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ABSTRACT
"DYNSYS" is a d1q1ta1 s1mu1at10n package for
'mode111nq the dynamfc behaviourtfnd automatic contro] of
comp1ex 1ndustr1aT systems. An acronym for Dynamic Systems
S1mu1ator. it Was developed in-the Iate 19605 in the
.chemica] engineeran department at McMaster UniversL;&
The under1y1ng principle of "DYNSYS” 15 that of’ modu1ar1ty.
i. e ’ thp user assembTes mathemat1c&?'mode1s of profess
units -and control dev1ce$ to bu;1d the process whose
transient behav1our is to be stud1ed "A fundamental as;
pect of dynam1c simulat1on is the numer1ca1| ution of
ordinary differentia} equations (o d.e.s). T:j>or1q1na1
version of "DYNSYS“ used a third order Adams- Hou]tqn -Spel’
routine; however; th15 fs not sufficient to handle stiff’
systems, i.e., sysfems‘where the time cogétanfé differ
greatly in magn1tude; In chemical éng1Qeér1ng} stiff o.d.e.s
occur widely in reaction kfngti;s and 'to some éxtenf in
mu]ttsfage sy;témsu‘ : ,' . ‘ | '} |
Conventional nﬂﬁétﬂca1'techn1quesiare restricted
' psttability to using;é very smaf1fstep~s1ze resulting in

large computer %1mes. 'There have been many new‘numerica1

‘techniques published in the recent Titerature dirécted at
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the efficient numer1ca1 solution of systems of stiff
d d. e $. A’ 11terature survey of these has been made.‘
Numerica] tESt1ng of . severa] methods 1nd1cated

Gear s method to be superior It is a var1ab1e order.'

i var1ab1e step, 11near. multistep method

- Most st1ff techn1ques are 1mp11c1t and requ a

,“_:Stechnique such as Newton Raghson iteration to converge.

- Each {fteration 1nvo]ves the’ so]ution of a system of 11near
-algebraic eqhations (usua11y sparse) equal,in s1ze to the
number of. o, d e.s. For a Targe stiff. sysfbm. this requ1Hes
considerab]e computer time. Various sparse’ 11near equation
soTyers have been evaluated and thét of Bending andl'
'Hut;hison_abbears‘tq‘Se tﬁe most efficient. ‘Their routine

. stores and operafes bn 0n1y the nohzero elements of the
equations when the equat1ons are’ so]ved for the first
time, a string of 1rikegers called the “operator 1ist” {5 -
created which stores the particu]ar so]ution process by

Gau, s1an e11m1nat10n \.If the system 1s re-solved using

* operator 115;, the amount“of computer time. required 1s

iS!

gre tly diminisﬁed. i? the zero e]emeﬁts'rema1n zero and
:fhe-nonzero'eleménts change;ﬁthe same "operator. 115t" can
be -used to solve the new system This 1s essentia]]y
what occurs during numerica] 1nt;grat10n The operator
list could Be set up on the first 1ntegra§jon step and

used on 1ateﬁ\steps to solve each’ new ]1near system,

h
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Gear's 1ntegrat1bn aigorithm in- conjunct1on with

the Bending Hutch1son 11near equat1on so1ve has been 1m-

p1emented 1nto DYNSYS vers1on-2 0._ An opt1on for stiff

systems w1th tr1d1agonal Jacob1an matrix‘ﬁs also 1nc1uded

The procedure for wr1t1ng modu1es 1s out11ned

[

Four smaT] examp1es are presented to- 111ustrate

the new execut1ve

(1)

(z2)

" stiff, 2 o, d.e.s per reactor.

(3)

(4)

pr0posed by w1111ams and Qtto is also described

The level control of a2 stirred tank system (nonstiff)
with t1me delay

A- network of 15 st1rred tank reactors. st1ff and non-

-
-

A tubular reactor with 222 stiff o.d.e.s" r95u1t1ng
from the d1scretization of the partial d1fferent1a1

equat1ons
|

A tubﬂ]ar reactor with 49 Stiff 0. d ens with tr1- v 2.

I3

d1agona1 Jacob1an matr1x.

l

A simu1at1on of a fict1t1ous chem1ca1 plant
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1. INTRODUCTION TO DYNAMIC SIMULATION

13
Dy?amic simulation in this thesis will refer to

the study, via digital éomputer Sihu]atiOn, of the-dynamic
behaviour of a process which is changing;wifh time. \ In
our context, Ehe proﬁess will be all or part of a chemical
plant. | | |
There are.many analysis and-ﬁegignlproblems that
may require a flexible dynamic model forizﬁéir §O}Ption31

for example:

(1) Difficulties in start up or shut down of 4

process,

(2) Control strategies including finding suitable

controller settings.

(3) The influence of frequent disturbances or

fluctuations in the procéés.

{4) The response of the plant to equiphént failure

and testing of corrective action.

~ (5) Operafihg strategies for multiproduct plants.

In addition there may be some steady state process

{
problems whose solution can be obtained by driving a

-—

- @, 1 1

E
i
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dynamic model of the process “to the steady state (thus

-

avo1d1ng numerical 1nstab111t1es in a steady state jter-.

Aat1ve process, for examp1e)

Various executive computer nrograms have been

deveTopgd to handle the information transfer and ca1cu-
A | . . )
lations for performing a dygamic simulation.

1.1 Equat1on Oj{B;ted Approach

The eouaxwéa oriented approach vias deve1oped

first. Here, the usen would write, possibly in some coded

manner, all the a1gebraic and differentia] equations de-
scribing h1s process and the executive would then solve

all the eouat1ons simultaneousiy over a per1od of time.
\

There have been over thirty packages developed s1nce

“n

1855 (Franks, 1967). Table 1.1 lists some of the more

- common, recently developed programs: MIMIC. (Northcott,

B

/ ) )
19.67)1 CSMP  (CSMP, 1967)-and IMP (Brandgn, 1972). .
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 Table 1.71: E.quat_ioneOrignted' Execdiﬁe Pr'ogr'am's' For
_ r . - Dynamic Simulation ' L
N . | .
g . j
. . ' Institution Where
Acronym Date | Fuj] Name Developed
MIMIC 1965 g Wright-Patterson Air
’ Force Base, Ohio
csMp 11967 | Continuous System IBM
. Modeling Program T -
|iMp 1972 | ImpTicit Solution, University of \
' Software System - Connecticut
&9 - ) )

-



1.2 Modular Approach
In the past few ygg%é,severai executive prOQramsf”'_
_have been developed, mostly by chemica] engineers.‘which
are ‘more prob]em oriented | A sommary of-these.appears
in Table 1.2: SWAPSO (Utsumi, 1969), KARDAZ (Brambilla
et al., 1971;'Kardasz, 1969;‘Kardasz and Mqanar. 1971,
1974), DYNSYS (Bobrow, Johnsog and Ponton, 1§7o 1971),

FLEX. (Shern and Petty, 1970), PRODYC (Inge]s and Motard, )
ACHE—.

51970), REMUS (Ham, 1969), EARLYBIRD (weaver, 1974)
(Loibl, Camp and Wilkins, 1973), DYFLO'(Frauks, 1572a) and
- OSUSIM (Koenig, 1972).  More 1uformatioh.on thesg packages
aupears in Section 3.4. .' B

_ These problem-oriented programsluse var1at1onsiof i
what is known as the modular approach. A real plant is
“made-upfof processing units sych as reactors, heat ex-
'chengers, compressors, etc._with connecting lines of
matetia1 flow, The flows, temperatufes, concentrations.
and.other variables in the process may be measured and
based on these measurements, control]ers can act1vate
controT devicés in an attempt to achieve dESTFEd conditions
in the plant. Figure 1.1 illustrates a very simple mixing
.operetion,which is;made up of‘d processfng udit with con-
ttdf]ers and control ualves in a urbcess f1ow diedram.

Fach of the interconnected units'can‘be'described by

mathematical relationships relating inputs and outputs,
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Table 1,2:

o

B

Dynam1c S1mu1at10n

4

'Prob1em Or1ented Executive Programs For

Acronym“-

Inst?tution whgre

‘Date‘ Full Name. " Deve1oped
SWAPSO © 1969 | Stone and Webster | Stane and Webster
A1l Purpose Simulator | . -% "' . . -
and Optimizer | ]
KARDAZ - 1969 | Kardasz Program Unfversity of P1sa
DYNSYS 1970 | Dynamic Systems % McMaster'Univers1ty
; Sjmu]ator a »
FLEX 1970 Proct@r and Ganb]e
PRODYC 1970 A System for - Univensity of
; S Simulating Chemical Houston 1
\ Process Dynamics'

. { and Control - _
REMUS 1970 Routine For Executive Uﬁ1versity‘qf'
L : MuTti-Unit. Simulation Pennsylvania .
EARLYBIRD 1971 o * | Tulane University
ACME 1972° | Analyzer For Computer University of -

o Modeling of Chemichal Detroit

Engineering‘Processes - _

DYFLO 1972 | | buPont
OSUSIM - - 1972 | Ohio State University. Ohio State .
' :Simu1ator University

e
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The assemb]y\of the set of mathematica1 equati%ns for:

simu]at1ng one of these process units, 1nc1ud1ng contro]-

,11ers and contro1 devices, 1n a computer program subroutTne

Js ca11ed a un1t computation or computation modu1e LT
: Just as & chem1ca1 p1ant 1s ‘made up of assemines
of the phys1caT units, a mathematica1 model of a p1ant can
. be- assemb]ed as a network of modules,- among which infor-
. mation w111 f10w 1n a manner ana]ogous to the mater1a1
‘flow or contro1 signaTs 1n the real p1ant. Figure-?‘? 15
a dynamic 1nformat1on f1ow diagram that corresponds to

‘Figure 1. 1 It can be seen that there is a very c1ose

similarity between the process f]ow dfagram and the dynam1c-t-

rﬁnformatfon flow diagram N
>

This bu11d1ﬁ§-b1ock approach is very convenient.

- \\‘

for eimulat1ng systems which .are very modu]ar, i.e., which
have many different pieces of phys1ca1 equ1pment and

'-where.1t 15 desired_to study different ;omo1nat1ons oT*
oonfiguratione of these equ1oments and their effect on the
d}namic behaviourd It is not as efficfent computat1ona1]y
as the equation oriented approach since there 1s more

/

1nformat1on_transfer, however, it does,aT]oq'the user to

. visualize his procese more easily sinee eacﬁiotece of '
equioment ie'usua11ygrepresehted by a_oorreeponding

. module., = - {_M-fﬁ\_ o /

. ‘r.,u_-‘
L . e

i
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Severa1 modules of d1fferent 1@vels of soph15t1~

"cation can be deve]oped for the same eduipment As a

'Tdbrary of equipment and contro1 modu1es becomes ava11ab1e.

'fthey may be readily used for, the sfmu1at1on of . ‘new plants,

' proudded that the modules have ‘a reasonab?e 1eve1 of

genera]ity This reduces the programming effort of new
p1ant studies.\ A new simulation wou1d require perhaps
one th1rd of the modules to be created, wh11e the - remaining
twp thirds cou]d he taken from the 11brary .

] ‘ ~The modu]ar approach dea1s with the rea1 var1ab1es
of the® process, rather than- transformed variab1es,‘and'

v

furthermore the - modu]es may be quite nonlinear in behavioura'

<

This should encourage contro] studies by des1gw and process[

' feng1neers,-even if they are unfam11iar w1th modern contro1

'systems theory and termino1ogy

PR
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1.3 Thesis Objectives | . *

The objecifves'of,th1s thests are:

(1) to cr1t1ca11y evaTuate numer1ca1 techniques for ‘the
solution of systems of stiff ord1nary different1a1
h‘equations such -as those encountered 1n the anaTys1s
and des1gn of comp1ex chem1ca1 processes and to-

deve1op improved techn1ques for these s1tuat10ns

= (2) to cr1t1ca1]y ana]yze the DYNSYS package wh1ch is

under deve]opment and-to 1mprove its approach “for
o .

°ana1yz1ng and des1gning comp]ex systems,

' 'e“ (3) to demonstrate the appTication of an fmproved DYNSYS

to several examples 1nc1ud1ng a dynamic simu1ation of
a rea]istic chemical process and to make recommenda-

Ed

tions for a 11Qrary of unit computations

r '

A
o
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2. NUMERICAL SOLUTION OF ORDINARY DIFFERENTIAL EQUATIONS

A fgndamenﬁa1 part of dynamic S{mu1atipn is the

numerical so1ut1on’of'ord1nary diffEreht1a1 eqqations

(o d. e.s).. Part1a1 d1fferent1a1 equations canlbe bFoken
down into o.d.e.s by d1scret1z1ng one or more of the inde-
pendent variables Higher order 0. d e. s can usua]]y be
broken down 1nto a set of first order eqdat1ons Thus we
are prfmar11y concerned w1th the numer1ca1 so]ution of a
set of first order ordhnary differenttial equat1ons. Ihese
are usually 1n1t1j1=va1ue prob1ems where each of the‘1nde-
pendent variables 15 spec1f1ed at some initial time ‘valide
(normally t = 0), ather | than boundary value problems
where the 1ndependent var1ab1es are not a11 spec1f1ed at

the ‘same time value. There are a large number of numeri-
ca1 1ntegrat1oh techniques, for ;obv1ng these‘equat1ons.
This chapter discursses some.aspects of thesefﬁechn1que57

/ C ¥

!
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2.1 Introduction o
We are considering'the system: , - (\
v o= f;-‘é = Flt,y) (2.2.1)
with initial condition:
. vit ) = v, - (2.1.2)
where y may be scalar or vector.
. . i
Flt,yl represents any function of the, de-
pendent variable y and the indepén—
il ~dent variable 2. \
t, *represents the initial value of ¢ and
v, is the initial value of y(z) at - o
“. =z

0"

By a solution to the above system, we mean a curve

in the y(:t) versus ¢ domain
(fo,ycj and which satisfies
tion,we mean a discrete set

correspogding to a discrete

which passes- through the point -

(2.1.1). B8y a numérical solu-

of values of y(t) called y }

set of

¢t values called {¢ )

which approximate the equivalent continuqus yz(t) versus %

curve.



.

To obta1n these d1screte sequences, we cons1der a

finite set of po1nts {t } which form a grid a1ong the ¢

~coordinate, Each p01nt in the sequence will be related

to the previous point by the relationship:

bip; St t A, mo= 0, 1, ..., 8 (2.1.3)

- /
2 B . i i
o ; . j

where hr is the grid spacing.

