 140 : '
130 SUMX(1)= C(I’NS)*EQ*V(NS)
PRINT 116y (SUMX(I39I=19NC)
. o DO 137 J=1sNS - -
. 1F (SL{JYY - 13351334131}
i 131 DO 132 I=1sNC
- = JI#Sh

. PRINT 119y Jo(SUMX(I)oI=10NC)
£133 1F {(SV{JY) 1370137013A
~134 DO 136 1=21sNC
EQe EQUIL(IsT{J})
T TP (J=NS) 1365138,138
. 138 §F (JCOTYP) 136s1364135
- 135 EQ= 140 - : '
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136 SUMX(1)= C(IpJ)REQ#SV(J)
PRINT 118» Jo(SUMX(I);I=1-NC)

137 CONTINUE
PRINT 115» QCsQR

" RETURN
END

FUNCTION EQUIL(T»T)

DIMENSION A(13913)95(13’13)pC(13’40)00(13027)06(13)0X(13|13)0Y(13’
113)9AK(10)9BK{10)9CK(10)sDK(10)

- COMMON AsBsCoDsGaXsYINP3INSIAK9BKICKIDKIKTYP
1F (KTYP=11 19192

1 EQUIL= EXPF(AK(I)/(T+DK(I)) + BK(I)+CK(T)#(T+OK(ITT]
RETURN _

2 EQUIL= AK(1) + BK{I)#T + CK(I)*T#%#2 4+ DK{I)#T##3
RETURN ' i

END

FUNGTION EQDT(IsT) '
DIMENSION A(13013)9B(13913)9C(13940)90(13!27),6(13)oX(13’13)9Y(13o

113)9AK(10)9BK(10)sCK(10)sDKI(10)
COMMON AsBaCeDsGoXsYINPIINSsAKBK s CKIDKKTYP

IF {KTYP=1) 15192
1 EQDT=" EXPF(AK(I)/(I+DK(I))+BK(I)+CK(I)*(T+DK(I)’)*(CK(I)-AK(I)/(

1T+DK{IY ) #%2}
RETURN

2 EQDT= BK(1) + 240%#CK(I)#T + 3.0*DK(X)*T**2
RETURN

END
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_41
42

IF !IN(I’) 47947042
Ka IN{1)

G0 TO t43.44.45.46)ox

43

FIXED BOTTOM’ PRODUCT COMPOSITIONO 5PE€5£1)= X(I’

1= IN{3)’
BINP2s1)= 140

AL

G(NP2})= SPECS(1)
GO TO 48

FIXED BOTTOM PRODUCT COMPONENT AMOUNTo SPECS(I)= X(I)*ALIJ)

44 1= IN(3)

BINP2s1)= AL(T)
BINP2sNP2)= ClIs1).

G(NP2)= SPECS({1}) .
GO TO 48

45

FIXED REBOTLER TEMPERATUREY SPECS(IT= TTJ)
BINP2sNP1)= 140 -

GINP2)= SPECS{1l) = T(l)
GO _TO 48

46

FIXED VAPOR FLOW FROM REBOILER» SPECS(1)= V(1] |

B{NP2sNP3)= 140

GI{NP2)= SPECS(1) = V1)
GO TO 48

FIXED BOTTOM PRODUCT AMOUNT

47 BINP2sNP2)= 140

48 GINP3)= G(NPZ) 4+ AL(J+1)
52 IF (IN{2)) . 61561953

.53 K= IN(2)

GO TO (54.56059.60);K

FIXED TOP PRODUCT COMPOSITIONo SPECS(2)= Y(I)

54 .

I= IN(&) .
B(NP2sT)= EQUIL(IsTINS))

B(NP2sNP1)= C(I’NS)*EQDT(I’T(NS))
GINP2)= SPECS(2)

55

IF (JCOTYP) 62962955
BI{NP2s1)= 140

BINP2sNP1l)= O, O

GO .T0 62

I= IN(4)

56

" FIXED TOP .PRODUCT COMPONENT AMOUNT; SPECS(2)= YTITFVIdT

EQ= EQUIL(I#TI(NS)) .
B{(NR2sNP1)= C(IQNS)*V(NS)*EQDT(I T(NS))'

IF‘(J_COTYP) 58958957
£Qa 140 :

57

58

B{NP2sNP1)= 040 :
B(NP2sNP3)= C(IyNS)*EQ

B(NP2s1)= EQ#V(NS)
G{NP2)= SPECSI(2)

GO TO 62
FIXED CONDENSER TEMPERATUREs SPECS(2)= T(J)

59

B(NP2sNP1)= 140
GINR2)= SPECS(2) - T(NS)

GO TO. 62
FIXED TOP PRODUCT AMOUNT

60

B(NP2sNP3)= 140
GO TO 62

61

FIXED REFLUX
B(NP2sNP2)Z 140

62

GINP3)= G(NP3] + V{J=1]
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