Numerous technigues have been deve]oped to solve

o.d.e.é the two principal types being single and mu1t1p1e-“

step methods

»
-
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. 2.2 Existence and Uniqueness Theorem

Before we attémpﬁ to find'a solution to (2. 1.1)
and (2.1.2), we must be assured that a unique so]ut1on does
exist. - The following two conditions are necessary and
'suff1c1ent for a unique solution to exist in the t1me in-

terval [a,b] (Henrici, 1962)

1. F(t,y) is defined and continuous in the interval

ct

a < < b, - = <y < o where ¢ an%;b are finite.

2.. There exists a Lipschitz constant I such that for any

tela,»] and any two numbers u and v:
| Fet,u) - FCt, 030 L Ju - v (2.2.1)

In the nonscalar case, vector norms replace aEso]ute
values, \

The author is not aware of any'equations;resu1ting
from chemical engineering applications where éhese con-

ditions are not satisfied.
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2.3 Single-Step Methods

‘Single-step ‘methods do not require any 1nformat1on

pr1or to (¢ ,y ) to ca1cu1ate The most common

rntl®

_ single-step methods are the Euler and Runge-Kutta types.

The simple Euler method is i
= v, +.h f(tn?yn) 12.3.1)

Runge-Kutta methods use evaluat1ons of flt,y)

w1th1n the interval (¢ ,y ) and (b”+1,y;+1)f'

The general single-step equation is:

where w. are weighting coefficients

v is the number of f(¢,yJ ﬁubsfitutions
-1 /

and k. =k f(t_ + c.h,y + I a.. k.)
el Z mo iy i

ey,
<y

¥.

=y +

Upi1 =¥, * 5 Lk, + 2k, + 2k + kg]

1 2 3

{7

.
R e bR L L L

[



~
! -
) .
- .‘. - '_.\‘_ . l'
where kl = h f(tn,yn) )
: | 7 (2.3.4)
ko =k ;(tn f‘? hy, ¥y, * 3 k1)
k. =k f(t +1h, y + %k
3 T 2 T Ty T e
54;h1(t?‘1 + }:, y, * kSJ
2.4 Multiple-Steép Methods .

A multiple-step or multistep method is one which
uses information prior to v, to calculate Y,..7- The
general linear, k-step differential-difference equation
w?ziljjfstant coefficients is:

- . k k ' e
Ypey = E 9 Ype1.i P By Ypegop (2-4.1)
=1 . i=0 )

If BO = 0,“the resulting equation is called an
explicit or predictor formula. However, W BO # 0, the
resulting equation is referred to as an implicit or cor-
rector equation. £ 5

The normal mode of us3ge is to use ‘an explicit
form of (2.4.1) to get a first approximation to yn+1,(the

bredicted value) and then use an ihplicit form of (2.4.1)

to improve on this value with gn+ evaluated using the

1

predicted velue of y The process may be repeated

n+l’

using the new value of §r+1. ca1cu1aféd from the new

-

[

[P
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value of y ' This may be done several times until -

n+l’
¥, _,; converges to a fixed value. The term PECE means ‘a
predactor step followed by 2 derivative eva]uat1on then
a: icorrector Step and another der1vat1ve eva1uat1dn For
”ﬁ\FE(CE) the 1atter step is repeated s times. These are
- also known as predlotor corrector meth;ds a]though a single
step method can alspo be a predictor torrector

A common]y used comb1nat1on is the Adams- Bashforth
pred1ctor with the Adams Moulton corrector equat1on The

third ordér equat1ons are.:

L

PREDICTOR: y . =y + 33 [25y - 16y, + 5§ ]

" (2.4.2)
" coR . R

CORRECTOR: gy ., =y, + 33 [sy ,, + 8y -y .1

9

r

fr
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of apﬁroximations Y,

ated.

Stability

-

AY
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In the numerical §01ution'of an o.d.e., a sequence

to. the true solutxon y(t J is gener-

The stab111ty of a numer1ca1 method refers to the

behaviour qf the.d1fference or accumulated error y(t;)-yr

as ,n becomes large,

-Stabiiity analysis.is uéua]ly performed on' the

scatar equation: o

y(o) = 1 -~ . (2.5.2) -

with analyticafysolution:

or

y(t) = exp(irt) | . (2.5.3)

-

- For the numerical solution, if h is constant

t =nh , y = e n=20, L, 2,... (2.5.4)

= g y N ~ (2.5. 5)

!‘-,,’

[\
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o
= ,
2.5.1 Stability Of Multistep Methods . \\¥$_.
Applying the general linear multistep method - °

(2.4.1),'ﬁe-get the cHaractéfﬁstiC'equation:

0
\j x . . % .
~ r Uk - I a.'uk_z -Ahl z F-'ﬂ%‘z =0 (2.5.6)
. T . R A .
=1 =0

which has k characteristic roots Moy i =1, 2,

s k.
o \ o,
- The numerical solution is thus:
: k " .
y. = I d.u." - (2.5.7)

where dl’ ey dk are constants determined by the initié]
conditions. “
One of the charaEteristic rootsiapproximétes_the
Taylor Series expansion of‘the true solution y =‘exp(lt)
o . .
witﬁ a truncation error corresponding to the order p ofi\

the method. If we Y9et this root be Mo then-as » - ¢

el

W, = exp(hA) + o(nP*I) (2.5.8)

s

This root,;called the principal root, is the root which

we wish to be‘représented in the numerical solution, since
uzn ?pbroximates expinhX). The other k-1 roots ware
extraneous and are as é result of the use of a dif ence

-

equation of degree k to represent a first order



oas thosé-of

'differential equation.

“able.
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N VA :
The extranecus roots have no re- -

lTation to the exact solutian; but nevertheless are unavoid-

.- The characteristic roots of (2.5.7) ére'thé ;ame’-

oy

the difference equation for the error:

.

%

£ i J . ' . "0'
. ‘l‘}{ LT ' P
=y, - ylt) = (2.5.9)
L i _
= o w7 (2.5.10)
1=1 : R . &

RN

- . ; L : -
For a valid numerical solution we require that e

cnot""grow with n.
absolutely stable if lu <1,

The critical prdq1ems

A linear multistep-method sis called

i =2, ..., k.

of numerical stability in

0.d.eS are associated with inherently stable o.d.e.s

(Re(X) < 0) in which absolute stability is, the important

fdctor.

The value of kX for which [uij =

7 and for which

a small increase "in A\ hakes Iuil > 1 is called the

.general stability boundary.

Any method w%th a‘finfte

stability boundary %s ca]fed c&nditibna]]y stable, where- .

as any method with an infinite generiﬂ stabi1ity.boundary

. is called unconditionally stable ‘or A-stable.

The recent

literature contains many new stability definitions

(Lambert, 1973; Widlund,

J”T\./

1967; Cryer, 1973).

-
~ .
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B 3

Most convent1ona] methods have stab111ty boun-“
daries roughly 11ke those-dn Figure 2 1. . A- stab111ty
. would require abso1ute stab111ty for the entire 1eﬁ¢ hand

pTane (Dah1qu1st 1963} .

Dah1qu15t (1963) has proven severaI 1mportant .

theerems for mu]t1step methods:

. , | a \
- (13 An explicit linear multistep method cannot be

A-stable.

(2) Thefordér of an A-stable imp1gcit 1dﬂpar

hultistep method cannot exceed two.

(3) The second order A-stable impTicit Tinear
multistep method with the smallest error con-
stant is the trapezoidal rule:

- ko, . . .
Ype1 = ¥y T3 0ty q) o (2.5.11)



)

B
[

FIGURE 2. :

-

)

;

" TYPICAL STABILITY BOUNDARY FOR CONVENTIONAL
' INTEGRATION TECHNIQUE ° |

21
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v2.5,2 S'tab'i_'i;'it_y 0f Ru'nge}_'k'u-f;t-ai‘Me,t'h-ods R P

The dafference equat1on resu]tlng from an-explicit -

Runge Kutta method 15

,:/ | - .

p 33T o4 ov W | .
Yooy =L 3 L4l _‘diﬂigéi—_}'yn (2.5.12)
. =0 - . 1=p+1 ' .

or ) o I
- . '.“, . o o . .
Ype1 T M1 ¥y o (2'5713)

o -

‘where p 1s the orﬁer'bf the method.
“ v the tJ)Qer of der1vat1ye substttut1onsu
N at are. constants depend1ng on - the spec1f1c formu]a
“and My is the character1st1c root of the equat1on ‘
| anfﬁogous to the pr1nc1pa1 root, of a- mu1t§step
method. - '
The numerical 201ution’is'thqs;.

}

(2.5.14)
and' as for the linear multistep equation, we'}equfre for
absolute stabi]ity ]u | < 1; this usually requires.
-;|hl| < k where k is of the order 1 to 10.

Note ‘the difference.in the bas1c causes of 1n-
stability for the two types of soﬁut1on The d1fference

equation for the mu1t1step method yields extraneous roots'




.

-whfth can cause 1nstab111ty 1f any one of them 15 greater

than ]; However, for: the Runge Kutta techn1que, there ar
’ o

noe- extraneous roots and 1nstab111ty is caused only by

-

.tak1ng a step size wh1ch is too 1arge for the series to

f_represent the character1st1c root accurate]y

2.5.3 " Nonlinear Systems

23

e

.The preceding stability ana]yefs has been applied ~

to tﬁE‘Tinear system~g = Ay. There is no general
‘ LT x co T .
stab®i'ty theory for the honlinear o.d.e.: = f(t,y), bu

at any po1nt in the 1ntegrat1on, the equat1on can be

‘f11near1zed by a Taylor. Ser1es about that po1ﬁT“ ”’ynli
Sty s oy
- : 2
= f(tn,yn) + Py (y-yn) + 0(h*) . (2.5.15)
@ L
L ¥

Hildebrand (1956) has shown that the stability

to those of the origiﬁel equation for small h. Thus the
stability analysis for the 1inear_ease represents the
nenlinear problem at Ieaetliecally. ‘

The eigenvalues of (2.5.15)} correeponding-tO'A of
y = \y -are the eigenvalues of the Jacobian matfix-%§ .

For the system y =.f(y) the Jacobian matrix

~
+

-is: - H

B

t

- characteristics of the linearized o.d.e. are very similar

)
=l
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2.6 Stiffness . - /

A §tiff o.d.e. is one iﬁ which one component of
the solution decaysrmuch-faﬁter than'others. Thié may
occur in"a single o.d.e. or in-a system 6f o.d.e.s. The

f'term "stiff" probably arose from theﬁﬁtudy of méﬁhanidai
or‘structural prbbjeﬁs which hgd both soft and stiff .Q
spring constants (Steeper, 1970).

An example of a single stiff equation is:

-

/ < 32 = s200 [y - s(2)] #3508 (£.6.1)
7
10 (2.6.8)
10 - (10 + tle” *© (2.8.3)
The analytical is:
S(t) = alz) + 10e7°00F (2.5.4)

It is more common, however, for this condition to occur in

systéhs of equations. As an example:

-500.5  499.5 .
£ = [ 99.5 -500.5 1 g f2.6.5)

TR

1
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F
) y(6) = | | (2.6.6)
- ‘-—
- .
with analytical solutien
) ¥,02) = e "r- g=1000e (2.6.7)
v (t) = &% 4 o7100CF (2.6.8)
- The: eigenvalues of the matrix of coefficients-are
M. = -1000 and A, = -I. In terms of time constants, they
are T, = £.001 aﬁd'f = I the e1genva1ues and time con-
’ -~ .

stants are negative rec1proca1s

Both »_ and

[ 3¥]

o
<
‘-

have a rapidly decay1ng component,

26

correspond1ng to - \1’ wh1ch very -quickly becomes insignifi-

cant. After the_br1ef 1n1t1a1 phase of the so]ut1on in

which the AI component is not neg]igib]e, we'wou1d like

to use a step size.kr wh1ch is determ1ned only by the com-

ponent of the squt10n correspond1nq to A However

<

~

stability considerations demand that both

;:,\1[_

be bounded for the entire integration, usually by a

and |nA |

~

=,

number from1 to 10, As an exa ple, Ed]er's method requires,

lra.l = 2, .
1.

Although the compor®At of the solution correspond-

ing to A is of no practicdl interest, the criterion of

absolute stability forces us to use an extremely small
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p
va]ue of = over the entire range of 1ntegrat1on As a
resu]t the computation time necessary to 1ntegrate a

h1gh]y stiff system can become excessive. "It is desirable

~ then, to use a method which is not so restrictive in step

B

size, for exampieﬂ a method that is A-stable.

The ratio of the largest to the smellest'eigen-
value in absolute value is called the stiffness ratio.
In (2.6.5), the stiffness ratio is 1000, a moderate value,

In practice,ratios of the order ’IO-6 have been encouhtered,

- for example,; the hydrafen—bromine reaction {Creighton,

1971).

Mathematically, for a stiff syetem, the real part
of the largest eigenvalue is huch less than zerotand‘the
absolute value of the ratio of the teal part of the

largest eigenvalue to the rea] part of the smallest e1gen-

value is much greater than one.

i.e.: FRe(A_ ) << ¢ (2.6.9)
mas
Re(Anar) _ - _
W >> 1 (2.0.10).

mwn

One way of determininQQStiffneSSLis to calculate
the eigenvalues of the Jacobian matrix, but for all but

the most simple tases, this is very tedious. . In practice,

4

an easy way to identify a stiff system is to use a

e A



28

‘conventional methoﬁ.td integrate it. If an éxtreﬁe]x
small value is neéded for the steb size (Say"l< Okéi) to
avo1d 1nstab111ty, the system 1is ptcbab]y stiff and a
spec1a1 -method should be . used
: St1ff o.d.e.s ocgur. commonTy in reaction kinetics,
control theory,_c1rcu1t theory and to some extent 1p
(\_:ilzlztage systems. They aré obtained in theoretical
' u s of reaction kinetic models of systems where the
rate Lonsfantsifor thé reactions involved are widely ' -
'éepar ted. Such sysfehs oécur in many‘fie1ds of cﬁemistry.
particylarly when radicals or quasjstat'ohéry species are
involved. The stiffness in control fhég;;;could, for in-
stance, stem'from the difference in time constants between
the fast electrical control circuits and some slow ‘mechan-
Aicé] devices. Stiffnesé in circuit theory often occurs in
situations where transistors or other nohiinear semi- -
coﬁductofs with very small time constants are connected
to nét@orks, often linear, with much larger .time constants.
Stiffness can arisg,in multistage systems,.for example, in
a distillation column because the time constants for the
various components and plates may be very diffefent and
also since the time constant for the rebo1]er s 1ange
-compared with the time constant of a p]ate
Many chemwcal-engwneer1ng systems give rise to

stiff systems. Such situations bccur in chemical reactors

Y

-



29

(Ahundson, 1965; Amundsqn and Luss, 1968; Crefghten; 1971
DeGrbat and Abbett, 1965;‘EmanueT, 1963; Eséhenroeder, -
Boyer and Hall, 1962; Gelinas, 1972; Moretti, 1965;
Robertson, 1967 and Williams and Otto, 1960) and fn
multistage Systems (Dav1son 1968; Distefano, 1968a,b;5;
Haines, 1969 Mah, H1chaelson‘énd'Sargent, 1962 and
Roseﬁbfock, 1957); | | -

2.7 Accuracr

In numerical -integration there is- usua]]y an error
assoc1ated with the method.

One source of'errpr is the round-off error which

is introduced-by the machine due to the finite number of
significan&\figures carried. Double precision arithmetic

* ' /. 3 - -
can be used,.if it is felt rounhd-off error is crltlcaT;

; -

however, ‘it is very difficult to estimate and is usually
neglected (Henrici, 1962).

The global truncation errbﬁ of'a,meihoﬁ is the
difference‘betweeh'the actual value ahd the calculated:

value :
b ]

-

ACT CALC (2.'7.1')

s

£

It is usually very difficult or impossible to calculate,

(YA



‘the form: . - I -

30

The local truncation error is the error comn1tted

“n+l

~in one integration step from y ‘to y . It is often of

-

LT = crPPT P ey b b qae

n < n+1) (2.7.2) '

If as = ~ 0, the L.7.5.. becomes o(kPT) b s

.called the order of the method.

The gIoba] truncat1on error is actua]]y the
accumulation of the Tocal truncation errors. Because the
global error is so difficult to calculate, the 1dcal trun-
cation error is usually controlled. By keeping the local
error beToQ some speq%ﬁ?ed value at eﬁch step, it is hdped
that ihe global errar is also kept under control. The
step size can be chosen automati;a11y to do this, if there

is an estimate for the local error.

2.7.1 Single-step Methods

Among single-step methpqs, Euler's method has no
error estimate, nor do most of the Runge-Kutta ﬁéthods;
Merson (1957) devised the first Runge-Kutta method with

b *
an error estimate: (



ko= hf'rt?‘:,yn) | \

ko = RF(E + %.}, y, * % k)

ko o= Rf(e  + %p, y_ * % Ry o+ % k)
ky = RE(E + %h,' y, + % kl\+% k)

‘ 1 ’ -
Y = y + ={(k, + 4k, + k_) {2.7.3)
“n+l n , 2 4 -]
nod : A5
r . o= 1 (ox _ P
L.T.E. = 35 (2’(1 97<3 + Ské ks) (2.7.4)

" Other Runge-Kutta error estimators have also been
developed. Lapidus and Seinfeld (1971) list a number of’

these.

2.7.2 Predictor-Corrector Methods

Preaictor—corrector methods have very coﬁvenient
tocal truncation error estimates, if the predictor and
corrector are of the same o;der. For example, consider
the third order Adams-Bashforth predictor, Adams-Moulton

corrector (2.4.2). .
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- c_ 9 e (4),,. .
,Pred1ctor errorys = ﬁ y (Sp)
» P -
i bpaz Cfp Sty (279
L
o1 .¢ ¢ o
corrector error = - 57 b ¥ (Ec) o
tn < Ec < tn+1 (2.7.6)
_ ' ‘ ' v . . .
.The exact value of y at t .7 1S given by:
PRED _ § <% (4, o o
g(tn+1) =Yg 57 Ry (Ep) (2.7.7)
_ CORR 1 _ .4 (¢4), ., ”
and ule 40 = T Ry (Ecg (2.7.8)
PRED -9 .4 (4),. , _ CORR _ 2 .4 (4)..  , ,,
Thus y?‘.'f-l + g ny (Ep) = yn+1 b o4 h Y {Ec) (2.7.9).

35"

y

Assuming.the

!

oversthe interval

)

ORR PRED 4 (¢)

s _
Lt yn+1 =7z h‘y (&) tn—1_< & < tn+1

thus predictor error = %5 (yﬁi§R - yif?nf‘
corrector error = z CORR - PRED)

n+1

- >

- 17 Y1

ourth derivative remains fairly constant

(2.7.10)

(2.7.11)

(2.7.12)
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A possible PECE_q1goritﬁm is:

PRED .

(1) caTcu]ate‘yr¥1

{(2) add predictor error (from previous step,

assuming little change)

{3) evaluate derivative

CORR

(4) ca]cu]ateryn+1 -

(5) add corrector error . 2

. (6) evaluate derivative
T3

2.7.3 Changing Step Size \

Usually the local error is kebt below some speci-
fied tolerance. If the error is too large (greater than

tolerance) or too small (less than say }U'of the tolerance),

.the step size is adjusted. One common algorithm is to

double the step when the error is too small and halve. the
step when the error is too large.

Another scheme if the error varies as say, e
2

-
-

E = Ch (8.7.13) .

Then if,
- g _ .
EACTUAL = CIhOLD > TOLERANCE (2.7.14)

3

..

s



or

If the desirdd error_ is Say, ha]flthe tblgrance,

? . ' . 4 ) * .‘
EDE;:;;L = O.S(iOLERuHCEJ = ?éhNEW , (2.7.15)

Y

Assuming c, = ¢

2

L)

E .k : ‘
T I S

gt LT JOID G4 e

EDESIRED NEW

Thus the new step'size is chosen as: o
: -

7
hNEwhz hOLD.[ EQEE;EEQ.]&- . (2.7.17)
7 ACTUAL :
— hOLD [ 0.§(TOLERA¥CEJ ]H (2.7.18)
- ACTUAL '

2.7.4 General Techniques

Usua11§ retative error is controlled but if. the
1ndependgnt variable becomes small {less than 1), it is
Better to control absolute arror.

For a Syste of ations, the maximum error.may,

v Be controlled. Gear (1971a) controls the Euciidean norm
of the re]ativé‘local truncation errofs, .

.There are maﬁy other numefica]'intéérétion tech-

nigues whi;h may or may not have error estimators. An

efficient and convenient local, error estimate is a



des1rab1e feature of any 1ntegrat1on techn1que, assum1ng
a great deal: of compﬁ}at1on t1me is not requ1red for,
estimation and step chang1ng LI -7' f
If the method does not have an est1mate, one
strategy is to 1ntegrate the method- us1ng a step h and
/\
then repeat the 1ntegrat10n for. two steps each of E

-~ ™

'By Richardson extrapolation, an express1on for the 10ca1

truncat10n error is (Carnahan, Luther and Wilkes, 1969):

) | - : a
' LT E. - 2 (yn+1 2 " Ype1, 7’

2Pl 1

(2.7.19)

-

where p-is the order of the method
Ype1, 1 is the value caTcu]ated by step h

' :
Yps1, 2 is the va]ue ca]cu]ated by 2 steps of =

2.8 ‘Accuracy Versus Stability -

For a stable numerical so]ut1on conventional
methods for solving-o.d.e.s requ1re that [nA] for each
-eigenvalue be 1ess than a number of the order 1 to 10 and
hence the step size is restr1cted to be not much greater
than the sma]]est t1me constant present. 0rd1nar1]y this
restr1ct1on on h does not control the step size SInce the
accuracy requ1rement or the prescrlbed bound on the local
truncation error,_usually forges the step size to satisfy

an.even more stringent restriction. However, for stiff
: ol
\ :

~,
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’

the,bound on the step s1ze necessary to ma1n—

'équatiohs
=ta1n stab111ty can be three to f1ve orders of magn1tude

ems, some components may be so

»~

olution for the main components

the soTut1on be stab]e

so]vwng{st1ff qquatugng. A 11terature\survey bf these

e

appears 1in

e
I3

lowing chapter. )

b
necessary tc‘simu1ate'them‘accurately
- i
" What

many numer1ca] methods not subJect to

ra
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3. LITERATURE SURVEY OF HUMERICAL METHODS TO SOLVE

STIFF SYSTEMS

The first mentlon 1n the ]1terature of the stiff-

'\ness prob1em was probab]y Curtxss and H1rschfe1der (1952).

£S1nce then the subject has received a gre t deal of at//
’ 7
tent1on, notab]y in the 1ast f1ve or ten y:§>£\H_Th1s

'chegier surveys the methods which have been prppoeed to -

handte st1ffness U

" 4

N 4

3.1 fConvenfionaI Methods . Cl

Convent1ona1 mgthods are restrvcted to a very 7>

I

3 sma]ﬁ\‘rep size of the order |RA| less than 1 to 10. ¢ 1f

a convent1ona1 method is to be chosen;:it is redasonable

lto use one which requres.thfaieast;work per time sfep,
h

_since they will use roughly the same step size and they

‘v a Ly

will all be extremely accurate with such a“Sma]l step,

This method is the Euler method which has been recopmended

Fal

by Franks (18771, 1972b) However Euler's method will eti11 '

use a great deal of computer time in solving stiff problems

as shown in Chapter 6.

37
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- 3.2 Pseudo Steady State ApprOach ) o

" - [

. t
Y

_ Franks (1972a) suggests that the proper approach
to st1ff’prob]ems may be to s1mp1y e]1m1nate those dif-
ferent1a1 equat1ons hav1ng ‘small time. constants and solve
them as aIgeBra1c equat1ons instead. Th1s is genera11y'
ghown as the pseaﬁo steady state approach . -

' Snow {1966) developed a computer program to ca]-
cu]ate the prodict distr1but1on in any homogeneous reaction
mechan1sm The program includes a numer1ca1_method to
apply the steady etate.aeeumpfﬁbn when a meehanism involves
intermediates present in qu concentrations.a -

: Brayton, Gustavson and Liniger (]966) analyze the

?Yan51ent behaviour of a }ranSIStor circuit. They xedice

the- or1g1na1 system of differential equatlons by sett1ng

3

ts. They point out that the new steady

the original one. ‘Thé error is roughly

of the order ij’fﬁg ratio of the resistors neglected to
For some_prob]ems thje_accﬁracy mfght be

(N

The pseudo steady state'approaoh does introduce.
. . -

some Targe errors initially in some components. It 1s

sufficient.

poss1b1e for these errors to be propqgated throughoﬁj’the

 solution so it is r]skylto use this procedure (Emanue],

1967; Kolbrack, 1967; Snow, 1967; Gelinas; 1972). Also



wiﬁh a complex nonlinear system, 'it may be very difffcu]t

or even impossible to eliminate the small time constants.
Perhaps futufe research will find‘£ﬁe_condftions

ﬁnder which thg pSeudo_steédy stetelapproach fs apblicable

"and Ehe arrount of error incurred.

\
e
~

~

o
N\

3.3 Stiff Tachniaues .

N ‘ ; _
In th;\;:?%\gecade, many new sophi§ticated e thods

™ \
N

héye been Heve1oped t&é&&gﬁcome the in;tabiiity problem.
The fjrst major atégﬁ \fto survey 'stiff techniques
was.Bjure1 cn al. (1870). There\?%\§ been many reQ{ewﬁ
papers on a smaller scale {Lapidus ::??}\infeld, 19715
Walters, 1971; Siqurdsson, 1970; Gear, f96§3}§§feeper,

19703 Calahan, 1969: Hull, 1969). - TN
This syr?ey is not.as‘detaiIed as that of Bjﬁ???;\\

<t =l. but it extends the literature to early 1974, but

since this is an area of current research; it should soon

be obsoclete. |

| Categorizipg the methods is difficult since some
methods would occur in more than one category; here we us
several rough categories.l Methods which are actually ?[9¢j\

tested in Chapter & are explained in greater detail.




D,

-tioned here.

3.3.1 Extenéioﬁ‘ﬂf Conventional Methods

Many authors have slightly extended the region of

stability of conventional methods. Some of these are men--

Lawson (1966, 1967b) has developed Fifth and sixth
order Runge-Kutfa formulae with extended ranges 'of

stability.

Schoen (1971) develops f1fth'and s1xth order pre-
dlctore for use with Adams-Moulton correctors of the same.
order. The resu]ting PECE aTgor;thms_have larger regions
of absolute stabi]fﬁy than the AeamS'a1gorithms of cor-
re 6Ending order. - | | S |

Emanb&] (J964) examiees the interéét}on betweeﬁ'a
stiff'equat%gﬁ‘anﬁ several COmmen 1nteqrat1on procedures
.He der1ve57e converaence condlt?on for the Runge Kutta

method which can be used to contro] the 1nteqrat10n step

AL

. N N <, .
-._tor corrector procedure 8 . .

“R\:-

s

Robextson (1966) comb1ned linearity’ with a free

parameteo/wn t;\\? rth order S\mpsons Ru]e and the th1rd

order Adams-Moulton eeaitgggx§fFor certain values of the

parameter he obtained stabil3

\fegions superior .




- a

a1

to_thos? of éither methdd“(Sigurdsson, 1970).
3.3.2 ‘Exp]iCig Methods

Tréanor (1966) has’ proposed a mddifiédrRque Kutta
method. He observed that many Stlff Systems are of the
form & = -2(uy-3), where F is a large number and z is a
s]owly-varying functidh of time, é can_ be approx1mated
by a power series in t1me conta1n1nc unknown parametersih
wh1ch are determ1ned in the course of ‘the 1nteqrat1on
In part)cu]ar the method aAssumes that the derlvatxve"can

be approx]mated in "any interval by:

The four constants 4., 5., ¢, and ». are evaluated

0

- [ [ -

by determ1n1ng the value of the der1vat1ve at four points
in the. interval [% st * R] and’ so1v1ng for the constants

from evaluation-of the above equation at the four points.

% hy, ¢t + % h and ¢+ k.
< n H n

-

The four points are .t ¥

n
The following algorithm is obtained:

-
- ~

) . a
Iypy = ¥y 7 ( 2 f"
e _ RoA(1) i
o~ - J?H'-H — ¥y ( ] ) fn,‘._x: o \ (3.3.2)
(3) (2) (1) }
Ynp1 T ¥p Y [éf Fa * Topy PRE, # Tp(Ep=2Fy)]

.i&?“
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o ; (4)
y sy, +h 7 T +h +f)+ A ¥
Hpp1 T “nc1 v5 Py, " vol&y ”*5 f%+5’
(2) , 2 (8) [ 8
+ RV Py + v, (P + 7
vr+5 ‘il 4 v (y Yol ‘n+1-]'-
where ‘
L - -Fn
ol . £ ’ - 2 ™ - & - 1+ P
7 - > 2 sy 2
_Dh (Pr)
-k X 2
Jl_ e - 1 + Ph - &(Ph)"
o _ < R L/__(p;‘:)a.
: (3.3.3)
v = =-F ' 75
7 - + 3
Un = S(Fn - ::..-.} -
- M= 4R - 3EF, -
O O -
S ~(1)
s _ i mth  “ton+h
7 w(‘?) B ,J(E)
Y, nt+h YT,nth

-

The value of P is taken to be th¢.1argesf value of
Pi; if this value is .negative, ? is set .to zero.
For small &, the method is identical to the fourth

order Runge-Kutta method (Eqn. 2.3.4).

I yn+1 - yn I at
. Yne1 :
each step between an upper and lower to1eran¢e. Double-

The step size control is to bound

halving is used.
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Jung {1967) has wr1tten a modified version of

Treanor 5 method

. Lomax and Bailey (4967)_have_ana1yzed the method
of TrEandr and shown. that it is'efficient if there is only
’one 1arge rea] neqatrve e1genva1ue or 1f all the large
negat1ve e1genva1ues are close to each other and real.

They also suggest some improvements of the method.

Richards, Lann1nq and Torrey (1965) dev1sed a

scheme for 1arqe st1ff sys tems based on Euler s method.

) The method. is based on two qua11tat1ve observations:

(1) It is possible to take a large integration
step even with Euler's method, if the value
of y_ié:Sufficiently close to the .desired
trajectory..

(2) The onset of instability is indicated by

sudden reversals of the. derivative. ' N

]]The algortthm uses Euler's method with step size

‘J "

A= B8 Trﬂ#ﬂ R where the double bars. indicate Euclidean
x.n

norms. & 1is a parameter that can be adausted for |

stability. Essentially it limits the fractiona1 change

~in the large components of y. B8 = 0.01 is a reasondble

value forG@most problems. ' . : <
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If the derivatives change greatly; i.el, if

-—

cpsé = Ep et ‘ 2
< -—
u v $

ulr ll Grerl]

. 4
then the initial value of ¥,,7 1s abandoned and replaced

by.an‘interpojated §a1ue: ) ’ | L

E o+ S(AE)
r .

o
]

n+l
YEW -
! = J + S{: - I 3
Yre1 wn (lfr-f-l k'r) (5.5.5)
Yoo (b -k
§ = =xn (zn £n+1)

Fowler and Warten (1967) derived an explicit
second order method for large stiff systems, where the
smallest time constant is real,

Consider the differential equation § = £(t,y) with

solution Yo At each step, let'yc'be the computed:

solution. Yo is assumed to be the sum of two functions,

.HA' an asymptotic ﬁart and Ypy @ perturbation from the

asymptote. Yy is to be determined from present and past

values of Yo In practice of course, Yo is not available

“and the approximations,‘yc,'obtained at the previous steps

are used in the calculations instead of Yoo



Five conditions are imposed to determine the five

constants ¥y

(),

Assumejy, and y

=2
e

are of the form:

v () =y () +5 5,08
B M el
5
-y e 27_1.
t +-L =1 - t t v
y-S( ) J_:( } o+ " yp:‘( }

|
-~ PE

three 6f these make’the method secand'order exact and the

(e),

sult+8) +y (t+ L)
. - Pofe)
r
-+~ - 7 + € ‘»‘I
= y-l(v) + -J'PE(L.) + Ey.l(v) 7+ lb

(t), Upplt}, A,

-

o
~ 4

last two determine the constants uniquely:

(1)
(2)
(3)

(4)

(ﬁi‘

‘o Vo

yA(t)

bt

(

]

Cu, () yPE(?) ::Z;NQ_/~

QA(t) +

Jpglt) = JTtt)
t) = gTrt) )
‘yT(t)

lypt) -yt - ot 1/h

The first

. €y

LY ]
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i)
p

.7)

There are several possible modifications under cer-

tain conditions and a complex étep size tontrol.



Yprl =

I
1 ey
]

o
..'.
e

He c?nﬁtructs arbitrarily large stability intertals,
By«

RA by choosing appropriate. values of the o and 5.

m
pertufhjng the a and Syllarger relative stability intervals

can be created.
The method is not self-starting; it needs three

calculated pojnts before it can take over. The step size

is fixed, as there is  not a good error or step changing
ana]ysis;i
Lomax (1968) proposed some second order explicit

Runge-Kutta methods which extended the region of

stability considerably.
Pope (1963) proposes the explicit difference

=

equation:

- P L 3 3.0
Ypp1 = Yy + h 5 * Yy ay [exp(hfy) ? hfy] (3.3.89)

Kubicek '(1975) has devetoped a complex 'one-step -
intégration method, based on boundary value technique.

~The algorithm is ndh]inear, explicit and second order,

Kubicek also claims it is A-stable.
. Chu and Berman (1974) describe an explicit complex

single-step method. It is second order.
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3.3.3 Implicit Multistep Methods | R
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XKlopfenstein and Davis (1971) present a study of a

cIass of PECE a1gor1thms cons1st1ng of an application of aA
'pred1ctor followed by app]Icat1on of one 1terat1on of a
pseudo Newtpn Raphson method to a corrector.

" They use algorithms of the form:

—
b = . Fa
."n+z +n (Q Jn *+ S f‘n_I]
Cppy = Yy * 7 [v 3(tr+1,pn+1) + u Jn] o (3.3.10)
. ; Nl
: = T . r1”
o1 =Pyt lal v EA I G Pzl

~ The a, B8, u, v and a are real constants, I is the
identity hétfix and J approximates the Jacobian.

The éTgorithm With a = I-8, v = 7-u, u< is

1
first pnder Qith a first order error estimate;
S e ) B+.._{.
' = (¢ J (3 3.11)

Gl T pn+1 - yn+1 * B-u+l n+l pn+1 iy

a = I-y will shift the‘stabi]ity region so that the céntre

of an inscribed circle is at th origin.

The ajgorithm with o' %, 8 = -'%, Vo= oy o= % is
_second order with first order error estimate: S



4

o 5 . - .
w1 = Prpy S ¥pag FE (e -p ) © (3.3.12)

n+? vl
¢ = 0 71 w111 shift the stab1]1ty region to the origin,
- There are var1ants of the g method, known for many

+

years:

Yppy S Y, * Rle1 - 9.)5;7#1 + B yn] (3.‘.3. 13)

L1n1ger and N1110uqhby (1970) and Brandor (1972)
discuss methods of thTS type. ‘See Appendix B for an ana]ysis‘.

of Brandon s method Zein and Hakimi(1971) use L1n1ger and

N1110ughby s method w1th Newton-Raphsaon iteration to so]ve
circuit prob]ems

Sandberg and Shichman (1968), Shichman (1969)

recommend taking one Newton-Raphson iteration of the implicit

Euler method with y# used as the estimate of'yr+1:

W

n o
yn+1 yr: *a yn+1

1l

L4

o
i

- a —1 » . -
] yn+[1—h—8§.g] [n yn] (3.3.14)
A rough error estimate and step control scheme is
given., .Sloate (1970) uses an extension of this method.
| Hodgkins (1969) presents ‘an algorithm based on the
trapezoidal rule in congunct1on with global extrapo]at1on

"
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Lindberg (1971a,5) gives a"simple smoothing pro-
 cedﬁre whicﬁ damps out the oscillation of the trapezoidal
~rule applied to stiff systems. |
The FACE progranm (Price, 1970) uses a*simpie; first :
ordef, one-step algorithm, known as a Tinear extrapo]at1on

method. There is prov1s'oq for using a specdial 1ntegrator

'wh1ch perm1ts fast portion

of the problem to be run with
a reduced step si;e. This is™gh approximation which

assumes the jnputs from the main portion of the problem '
. o _ .

are constant during a normal time Step. ' 37/// ‘
' Curtiss and Hirschfelder (1952), KroghF(T 1, 1973)

and Gear (Appendix A) have recommended the numerita] dif-

ferentiation formulae. for stiff systems. Cryer (1972)

‘discusses-a stability theorem for the formubae.
. : .

Calahan (1&11) 2also discusses Gear's methéd. Di]] and Gear

>

(1971) used an interactive computer graph1cs program to

find stxff]y stabTe methods of orders seven and eight.

~

Branin et al. {1971) have .developed a.version of

the numerical d1fferent1at10n algorithm d1fferent from
Gear's wh1ch they claim is more stab]e than his version
undey certain conditions.

Klopfenstein (1971) generalizes the numerical

differentiation jormu]aﬁfof orders one through six to.
increase the angular width of the wedge of stdbility at

~only modest cost in increased local truncation error.



B1ckart and P1ce1 (1973) der1ve some h1gh order

-sttffly stab]e compos1te mu1t1step methods
' Cooke (]972 1973) ana]yzes st1ff stab111ty
W1]11ams and de Hddg (1974) der1ve a class of

;A stab]e advanced mu1tistep nethods with order up to ten.
It compares favourab]y w1th Gear s method |

_ PR

Brunner (1972) der1ves T1near k-step methods

(k > 2) w1th constant coeff1c1ents by choos1nq as the
second- character1st1c po]ynom1a1 of the method a Schur
po]ynom1a1 whose coeff1c1ents depend on a certawn set og_
parameters. For the case k = 2, the corresponding two-
%tep methods are a}ways'A—stabIe.

Bjurel (1969, 1972) derives implicit and exp]tcit
Adams-1like multdstep formulae™ for equations of the type-
Py = f(t,yl where P is a polynomial with_constant coef-

) | Eh]e'(1968) shows how one can obta1n one- step.
methods of arbitrarily h}gh order which are A-stable.
These are n- stage implicit Runge-Kutta processes of
order 2n and a generalized c]ese of linear one-step

S

methods of the form:

J :
~ 1+1 (1,) . (T
\ Ype1 T Yp * L g ; 1 [( D L ]

(3=1,2,3,...) O (3.5.19

50.

ficients and |af/ay| is sna11 compared with the rodts of P.



51

Lindbera (1972) describes the package_IMPEX which
consists of two proteddres for the treatment of the‘

transient ohase “ind two algorwthms, 6/; of Qrﬁer two and
one of- order four; for computat1on Bf the smooth so]ut1on
after the trans1ent | "- AT . : t \.
The Lipschitz ;dnstant at thé starting point is’ /,#4//
'estimated From th{g estimate, a starting step size forf/

the ca1cu1at<§n of the trans1ent phase is computed. ff

variation of the so]utzon is examined inNorder to get a

reasonable étartihg step.size for the main program. 'Tﬁe'
. .

;Ebo;b so]ut1on is computed by the 1mp11c1 midpoint rule’

with secohd order smooth1ng and foﬁ\ h o r eéxtrapolation

{Bulirsch and Stoer; 1966). The step S7ze is controlled
using an estimafe of the'g10baf—t}uncathn error. ‘
IMPEX is tHe only Progrém found coﬁtaining dif- s
ferent‘aIgorithms’fof'both the transient and smooth
phases. However, in a pract1ca1 s1pu1at1on, there may be'
transients constant]y arising from system d1sturbances
IMPEX -assumes--the transients arise-only at the beg1nn1nq
of the 51mulat1on -

. - A
Zavorin and.Khesina (1974) have developed three’

A-stable third order single-step methods,

R - . ?



‘whéne,f(t,y) has a smal]‘lipscﬁitz gonstant.

S]oate (1971), Bickart;“aurgessﬁand Sloate (1971)

and S]oate and BLck&rt (1973) use two s1mu1taneous Tinear

mu1t1step d1fference equat1ons to 1ntegrate stiff systems.

3

In th1s way Dah]qu15t S 11m1tat1on that no, A-stable ]1near
multistep formula. can: exceed - order two is bypassed They w
Preseént a fourth order A-stable method

Dav1son (1973) has devwsed a s1ngTe step- 1mp11c1t

aTgorwthm for Tntegratlng very large Sstiff d1fferent1al

‘|,_.

_equat1ons of " the type: - - ‘ ' r '»
. M S T ot
. ’ _,-'/.’- o
. b= Ay +.Bu o+ fee;y) ‘ (3.5.16)

P - 1

Eggt(]967) describéé‘a_?our-step; predicfdr—
cornector a1gorithm which is. ﬂer1ved by fitting the —
formu]a to an exponentTal -plus 2 quadratic. The method
works best if the outpuﬁrversus t1me is exponent1a] Tike

and degenerates to the Adams- -Moulton method, ,if the

response is not similar to an eprnentia].

‘Guderley énd Hsu (1972) stud1ed a predictod-

carrector method for systems of the form:
Yy + Dy = .4y + Bt v (3.3.17)

where D is a diagonal matrix which may have some large



elements and the rightphand side 1s cons1dered as non-

stifFf. The operator on the 1eft is 1nverted and the .

rigﬁt hand side is approxxmated.by Lagriangian intgrpo?afion
polynomia]s‘at arid pointSZ' Tﬁe:intégfation of fhg.- :"\
'expoﬁential fuﬁctﬂons is‘done anaiytica]]y;v

-

Horéett'(i9%ﬁ) gives new finite difference

. formulae whikh_are exact for the probTem o= Puo+ Q)
'where b js a constant &nd Q{:):is=a po]ynomfa1 of degree q.
When © = 7y the method is 1dent1ca1 with the. Adams-‘

. : Rashforth formu1ae

o

N St1neman {1965) used{an-imp1icit 6né-step method

for the Wintegration of first and second order.eduatﬁons

of the type:

Calt) § ey o= BUE) |
(3.3.18)

() o dt)y vy = elt)

where the functions &, », e, & and ¢ are locally
approximated by linear functions., . .

Sarkany and Ball (1969) treat the so]ution of

o= <Dy o+ f( D, where D 1s a diaqona] matrix, A
predictor corrector method is used

Spicer (1968.-1969)"def1nes exact stability as the

extraneous roots being constrained to be zero.tkHé derives
PR P

»




3.3.4 Runge-Kutta‘Hethods

1Y

‘predictor corrector formu]ae havmnq th1s groperty

Certaine {1960) has developed an iterative mu]txirf
step method for soTvinq systems ‘of the form o+ Du x ’(*,4)
where D is a constqnt d1agqnal matrix w1th,1arge posttive
elements and fFre,y) is a s]ﬁg]y varying function of time.

Snider-and Fleming (1974)-u§e aliasing to reduce

the compaﬁation of finding an accurate trigonometric

_1nterpo]ation for a function with dominant high fre-

quencies, The technique is app]ied t0 stiff differentia]
équdtidns;‘ extendinq the app]icab1]ity of the method of

Certaine to systems with oscil1atory forc1nq functions.

-
f

The basic,Runge-Kutta equétion is explicit: .

3

4 H - E LN N "' ™ . 9
. Ypa1 * ¥y, o utkl : (3.3.1 .)
: S i | :
Ky w Wz b ooy, # T oag k) om0 el
—* ‘ ‘ J‘I v . ] : :

Butcher (1964) introduced implicit Runge-Kutta

- methods.: -Ehle (1968) and Gear (1970) discuss these

further:

1
.
L ” : ) Tl & R
R }.j(.r" + ci}., Wy, * FEI al.jkd.) °, 0,v=1,%,,..v | (3.3.20)
. N " .

e o
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Rosenbrock (1963), Calahin (1368b), A]]en and
H‘-]e (1968), Allen (1969), Haines (1969) and Catllaud

~and Pa dm nabhan - (1971) 1ntroduce sem1-1mp1 it mEthods of
s the form: - ) o | .
S : ' L R -
. w b . RS . 0 in ) s 5 -
o~ Ri an“n + cih, dn‘:\::;\q{fkj) 4 0,. 1,8 .00 - (S.§.T1)

. : G
The implicit and semi-impiicit fOrmS\are A- stable

~ - t.
Chfgma (1971) defines the concept.of/;&rong _
A- stab11ity He then fntroduces a class of sz ngly
. AN

Sb A-stable Runge-Kutta processes _
Axelsson {1972) gives formulae for a class of
A ~stable qQuadrature methods or equiva]ently for a cCertain

imp11cit Runge-Kutta sch&me\ The methods are stronq]y
A-stable, s k/\

Lopes and Phares (1965) and Lawson (1967a) have ‘
developed an A-stable Runge-Kutta method. The system must N
R first be transformed by a(t) = explaie)y(s),

Stanton and Ta]ukdar (1970) use a fourth order

Runge-~ kutta and a complex transformation of variables to

1ncrease the stability 1nterva] and permit A large step
‘_‘ -+
size., ' '
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3.3.5° Misce11aneous'Hethods

o
o

Jain (1972) qives some A- stable methods of order

2n, with variable coeff1c1ents based on Hermite 1nter- ﬂ*x\;,//

po]ation poTynomials. making use of n starting va]ues

Axelsson (1969) gives A-stable methods of a

quadrature type:

n , S
:\Ez aikﬂyk,r) tEl Sean (3.3.22)
T E oo ' 1“1,2_,..-

°yn,~r = yn,x‘-—l + G
’yrz 0

‘where c1 are quadrature coefficients over the
zeros of R Pn ;(o=1) or L P, Qp-°). where P s the
Legendre poTynom1a1 orthogonal on [0 1] and norma]ized such
that 2 (1) = 1,
n .

oo

'fDahlguistij1969) devised a'méthod based on local

-polynomial app?oxjmations for two stiff o.d.e.s of

~particular type, Oden'(1971) gives further detaj]ﬁ of

the method.

Watts and Shampine (1972) devé10p r-block implicit

one-step methods which compute a block of » new values

stmultaneously with each set of application. A subclass

N . _
of foqulue ts derived which is related to Newton-Cotes
quadrature and 1t is shown that for block sizes r-l,u,...s.
™~
these methods ara\A-stab]e. while those for r=9,10.are

not. They construct A-stable and strongly A-stable

L
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- formu]ae having arbitrari]y high orders of accuracy.

Giloi and Grebe (1968) discuss muTtistep algorithms

_ and the computation of optimum coéff1c1ents They point-
out that each problem has its own optimum formula. and
z- transform techniﬂues are used to study this, . This
approach may not ‘be practical for general purpose use,
since the. optimum formu?a would %e difficult or impossible-
- to determine, and the method'is 1imited to 11near equations.
Andrus (1967) uses a quast-analytical approach
which takes- the inverse Lap]ace traa&form of the system
equations, using a summation of -the partia] fractions
Some_approximate techn1ques for'hand11ng nonlfnearities_

Yare}discussed but this appears to be a limitation, -

Liniger and Ni]]oughby (1970) introduced the
concept of exponentia] f1tt1nq. They proposed single-step

/

methods of the ﬁsrm:
‘ B /
Yap T Gg¥y * [Bo :i’n+1 * 81 yn]

N

2 N H : )
+ i, g * Y,_ynj | o (3.3:28)

If the characteristic root s chosen by adjustfng
- the free parameters to be exprqa). then we say the method

.1s exponentially fitted at qo;



58

Liniger (1968) gives two easy-to- chect conditions
'wh1ch together are sufficient and "a]most necessary" for
A-stability of 11near multistep integration formulae, .

Linige (1969) discusses g1oba1 accuracy and

A-stability for one and two step integration formulae

‘Liniger (1971) gives a stopping criterion for the
‘Newton- -Raphson method in 1mp11c1t multistep 1ntegrat10n

— 3
a1gorﬁthms *7 S

Odeh and Liniger (1972) discuss unconditiona] fixed

step s1&e stab111ty of. linear mu1tistep formu]ae.

Prothero and Robinson (1°74) discuss the stabiTity

and accuracy of implicit one-step methods to stiff equations’

of the form;:
‘ﬁ' = (t) + Ay - g(t))

They describe some new stab11ity'properties and
recommend a family of methods based on a compromise between
accuracy and stabiT{ty‘eonsiderations. _

Brunner (1974) usee_recunsive collocation. He
approximates the solution on each subinterval by a linear
combination of exponential functions which involve only the
sign1f1cnnt eigenva1ueslof the Jacobinn. The unknown
vectors areé computed recursively by requiring they Satisfy

the given system at' certain suitable points (coT?ocation),
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with the additional condition that ‘the collection of these
functions represent a .continuous function satisfying the
given initial conditions.

’Liniger and Odeh (1972) discuss an algorithm where-

in several ]ow order solutions are computed by repeated
inteoration using a muitistep method with parameters Ep-
forming suitab]e iinear combinations of such soiutions, highera
order soiutions are obtained, 1If the . parameters are

proper]y chosen, the under]yinq soiutions. and thus the

higher order one, can be made A- -stable and strongly damping
with respect to the stiff components of the system,

Blue and Gummel (1970) ‘discuss rational function

) approximations for the matrix exponential expfhi).

The use of Padé approximations for exp(hi) is
discussed by Calahan (1967), Jung (]968) and Osborne (1969)
for ]inear systems. . _ ) i

gggpgr (1969) gives a'orief rgview of stiffness,
and an {teration. procedure Tikely to give -convergence,

- both in mu]tistep methods and in the steady state approach
Miller (1964) gives a second order stiff equation -
-and suggests a scheme for solving 1t, Cash (1972) extends
this method and develops an entirely new a]gorithm for
differentioi equations of order . three and higher, to enable
these equations to be integrated with a reasonable step

length,
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Miranker {1971) gives a description and analysis
of a class of matricial difference schehes. This'class’df

schemes 15 based 1n part on a genera]ization of the feature i

1 of classica] numerical methods of being characterwzed by
approximations at a.gingIe point in the complex plane.

~ The following four methods are restricted to
13near systems or systems whicﬂ can be 11near1§ed easi]}.

-

g Mah, Michaelson and Sargent (1962) developed a

siab1e 11nearizaf10n technidue for solving the dynamic
behaviour of mu]tistaqe systems. The coefficients of the
differential system are taken. as constant over a short time
interval,. The exact sqution of the linearized system is
used to predict the values at the end of the interval and

"~

7 hence the coefficients for the next interval,

‘Buffam and Kropholler (1969) extend the concept of
network combing to giye the con;éntfation history at all
;he'nodes in a flow network whose hodes have exponent1§1
‘dynam1c mixing characteristics with arbitrary time con-
stants. They show that tﬁe transition matrix for the flow‘,
network is a spec1a1 form of stochastic matri&*ﬁhose power
series has absolute converéence. The genera112at10n results
in a very'gtabIe mefﬁod for integrating linear systems of
o;&;e.s.

Davison (1968) has considered the prob1em of the

the numerical integration of large systems of constant

e

R S TP
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coefficient linear o.d.e.s. The po]es and zeros of the
solution are obtalned and the so]ution constructed in, terms
of a sum of_exponent1a1s, ’

Morettt's €1965j_techn1que requires nonlinear
o.d.e.s to-be redUCEd to 1inear form. The numerical
.solution then requires the evaluation of the compien
etgenvaloesdof an n-th order matrix, thus limiting the

analysis to fairly sna11isystems. DeGroat and Abbett

(1965) and Maheshwari (1968) have extended this approach
The fo]lowing four methods use state transition

v

matrices. i '.;"' ' Y\-

| Liou (1966?xhas devised ‘a fast and accurate method
However, it is for 11neaﬁ\systems only; oné output 1is
available and the prob1em must be formulated as a ratio of
two po]ynom1als in s (the Lap]ace\operator) N1cho] (1970)
has a simi]ar method, but simple nonltnear1t1es can be
hand1ed | | |

Giese (1967) also uses state variable techniques

and discusses their use in quasi-linear systems,

. He also
discusses a combination: approach for stiff equations}‘
where this method is used for the fast pottion'of the
problem and a conventionatl exp11c1t numerica1 procedure is

used for the s]ow portion.

Oswald and Smithl(lalo) also ose state transition

matrices tn the1r method.
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Lee (1967) uses matrix fiiters to separate the
differentiai equations into slow and fast equations These"
are. then. computed separate]y and the resu]ts are added
. together. It is ]imited to 1inear equations.

- Allen and Fath (1969) propose techniques for

" systems which can.be'separated into a stiff iinear part
| and .a nonstiff linear -part. Pade approximations are used,
| Jain (1971) transforms the‘s&stem.by
3(t) = expl(At)y(t), where 4 is d real souare matrix.and
'obtains modified Adams and linear multistep methods which
~are A- stabie. Jain gives a working aigorithm to ocbtain 4
.and to calculate explha). |
Shannon (1971) deveioped a technique usinq a
chanqeable independent variabie of integration | It can
. be used with any integration method. Appendix € contains
an analysis of the technique, -
g Singuiar perturbation.theory is appiieabie when

the system can .be written as:

\J\‘\ ei]l E flft,yl,ys)

) (3.3.24)
Ho = f‘?(t,yl,y‘?')

where e 1s a small réal parameter and the Yg

components are stable in the sense that if Y is fixed at

/
/
!
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any t{me; then the ¥ components“rapiely reach. an .
equi]ibrium ﬁo]ution. | _ ) X
MacMJ11an (]968) proposes a method based - upon this -
theory. t '
Miranker (1973) describes an equivalence between 2
subc\ass of stiff systems and differential equations sub-
jected to singu1ar perturbations.- He uses the character-
1zation‘of the solution of this.clgss,of equations in terms
of boundary layers as_a'ﬁeans of geherating numérica?
procedures for so1§1ng.the stiff equations. The numerieeT |
procedures have the desirable feature of improving with

o
1ncreasing stiffness

Digern (1971) describes a diqita] simu]ation

method for 1nterconnected centinuous systems.

3.4 Methods Used In Dynamic=51mu1ation_Executive Packages

As menfioned 1n Chapter 1, there have been several
new prob1em-or1ented executive packages. developed in the
past five years, A]most aI] of these proqrams contain an
algorithm for the numerical so]ution of ordinary differen-
tial equations; 1{e.,tﬂe system model contains ordinary
differential equations., Table 3.1 summarizes some of the

numerical methods used. S

'R
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TabJe 3.1 Numerical Methods Used in - Dynamic “Simulation

Packages
P;eka . Method Used To Integrate foferentia] . Suited For
9 s ‘Equations Stiff Eqns.
MIMIC 4th order Runge-Kutta . | N No
. CSMP various conventional methods, latest ' Yes
o version contains Gear's method
IMP Brandon's method ‘ ' -~ Yes .
"KARDAZ | explicit finite difference method used . No ‘\
to solve a set of quasilinear hyperbolic - \\
partial differential equations 1.
DYNSYS | Adams-Moulton-Shell o No -
PRODYC | any method in CSMP : : ' Yes ,
"REMUS 16 conventional options: Simpson' s Rule, "~ - 'No ‘ \\
varfous Runge-Kutta, Milne and Adams- -
Moulton formulae e .
ACME .2nd and 4th order Runge- Kutta Eu]er 3 No
o method
_DYFLO | 2nd and 4th order Runge-Kutta Euler 5 | No
method .
OSUSIM . | Euler predictor, trapezoidal rule as Yes
- corrector -
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- ' ‘ - MIMIC (Northcott 1967) uses the fonrth-orner ) |
Runge Kutta method,
~ CSMP (CSMP, 1967) offers a vaniety of conventional
methods, but the latest version contains Gear s method. .~
_ IMP (Append1x B# offers Brandon's me;hod, a new
A-ﬁtab]e method/igpy §E?tab1e for stiff equatfons
Fnawf/l(1971) has made a detailed review of the"-

/gaekiag;’DYNSYS, PRODYC,. REMUS, DYFLO and OSUSIM |

© ',"/f - DYNSYS (Bobrow. Johnson and Ponton, 1970, 1971)
) uses the Adéms-ﬂnulton-She11 method (Shell, i958; Fairchild,
,Nengrow‘and‘May, 1965), _’ |
PRODYC (Inge]S-and Motard, 1970) has a preprocessor
" n wh1ch converts the System model into CSMP statements after |

which any of the methods available in CSMP (CSMP, 1967) can
be used to solve the equations; |

REMUS. (Ham, 1969) offers sixteen conventional
options: Simpson's Rule, and various Runne-Kutté, Milne
and Adams-Moulton formulae,

‘DYFLO' (Franks, 1972) offers a choice of simple

I’Euler_on'second or fourth order Runge-Kutta.
- OSUSIM (Koenig, "1972) uses an Euler predictor and

a trapezoidal rule as corrector, OSUSIM emphasizes the
formation and solution of 1mp11c1t and explicit a]gebraic

equations.



CACME (Loibl, Camp and Wilkins, 1973) fs a new
: modu1ar'package. It s1mu1ates both the steady state .and
dynamic hehav1oar_of chemical engineering systems. It
uses several epttons forrsolving o.d.e.s: second and
_fourth order Runge Kutta and Eu]er s method
The packages DYNSYS, REMYS, PRODYC OSUSIM and . ° "/
\\ACME basica]?y use the moduTar approach C AT of these _‘ |
executives are highly structured and have their own. input
language Hh1ch the user must master The author has not :
noticed any particu1ar advantage of any of these,but
Franks claims DYFLO 1s the most convenient program from the
user's potnt:of view. DYFLO is not exact]y modular; . 1t
s somewhere in between the modular approach and the
-equat1on-or1entedl pproach.  The user of DYFLO writes his
own comphtef-hrogram usidg'e§§entta1]y a sertes of CALL
statemehts to utilize a rather large number of service
subroutines that Franks has provided. Culver (1972) -used
DYFLO to study distillation column dynamics and he attests
- to its convenience. _

The IMP package requires a2 good deal of
'sophistication on the part of the user to set up the
system equations for simu1at10n and to select the best
options for a part1cu1ar*study.-

Kardasz (Brambilla et aZ., 1971; asz, 1969;

Kardasz and Molnar, 1971, 1974) has devello] a package
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" for the simu]atign of the dynamic behaviour of chemical
plants. - It is quite differant than the other packaqes:
Just discussed The 1anquage used is not FORTRAN but is .
'baseq on SIHULA~67. 1It j; sttucturu-otianted according to -
the flowsheet of the plant to be simulated, The method of
stmulation 1is- based on the goncept of a cell model.  Under
the assumption of A one=- dimensiona1 mode]. A chemica] p]ant
- composed ‘of a set of devicos can be reprosented mathematica]-
1y by a set of quas111near hyperbo]ic partial differential
. f“equations of first ordar. After appropriate discreti:atfon.
each dovice iszubdivided 1nto a. finite numher of calls.,.
:; An axp11cit finite differonca method is used to so]ve the.
equations. , .. - o .
Other attempts have been made to f;rm dynamic
‘r ’ 1mu1at10n packages, Utsumi (1650) describes the SNAPSO.
o pqskaqe developed at Stone & Nebster1 fbuf tt has not béen
pursugd (Crean, 1974), A packaga,cal]ed EARLYRIRD'has.boon
deve1oped at Tu1ahe University but the &namic. simulat{on'
_portion of 1t has been% discontinued (Neavor. 1974)
Procter &“Gamble (Shorn and Petty, 1970) has a. modular 3

N J éa packaqe cal\od FLEX. g~ uses Euler s method fgﬁ%numeriéql
. ) 1 t1° ‘ . . f..-- .;6 s . .
, nte.ﬂrﬁ. n _ w . ,

As seen tn Tab1e 3.1, only scvoral of the packaqos

"conta*n a numerica\’method suitable for, st1ff 0.d.e.8.

v :
: The latost version of CSMP contains Gear's mothod. _The
. ) ' % -1
. g “ ! i . A R P
l . | -3 |
- . -
G @ 4 ° . ?
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IMP-package contains Brandon's method. OSUEIH uses the

trapezoidal rule which is A-stable. An equation-orfented

package, FORSIM (Carvér, 1972, 1973) developed at AECL-
_uses Gear's and the Fowler-Narten method. Franks (1971

| 1972b) recommends Eular! s method for stiff systems. .
ﬁ%waver. except for IMP, none of the packages are oriented

'jjo;solvtng large systems pf stiff o.d.e.s.. In Chapter 6,

we shall see a\comparison of some of these techniques. N



" convén&sucs OF IMPLICIT METHODS .

T

0f the mcthods deVa1oped to 1ntegrata stiff AN

_tems. implicit methods are usually preferrad but partic-

.'ular problems arise in ,$01ving the corrector or implicit

equation, esp9c1a11y for large stiff systams,

"an31der the general linear mu]tfﬁtep formula :

/”av{jk:gfzy Y OQglpay *oeee ukyn+1 k

+ hEB oY ” * Sly oo # Bkb‘m-z k] (¢.1)
or
Vper ;EJ LE} PSR . ﬁ £5023i”n+1-i (¢.8)
ke

¥ner " hB yn+2 * iil rqiyn+1-¢ * ai?n+1-£) (¢.3)

Since the last term s known, we can replace it by wf;

. é
Uueg = h8, f(tn+1‘yn+1) YR | (4. )
.5'.1 | _ I '. ) ~
’ , | _
Ynet "hs?bf(?n+1‘yn+1) W, o= 0 (¢.8) .
. L
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From the above aquation we wish to detarmine Ypp1®
' For a system of m 0.d.e. s. this 1s equivalent to |
solving m' nonlinear equat1ons. Sevara1 common methods of
doing this are outlined in this chapter. but this is an ongoinq

area of rusaarch and plrhaps batter methods w111 be found

4.1 Jacobi Iteration

" The obvious way of solving this is by repégted
.substitut1on

(§+IJ' (e) o

unti) y(“*z) i3 aqua1 to y(“) to the degree of accuracy
“desired. _ T

This upproach. called Jac b, 1terat1on. is common-
1y used for nonstiff o.d.se. s.but:§4373t1ff problems, 1t

docs not convorgo un1nss the stnb si:o 1s very small,

}



14,2 Acca?erdtéd-ltarat1on

léquat1ons.

n

A modification of Jacobd 1terat10n s @

(zm)y“:‘;i’ he franu,y;:;) -w - uyr:; \Y (4.2.2)
- "\\\

B \\.\

Nhere a 1s an acce]eration -parameter,’

This w111 1ncreasa the rate of convergence, but

the step size condition for convergence 15 Just as strin-

'QGnt as Jacobt tttration. "\\

4.3 Backward Itoration \\\\\ ’

A backward 1terat1on with much Q\Xtur convergenca

propartios 18: ' - AN
. ~
. ' \\'\
ra) ‘ (8+1) - ., o cL \ ‘
yn+1 - heofrtn+1‘yn+1) - -. 0 ' (‘ISII} .

however, this sti11 requires the solution of nonlinsar
_ . . e .

o~

s
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4.4 Newton-Raphsoﬁ I«eratton : . g

.The most commanly used mathod is Nawton Raphson

-~

1terat10n.

The U(wtoﬁ-Raphsbn formuTa tis:

Y

{awl) (o)

) . X

(e) o

?n+1_ ® Yper- - [t Eﬂ )n+1 1~ . (4{4.8)
. @,

farl) Cite) R ) o)
Yne1 f Ynag = [I'hso( F§.)n+1] [Fn+;- h8 f +J" ¥ ]

(¢.¢,8)

" The theoratica1 convergance cond1t10n s quite
conservativa\ but 1in practice. the method converges for
fairly large h and doas not. slow down tho 1ntogration pro-
cess, ' ‘

(o)
Ynat can bo a prod1ctqd value or if no pradictor
~ equation s used, it can ba taken as the previous value,
. i ) , 1_‘_ . ﬁ.
- yn' ‘ -
) o Note that 1f the term’ to be 1nvartdd 1: singutlar,
tho !t!p sizn h can a1ways be reduced to' mako 1t none:

<
L

sinqu1ar.

N
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The IMP ‘package (Appendix B) uses a method called o
quasi11near1:ation.

For a-s1n§he equation:

kd .

=

Expand the right hand s1da in 2 Taylor Sorics about the
present point, '

i.e, J)n - f(tn;ynJ +%§| : fy-j;n). * oo o d.6.8)

o o - . n : , ‘
yn - Ffln Y. L fftn3yn) - s§|n yn .\‘:‘... (‘- 5. 3)
gn‘. - J Y + B : ' S (4.'.5. ¢)

For a system of'qquationi; J i tho_anob1an-matf1x; while

- B is called the ahgmaﬁtgd ébnstant'vdétdr.'

When the systom is 11n|ar1:td in this - way. wn no
1onger have to solve a sat- nf non11n|ar tquations hut 2

‘stt of 1inear equations at each timo step.

b= fity) | N (4.8.2)
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‘solved.

re

4.6 Large Stiff Systems

"Two useful methods'for'solving'stiff corrector

"Qquations are Newton« Raphson and quasi11nenr1:at1on.

Hh1chever of the two is usnd. 3 set of 1inear algebraic

-equations equal in si:q to the number of o0.d.e.5 must be

Lapidus and.Seinfald (1971) recommend Jacebi or
accelerated 1terat16n 1f the stiffness ratio is of the
order of 10. If it is greatgr‘than the ordar of 10, they

recommend Newton- Rahhsbn or backward iteratton with tﬁe

"stap size \u\ected on the bas!s of the number of 1turattons

destred pe#\stop.

-In quast\inearization. the linaar equations arise H

, _diroctIy from the _ay]or Series 1jneqri:at10n of ghe

AN

system. | |
" In Newton-Raphson iteration, we must evaluate_ the
term: ' ‘ '
o ' g (el te) B .
ar 8 .1, (¢
(r - ne T )] Wneg = MBofpep = ¥, (d.6.2).

In'gondra) this means solving a set of linear equations :

AX = b o - BTN T
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A---»[r-ha rs-f)::; 1 o e
o ta) ) L |
b - [’-"nn h fnn T “’al:.? e T (eed)

\ u'Th1s set of 11near equations mustaEi solved for
eachacorrector equation, '

\\ For. 1argo\systtmt~otﬁq‘g\f 8, the solution of this
set of 11near equations can requiﬁ\\p large amount of '

\-

computar time,

‘ The matrix of coaffici;n:s 1s.u}ﬁa quite sparse;
i.4..thera are many zaro e\emﬁnts. A m;;;:iX;FTthﬂtitéi\ -
advantago of the spnrsity by stor1n9~and operating on on\y

the nonzaro elements will reduce. the amount of computer |
time appreciably. Therofore we w111 ‘examine. ways of solv-
ing sparse sets. of 1*near equations in the fo110w1ng ‘ ’“ﬂb

chapttr,
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5. NUMERICAL SOLUTION OF SPARSE LINEAR ALGEBRAxc EQUATIONS

P

. We sew 1n Chapter 4 thet an 1mp11c1t numerioe4 ine
tegration technique for stiff o.d.e.s requires the solution
of a set of 1tnear e1gebre1c equetions eque1 in size to the
number of o.d. e.s. For large systems of o. d.e, s. the solu-
tion of this set of lineer equations can use a2 large emount
of oomputer time, ' ' |
| The coeffioient metr1x of the 11near equetions s a

"funotion of the Jacobian metrix for the system.. In generel
. the Jecobien matrix has many zeros so that using 2 method
which stores end operttes on only the nonzero elements w111
‘reduce the computer t1ime yreetly. Suoh.methods are oe11eﬁ
fd///sperse metrix teehniques._, T f_'J - \'“
There are two meJor weys of so1v1ng 11neer equetions.
direot e11m1net1on techn1ques such as Gaussian eliminetion.
and iterative methods suoh as Jecobi and Geuss-Seide1
‘i, Treditione11y.1teret1ve techn!ques have been used to hendle
sparse systems (Varga, 1962 Young. 1971). however. tn
recent yearsi-elimination methods heve been more oommonly
used (Beid. 1971; Rose and Willoughby, 1972 Nestleke.
" 1968, Hilloughby. 1969) . Decompos{tion teohniques
'_e (H1mme1b1eu. 1973) where the eystem 1s broken into two or g
'hmore subeystems heve algo, bean deueioped but theee require :
. e

Y
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Severa] convantiona1 methods and soma Sparse tech-

-

niques ware tested on a set oﬁ~banded test examp1es. He

w111 assume that our "sparse“ aquat1ons contain at - most

f15 nonzeros per aquat1on. e
5.1 Methods Tested For Solving Linear Algebraic Equations
S ; S e
5.1.1  Conventional Methods
- Five convgntiohh1'mgthodkrware stdd{ed:
(1) ﬁINV : ) An SSP matrix inversion. a]gorithm
| :(ssp. 1970)
(2) - SOLVE -Gayss1gn'a11m1nat10n_with no pivoting
(3) DECOMP-SOLVE  Gaussian elimination with partial
' ' pivoting (Forsytha and.Mﬁler. 1967)
(4) JAcOBI ‘Jacobi {terative method (initial- ,
. dstimath.df’zero used)
(5) - GAUSS-SEIDEL

Gauss-Seidel 1terat1ve method (1n1t1u1

fest1mate of zero used)

PR



5.1.27 Key (1973) -~

T Key (1873) has written a~program called SIMULT
"based on Gauss Jordan e11m1nat10;p§::ﬁxibvag_pivqting

_options-' ’ - "_ ) ___‘. e f‘\\s\\ o

(1) Simple Gaqss-qordanﬂe11h1nation,‘.61agona] elements’
‘ are used.in_ordér as pivotsr%“‘ ':-7  ' (\

. (2) Gauss Jordan partia1 pivoting. The)1argest coaf=

_.f1c1ent in abso1ute va1ue ‘in each co1umn in order is
. sefected a8 - pivot prov1ded th1s coefficient s not

“{n a previous1y selacted pivota1 row

R N . ‘ &

L. -

'j(3) ‘Gauss-dordan fu11 p1vot1ng.” The 1urgest cbefficient

;1n the entire coefficient matrix that 1s not 1n a

-

previously’ salectad p1vota1 row or column 1s used.

(4).‘H1n1mum rQws- Minimum co1umn. The coeff1c1ent matrix ¢
| 1s searched tw find the row with. ‘the- least number of
' nonzaro coefficionts. Than for the nonzero a1ements

~in this row. tbe column. with the most zeros is chosen

\ ,as the pivota1 cqumn. If ‘more than ong row or co1umn -

LR £ chosen. the row or co1umn with the sma11est index

 13 used

78
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oo (8) “MindRam co]umn#M1n1mum row. . This is similar to the.

above .axcept that the pivotal co}umn 1s determined
P1rst N 2 o

(6) Maximuh'c61umn M1ﬁ1mum'row. The: column with the m

nonzero elements 1s chosen, followed by the rvﬁ w¥th

the least nonzero elements. o B
. f i"ﬁ3 R o = -;7;55:_;;j“f T f_,:i51f4
() Minimum of‘rdw_entr1es t+m55deTﬁﬁn entries, " Tha
o pivot-1s chosen from the nonzero elament with the
',smablest product of row and co]umn entries.
The storage scheme 1s 111ustrated by the fol]owing
- examp?a o ”r“
‘/ : The matrix : . \ . ' i
. ‘ - - . : s !/
e , 80000 LT 2
e T o g0 o1 . o
o= fo2dow | (5.1.1) -
' 10080
- Pt loosos
T - =3
is stored as {
Teso] x T1o0]
g 1 . 8§ |
o A= | 8¢ and ICOL = | 8 3 (6.1, 8)
~ N . : L I
' . 132 ¢
i ) ‘l
»
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—_ A oontadns’tho nonzaro elemants and 1001 tna"i'-'\;
/A\j) co1umn 1ndox*of the corresponding elemants. 'Tha d1sadvan-.
tage of this 1s that one full row w111 make the A matr1x

o as large as the or1gina1 matrix.\ N

- B . e ~

5.1.3 IMP‘(19723- ;7

IMP (Brandon. 1972) is a software systam davalopad 'g”
by D. M. Brandon at the University of Connoct1cut. It s _
_now offered as a standard coc softwara product through tha
App]ioation Sarv1cas Divis1on of CDC. An-object oopy‘of B
IMP, Version T IS FIN vor&ion 4 0 compiler and optimization =
'1ava1 2 was used, R | |
‘ Five opt1ons With the IMP package were tested:
> - | R
- () Gauss-&aidoT.
(2) Gradfent . dF

(3) VCrout"§11m1nattona-f1xad ordar..wr1ttan tor genaral.

aparaa matrioaa_

(4) Crout a11m1nation. var1ab10 ordar. writtan for genaral

aparaa matndoas

//

fg) croyt/a11m1nation. variab1o ordar. writtan for

variabla or constant bandad matrioaa.‘s



,\‘\'\ '

The Crout method 1s -a varfation of'Gauss1ah-e11m¥
fnation which usesliess]storage; | L : _

Ih'addﬁtibnfa.program sUﬁpiied"by.g¢M. Braﬁdon
(Brandon, 1974c), which 1s‘a.51mp11f1ed version of the
method‘k4) ;bove,was used. It should run faster b;caUSe
there fs none ofithg overhead associated with tﬁe IMP

routines.

. . : : : L . -.
The storage-scheme.known as cumulative indéxing

Is as follows: =

The matrix

5.1.3
L (5.1.3)

g
b
I Y -

S N
@ o D O
ST O oS
T T TN

1s stored as

JHA = ICUMA = (5.1.4)

W Nt o ka

[JOR R R O N O WO O o)
th B3 Wy ki By D3 Bn D ka

— - - -

yhere 4 {s the vector of nonzero entries of P by rows

ris



JEA 1s the vecfoft%{lcoiﬁmn numbers of nonzero
- ‘elements for each row o
IcuMa is a cumuTativé vectorikh1ch separates JHA by

.

rows., | n o \

5.1.4 Schappe1ﬁe (i957)

Schappe11e (1967) developed a program called
LINEQ4 which is ava11ab1e from VIM,. the CDC 6000 Series
-User Assoc1at10n., _
The method f1rst performs a systematic rearrange-
ment, ca]]ed pre-triangu1ar12at10n,'of the rows. and co1umni;;5\¥>

of fheffoeff1c1ent matr1x, The equat1ohs then”appéar;as:
= ' r5.1.5)

where A 1s upper trianguwlar, B and D are rectangular, and

¢ is quasi lower fp1qjgu1ar meaning no lead element of any E\
row of ‘the matr' 1s further to the right than thead ' \.‘
e1ement of%fs preceding row.

AX, +BX, = ¢ |
(5.1.86)

cCxX,+DX, = C



‘)

soTv1ng3for'x2
C(p - ¢ a1 By x"'-'rc -caley ‘ "(51-7')
o ] 2 2 . . 1 : ."'_'

.

"Xz is solved by Gauss1;n'e11m1nation with full pivoting

o (5.1.8)
m .
X, 1s solved by Back-subst1tut10n, since A 1is upﬁér'tf1-
angular,’ | |

The solution is corrected by iterating on the
resfdua1%. ' ’ . o : -

The storage scheme is as illustrated be]oﬁ?nzk/;

The matrix

- (— -

0(65.1.8)

@.rg
h
© .
™
h
Lo
<




I

s stored. as

th Th s L Ty 1 Dy By W

W kg b Th by R

G ba by i ML to ki Mo ta

84

“ {.e;, row number, column number, and value for each nonzero

'e1ement in any. order,

5.1.5- Bending-Hutchison (1973)

. Bending and Hutéh1sbn'(1973) developed the concept

" of an "operator 1ist" to stbré the solution process by

_triangularization and back-substitutian.

(5]

Gaussian elimination. The process consists of two stages,

5.1.5.1

For the system

_al 0 ag
0 fag b
ay 0 ag

Las g 0

|

Triangularization

(5.1.10)



. . . . i u,. a
(1) e11m1na£e aps row 2 ='row 2 - E£’row’4

* _ . - 93
@ 0 ap a3 4
@19 8g 0 0 %10 4. e . 2
g, 0 ap, 0| 0 12 %3
q5 g 0 a3, 0
o ) a
(2) eliminate ay;s FOW'1 = row 1 - 1L
. - ag
A :
ql 0 ‘ag 0 a,
a,, a,0 g a
12 % L
a, g a8 -0 0 -
.as Q‘/:l\ a3 2. X
_ a ,
{3) eliminate ag, row 1 = row 1 - Eﬂ ro
8
B s
al”*o 0 0 d? :\
a12 a6 :0 0 aJU a AA o a A _
. ) 1 '
a, 0 Ag - ¢ .0
ac 0 0 a 4] i

The above process can be represented by
<

integers:

R |
& S-a3
- row 4
Y
%11
a3
w 3
a
a4 E2
8

F]

a string of

85

(5.1,11)

(6.1,13)



: 'f'.‘;\X:'

New element =~ a;

. _ Element changéd a. i;a;
: . 1 . 1\_‘1'

For this example:

.2 312 5 =-11315-981400

!

0

g = (-a5%,
g = -agki/ag

X
X4 = -asxl/a3

v

This process can also be

integers:

or

f
|

For this example:

.5.1.5.2 Baak-Subetitution

X

, o ea X Ja A
XI a?Xo/aI

X

B ah
T 86
y dk : VI
d ey L C

- ay . ‘
ey g T k2 ihj (5.1.15)

A

terminates string

N

7..-1 (dummy-vﬁfiab1e)

- azzxg}/“S'

AN

charaéter1zed by a string of -

(5'1'1?)

- amxn)/az +Jdkmn i 1 (5.1.18).

20 -11100121-2641-3285 1 -4300¢0

¥

N
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These two strings of 1ntegers érrmewhet is called

the operator 11st "{.e., the particu1a sh1utfbn‘brocess

by Gauss1an elimination. Subroutine TRGB solves ghe
equat1ons for the first time and creates the operator 115t
wh1ch can be stored in core or on tape 1F the system is -
1arge. Subrout1ne TRGBZ-can re-sclve the system using
onhy*the OQErator Tist, JIf_t theezero eTements ‘remain: zero
and the nonzero e1ements change, the same Operator 1ist
can be{used to so]ve theihew system, This 1s usua11y what

occurs dur1ng numer1c31 1ntegrat1on. The Operator 1ist

_cop1d be set up on the f1rstj1ntegration sfep-by TRGB and
used,on‘1ater stebs by TRGBZ to solve edch hew:11near Sys-.

-teh.? The operator 1ist can chenge during the {Ategration;

rhohever. in all examples tested{ the original 1ist could
‘be used for the: ent1re 1ntegrat10n ‘ _ “

;- | The p1vot is chosen by the row-and . column each with
the most zeros. The row_1s se]ected first. In cése of
tTes, the largest e]ement 1s‘ehosene The‘sterage scheme

1s rew‘numher,-€%1umn nugfer, value:’

-

o

R 2

et J




,'88j

5.2 -NumerioaI_Test{ng :
"Bdhded“systems'of 50, 100 and 200 linear equatione
w1th bandwidths 3, 5+ 7 9, 11 und 15 were used as test

systems ' The nonzero e1ement$ were generated random1y by

.. rOWS from -10 to +10 us1ng the FTN. 11brary random number

generator RANF (Contro1 Data. TQ?l) An 1n1t1a1 ‘seed of
-one was used The right hand s1de was adjusted to y1e1d

R vector of ones._as the so1ut10n.- . .
: The bande}'systems $/;e used mainiy for convenience.
onone of the a1gor1thms‘tested takes advantage of th1s |
structure.' However. with banded matr1ces, no new e1ements
will be generated dur1ng the soTution. thus the testing

does not reflect how we11 the methods handIe this prob}em
The Bending Hutchison method, however. does handle this
easily. | _ :

‘ Execution times (See Appendix E) for the various
methods are shown in Tables 5.2, 5.3 and 5.4. Table 5.1
prov1des a key to the methods | _ |

The convent1ona1 methods are obv1ous1y unsuitable
‘forAthese prob]ems.' Matrix 1nversion takes much t1me and
Gaussian e11m1natton 1s-qu1te stow. The 1terat1ve methods.
Jacob1 iteration and Gauss Seidel 1terat10n both d1verged
from initial estimates of zero. None of the convent1ona1
.tedhniques were-abTe to solve 200 equations as this re-

quired more than the 49K of core available.

= .
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ko4

. 0f the\sparse rout1nes, many gave 1naccurate ’
answers., Th1s may be attr1buted to the fact that the non-

zero elements were generated over a wide range. produc1ng

‘badiy cond1t1oned systems.' If fnstead the,elements.are,

,generated from 1-2, these progrems work qu1te,we11

times were31ndependent of the spreed.

-best fs m1n1mum-row minimum- co1dﬁn which Key a]so

L recommends R R k\ ' K
: )

The Bend1ng Hutchison routine. TRGBZ, gave the best
performance of the Sparse methods. This 1s a1most to be
expected since a M of the work of determ1n1ng the so]ution

process has already been done by TRGB The method is.

ideal for repeated solution of 11near equati”ff'

‘ There 1s anofher program deve]oped at IQM by
Gustavson, Linfger .and Willoughby (1§70) 1n'wh1Eh the first
run generates%the FORTRAN code to solve the specific 1inear
eystem. Further so1ut16n§ of the same system;structﬁre can
use the FORTRAN code aiready produced (Calahan, 1968a).
Thts process has beehlimp1ementedla1eng with a" modified
version of Gearfs.method (Brayten, Gustavson'End Hachtel
{1972); Hachtei, Braytoncend Gustavsoh. 1971)_1nt0 the

)

ECAP II Package (Branin et al., 1971)."

A



, | The vers1on of TRGBgTRGBZ used 1n the testing
stored the operator 115% coﬁp1ete1y in core, "For 200
'e&hat1ons, the method could not store the T1st for band-
width of 11 or more. The: 11st can be put into aux111ary
stopage however. but th1s w111 requ1re mere computer time
to. transfer ‘the 11st or parts of 1t to and from core.f If 

this ds done, there would be no.11mit to the number of_

equat1on§'wh1ch can be so1yed}) Tob1e 5.5'g1ves the length
of the operator 1ist for toe test'systems.

» As the bendw1dth'ﬁncreoses. one of‘the IMP option
method 17 of Table 5.1 ‘becomes more - compet1t1ve Posé1p1
as the bandw1dth {ncreases st111 further, the IMPamethod
Fecome even faster than TRGBZ This op1n10n 1s hel
andon (Brandon, 19749).

Other a]gorithms not 1nc1uded in the. numericaI
test1no’were a conjugate gradient program of Re1d 01970).‘
an e41mfnat10n anor1thm of Curtis and Reid (197ﬁ) and a

program based on arc-graph structure (Rhe1nbo1dt 1973},

- . yd
: P
"t * - "-’\“.-\




Tab]e 5.1:

. 91
. I“;.‘ . .

Key To Ljnéaf'Equation-Sdivers

s .

MUMBER | METHOD -
- CONVENTIONAL METHONS
1 (1) Matrix Inversion (MINV)
"2 (2) Gaussian E1imination,’ No Pivoting (SOLVE)
3 J (3) Gaussian. El{mination, Part1a1 Pivoting (DECOMP SOLVE)
4 . {4) Jacobd Iteration
5 (5) Gauss Seidel Iteration N
KEY . _
6 - (1) S1ﬁp1e_\GaUSs-dedan Elimination
7 (2) Gauss-Jordan Partial Pivoting .
8 (3) Gauss-Jordan Full Pivoting
9 - (4) Minimum Row-Minimum Column -
10 (5) Minimum Column-Minimum Row ' .
n o (6) Maximum Column-Minimum Row o : S
q2 - (7) Minimum Of Row Entries Times Column Entries
[MpP
13 (1) Gauss-Seidel
" 14 (2) Gradient =
15 (3) Crout, Fixed Order, General Sparse
16 (4) Crout, Variable Order, General Sparse |
17 (5} Crout, Variable Order, Variable Or Constant Band
MISCELLANEOUS .
18 (1) Brandon, Crout, Variable Order General Sparse
19 . {2) LINEQA '
20 7 (3) TRaB
21 © 7 (4) TRGB2

&

&
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Table 5,25 Execut

by
4

WNe

’

fon Times For 50 Linear Equations

o I BANDWIDTH il
O T 7 9 1 1w |15 |
T [ 537 | 515 | 513 | 515 | 618 | 520" {56 .
«2 | 0.838 | '0.850 | 0.816 | 0,833 | 0.819 | 0.818 \0.818
3 10,700 | o/ | 0,780 | 0.779 | 0.755 | 0.764 | 0.756
4 DIV, DIV, o | DIv. DIV, DIV,
5| o orv. | o, | ow. | . /o,
6| o647 | 0708 | Goas | 10e | 127 | vae | 162
7 | 0.748 | 0.986 123 | 138 | v.64 | 191 | 2.4
8 | 0.523 | 1.79 2.30 | 3.27 | 505 | 5.3 [ 515
o | 0,215 | 0.327 | n.aos | o.601!| 0.897 | 1.12] 1,36°)
10 | 0.203 | 0.437 | 0.612 0.81a" | 1.06 1.31°0 ] 1,60
1 | 0768 .| 0,970 N 1.22 | .49 | 178 | 2.06 ;.39'
w2 | 0.320 | 0.53 |- 0.736 | 0.990" | 1,28 1.58%1 | 1,88
v3 | orv. | owv. | opiv. | p1v. | DIV, {01V, DIV,
14 | otv. | Bw. | o | oowv. | . | oow. | oIV,
15 1 0.2 o.§§1 0.243 | 0.373 | 0.5
6 | 0,101 | 0,158 | 0.223 | 0.208° 0.301
17 | 0.047 | 0.060 | 0.080 | 0.092 | 0.171
18 | 0.073 | 0.007 | 0161 | 0.234 | 0,320
19| n.960"| 1,35 h1.egl 2,040 | 2.46"
20 | 0.185 | 0.268 | 0.386 | 0.453 0,550
21 | 0.012 0.02% | 0.033 | 0.049 | 0,065 | 0.086 0106

[ - inaccurate

_ DIV - diverged

SI - slightly {naccurate (1-3 figure accuracy)

- 92,
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v Table 5.3:

BCER

Execution Timas For 100 "Lindar Equatiohﬁ

" | :pAupwinTn. w
3 5.l 7 9 1 13 15
0.0 | 30.8 ] 40.0 | 39.8 [ 307 [39.8 ¢ | 406
1605 | 6.3 | 67 | 2\[26.32 | 6.26 | 6.20
5.1 | 578 | 572 | 567 | 5.62 |-5.59 | 5.54
orv, | orv. | owv. | oowv. | oo | opve | oervs
oo, | oomv. | o | oowv. [, | by, oo,
2.60 | 305 | am | 4 | aon | 557 f o620
7| 207 | 3.8 | 479 | 5.60 | 6.0 | 7.47 | £.33
ol 1or | ses |16 |15 laaz 249 [aa0
o i o.722' | 108" T ot | vost | 2ot | at0b | 276!
0 | o2t | et | et | 208t | 2,080 [Paest | 47!
1| 3.05 | 3.8 4,64 | 5.5 6.3 | 7.02 .47
w2 | v e Fast | aes | aos | a0r | 5.6
13 | otv. | ow. | orv, | ofv. | A, | DIV, | DIV,
e | oeve | oo, | mve | oo otv. | v,
15| 0179 0.286 | 0.463 | 0.741 | 1.0 | 158 | 2.20
16 | 0.277 | 0,379 0.518 | 0.674 | 0.879 | 1.13 | 1.43
v b oons | oas | 0.17e | 0.216 | 0,249 | 0,205 | 0.327
18 | 0.162 | 0.247 | 0.350 | 0.503 | 0.690 | 0:923 | 1.20
1o | 236! | aert|s.0a | 6.0t | 7,080 | a7l 11,7
20 | 0.651 | 0,033 | 1,26 | 154 | 188 | 2.25 767
21 | 0.023 | 0.004 | 0.068 | 0,101 | 0.138 | 0.181 | 0.229

I = {naccurate - 'SI - slightly inaccurate (1-3 flqure accuracy)
DIV - diverged ' '

. e mar A e mrm—— e e .



Table 5.4: Exécutionr

% 

Times For 209 Linear Equatiopé

BAYDWIDTH

=0, ...__,__,/ — — : ‘
3 s 7 9| e 13 15
SRR T.L T.L. | T4 ] T [T
2 | Tob T |oT T | T ‘f:L T.L.
Lot T | Tl |t T.L
Lol T p Tl ) T | T | TL
L] T ol T T.L T.L
.5 4.8 {717.1 "19.4 21.8 | fn.z
7| .67 | 1555 | 200 | 233 |26.4 |20.9 | 33.8
87| 6.64 | 335 |'60.3 |92 (0.0 [147.7  |1e8.2
9 1 260t | 3571 | a.70% s.o8ly| 7.430 | g.00f | 10.80 ]
0 | sest | oaest | e0st | st oser? Jaor T | a2rt
o2z | s sl [aral |aaal 1ozt | 31!
12 | asel | oesol | st el 132t | aest | 193t
13 DIV prv. | ow. |. ow. | pwv. | -ov. | orv,
14 orv. | otv. | orv. | owv. | owv. | orv. | ofv.
0203 | 0.5% | o0.897 1,06 | 2.22 | -3.24 | 4.52
0,816 | 1.n2 1.28 1.62 2.04 2.56 3.17
0.315 | 0.372 | 0.440 | 0.506 | 0.577 | 0.650 | 0.743]
0.217 | 0.587 | 0.824 | 1.15 1.53 2.00 2.59
r.26' | 13.28 | 7st | 22rt | 2s! Nas. 1! 7 az.at
20 | 2.5 | 347 | as1 | s.s0 | 1L T.Lio | T.LL
21 | n.0a6 | o.0es | 00137 | o201 | T.L. | T.L. | T.L

I - inaccurate

T.L. - too large (requires more than 49K)

»

SI - slightly inaccurate (1-3‘ffgure accuracy)
DIV - diverged
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Table 5.5: Length of TRGB Operator List

T
P

THUMBER OF EOUATIONS >
BAHDYIDTH 50 100 200

-3 600 1200 zﬁqo:
5 1176 2378 a7

7 1928 3928~ M 7528. *

9 2848 5848 11848
1 3928 15128 -

13 5160 10760 -

15 3536 ‘:3736 -

i
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6. MNUMERICAL TESTING OF STIFF TECHNIQUES

6.1 Testing By Other Workers

Severa1‘hﬁmek1cal comparisons of'methOQS for
solv1ng st1ff 0. d e.s have been made,

. Steeper (1970) compares Sloate’s method (S1oate,
]970), Liou's method (Liou, 1966), Pope's method (Pope,
1963), secoﬁd and f0urth-order Runge-Kutta,.Jung's
vériation of Treanorfg method (Jung, 1967), & linear extra-
polation method.from the FACE program (Price, 1970)‘and
MINTAS, a modified version of Adams-Moulton-SheI1‘(She]T,
1958). Based on two ;est examp1es he recommends MINTAS.

Lap1dus and Seinfeld (1971), also Seinfeld, Lapidus
and Hwang {1970), have compared fourth order Runge- Kutta,
'fourth order Adams, Treanor's method (Treanor, 1966), the
modified m1dpo1nt rule, the trapezoidal rule w1th and
‘w1thout extrapolation, Calahan's method (Calahan, 1968b)
and two methods of Liniger and Willoughby (1970). They
founﬁ the last four implicit methods to be superior and
roughly comparable in terms of accuracy and computing time.
For highly stiff systems, they recommend one of Liniger
and Ni110ughby“s'techniques. Four test examples were

used.

96
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Brandon (1972, 1974f) .compares his own method with
the stiff techniques compared by Lapidus and Seinfeld and
finds his method to be superior. He .uses two test

examples.

‘Hronsky and Martens (1973) compare Runge-Kﬁtta-r

Newton (Krei?zﬁg,_]QG?? which is the pseudo steady state

approach used with the fourth order Runge-Kutta method.-

:Treanor's method (Treanor, 1966), a method of Liniger and

-H11]oughby (1970), and the backward d1fferent1at1on formula

(Brayton et al. 1972) wh1ch is a mod1f1cat1on of Gear's
method (Appendix A). Based_on five test examp]es;.they
récommend the methods in the ofder aboVe; except if the
number of equat1ons is less thah s:;, Liniger and
N1T1oughby s method is recommended over that of Trea;;r

- Hu]l and Enright have been doing extensive com-
parisonS-bf stiff technique§, but their final results are
not yet available, Their preliminary testing indicated
the three best methods td'bngear's method, trapezoidal
rule with exfrabo]ation and the second derivative multi-
step method (Enright, 1974).

Se¢eral ‘other comparisons appear in the I1ter5¥ure

but, unfortunately, ‘most authors of new.techniques compare
their algorithm only with an'inefficient coﬁventiona1

method such as fourth order Runge-Kutta or with a stiff

technique very similar to theirs, to demonstrate a

PN
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superior modification. LT

6.2 Test Methods and Examples

The following meth&ﬁs were seTeétéd for numerical

testing: . ' - o
 f0qr'c0nvent10na1 methods none of wh%ch afe grfg;ted to
solving stiff systems: L
(1) Euler S -;gff- N . ;
(2} ﬁdams-MouTtdnéShg]J”fShe11;.1958) |
_(3).Runge-Kutta;Me?§oh (Merson, 1957’

(4) Gear's“nohétiff option (Appendix A)

four eXp]ifij;tiff techniques:
_x,//fﬁ) Richards, Lanning and Torrey (1965)
(2) Nigro (1969)
| {3) Treanor (1966)

(4) Fowler and Warten {(1967)
L ]

four implicit stiff techniques}
(1) Klopfenstein and Davis (1971)
(2) Sandberg and Shichman (1965)
(3) Brandon (1972, 1874F)
(

4) Gear's stiff'obtion (Appendix A).

98
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The IMP pack&ge (Appendix B) containing Brandon's

‘method was also fested Obviously it‘Ts impr@ct1ca1 ito

test a11 the methods surveyed 1n Chapter 3, but these per

vide across- sect1on of promis1ng explicit and 1mp]1c1t

techniques. The exp11c1t methods have‘the‘advantage of

avoiding the solution of linear algebraic equatibns.
_The four Amplicit methods used matrix inversion

(MINV of Chapter 5) in solving the corrector Gear s

method" was a1so used with two other linear equation so1vers

" DECOMP- SOLVE and TRGS- TRGBZ*descr1bed in Chapter 5. " TRGB

was used only Bn the first time Step to set up the operator

RENSS and TRGB2 used thereafter:.

LETeven test S}stems were used (Appendix D). They

can be divided 1ntolthree_groups:

(1} small stiff systems: I, II, 111, Iv, Vv
. H it '
« (2) large stiff systems: VI, VII
(3) nonstiff systems : VIII, IX, X, XI

"Each of the fiftéen test programs were tested on

each example. Ideally the same method could handle-both
nonstiff and stiff methods efficiehf]y; otherwise;rtwo
methdds would have to be sed.l —

The two complex eigenvalue sygﬁems 111 and VIII

had smaIT‘imabinary parts to avoid introducing the problem
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‘of simulating rapidly oscillating components.

i

Most of the metfiods used had a locaj truncation . .
error estimate: Gear, IMP, Brandon, Fowler-Warten,
K1opfenste§n-Davﬁs,-Sandberg-sﬁjchman,’Adeﬁa-M001ton7$he1l

.and Merson. Gear's errof'coﬁtro1'is described in Gear |

r 4 -
(1971a b) and br1ef1y in Append1x A. IMP-uses a ‘complex

— 2

_a]gorithm_(Brandon, 1972, 1974f) to ca1cu1ate the step

size. 1In all . #f these methods, however, the maximum

j*nkq_%_Hre1ative local error was kept-below an upper tolerance

and u§ea11y~ahoxgia Tower tolerance {except for Gear and
) -3

IMP). The upper_to1efeﬁEE“usengas 107 .for systems [-X

and 1076 for system XI. The lower tolerance was taken as
vone-tenth of the upper'tolerance' Relative errors were

&9 used with the abso]ute error: est1mate divided by the max1mum

-

'
\

value of the correspond1ng_1ndependent variable. .Th1s
maximum value had e minimum ofﬁ].o; s -that in effect,. \
relative errers were used foe large y.values an% absoiute
errors for small y values. Fow]er—warten ha&‘alcompiex
error control scheme,.but it wass not used here. ‘The Tasf
s1x mthods\mgﬂElgﬂed above, used the double-halving
approach described in Séttyanﬁz 7.3.
T :

Three methods had no-error est1ma : Euler, Nigro
and Treanor Lapidus- and Seinfeld (1971) recommend the
following error control scheme for Treanor's method it

the relative change in y,lyn+1—yn|/|y ,1; greater than

n+1|



L . am
\ o
~some uhper'to1eranee, the step size is halved and the seep
J'repeatedi LIf it is greater than some lower to]erance, the
step is,doub1ed To]erances of 0.05 and 0 005 were used

This strategy gaVe un tab1e results for systems V, VI and

VIT. It was a]teredﬁﬁor'egifito keeping

L - Y -y ' ) .
0.001 < | LA <901 s
: yn+1-‘-. ) :
wh fb < : ) -
where R = 0.1 1 yn+g. 0.5

0.0 .otﬁerwise

Euler and Nigro -used aa fixed step siAze.. The
critical step size was used for the stiff examples, i.e.,
i tﬁe'step size just'befere the onset of instab%]ityﬁ For
““the nqnstiff'examp1ee, the step size was adjusted to keep
the final error below 1%. ' 2 ‘

For Nigro's methed, the pafameters corresponding
to hx = 120Lwefe used.. Euler's method was used to start
‘the integretfqﬁz A-step size of 0.01 of the Nigro‘step
size-wes used to calceiate the.starting points. This was:
not included in the execution time. )

The first order Klopfenstein-Davis algorithm
tested better than the second oreer. Tests with various
coefficients of'a, 8, u, v and a yielded very similar

résu]ts so.the values a = 1.0 B = 0.0,'u = 0.25, v = 0.75

and a = 0.6667 were used. See'EqUation‘(373.10).

-r
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6.3 Test Results

Global errors are given at the end of the simula- °

tion with the exception of systems I1, v,.VI and VII.

-There. the error is given after 10% of:the simu1at10n, since

Tt was expected several methods could require near 1nf1n1te

eomputer time to reach the end of the integration.
Ana1ytica1 solutions are ava11ab1e on systems I,

11, 111, 1v, VIII and 1X to caléuiate the ergor. For the

remaining examp1es.;v. V}, VII, X and X1, the Eu]er method

with r =.-0,00005 was used to get an accurate solution,

““This was arbitrarily taken as the "correct" solution. -"In

each case"with™h = 0.0001, the results diffemed at worst

in the fourth significant figure.

None of the examples came c1ose to steady state, S0

an error taken at the end of the s1mu1at10n will be reason-

ably.1nd1cat1ve of the accuracy of the traaectory.

> Table 611 shows the execH}ion times and errors for
the exp]icie methods ahd*}he‘fu1er step size. Tabies 6.2
and 6 3 show results for the explicit and implicit stiff
me.thods reSpect1ver N1gro s step size is . also shown.
Table 6.4 shows. IMP and three di?fefent Tinear equation
solvers in conjunction with Gear's method. Gear-MINV is
repeeted from Table 6.3. See Appendix E for a discussion

on computer timings.
- :
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method was the least inefficieht,rbut obviously a-method .

' Some of the runs especially on.systems II, v, VI and VII

- were a waste of computer time, as the methods were so in-

" (nonstiff opEjon) c]o§e1y behind it. n our -1imited test- . o

103
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In general the conventional methods did not per-

TN T '

form well oﬁ\the stiff'examp1es,_ As expected, Eu1ef's

L

S ‘ ’ | L
designed specifically for stiff systems is to be preferred. o

e e et WA

R P ST

k]

efficient. The conventional methods are not. of great con-
cern here except to note how well the stiff methods were
§p1e to soTve the nonstiff exémples by compafiéon. They

do reasonably we11'with reépec; to execution time and error.
Sifice the execution-times are 50 ;hall'anyway, if would
suffice to use a stiff method for both nonstiff and stiff
examples. . ‘ . :

Hull et al.‘(1972a) gonsider'a me thod of Krogh

{1969} very good for nonstiff systems, but they rate'Gear's

ing of,nonsfjff examples here, Runge-Kutta-Merson did very i
. R ' . .

well. AMOS could not handle system XI, probably because : o

of the extremely small tolerance demanded.

In genefa1, the explicit stif% methdds'did not per- 1

form as well as the f%?gicit methods. Of‘thg'stiff méthods,
Gear's was éasijy the best (Table 6.3). Brandén (1974d) j'_‘ :
has improved his error estimatioh procedure recently and L
it does much better, but it was not used in our testing.

In particﬁ1ar, the 1ﬁtest version of the IMP package



- execution time is slight for the small examples.

I : 04

integrates system VI and VII in 22.2 and 6.68. seconds res-

pectively on the CDC 6600. These times would roughly be
multipifed by three for comparable CYBER 73 times.

The Fowler-Warten method'hanﬁ1ed the complex

' éfgenva]ué systems LII‘and;VIII reasonably well in spite

e}

of the fact that it is intended for systems withlthe

-

‘1argest eigenvalue real. -

Neither of the step-changing strategies used with.
Y : !

Treanor's method were very efficient, ROﬁS1b1y a fixed

step size_wouid be a better strategy.

'Samé of the methods simulated only the extremely

.small components inaccurately especially in Syétems V and

N

‘ X.  In these cases; the second largest error is given in

‘bracketg.

Different methods of handling the corrector are

~illustrated in Table 6.4 with Gear's method. For less than

about five equations, matrix inversion is fastest, then

Gaussiaﬁ e11m1nat1on.£s preferah]e up to perhaps ten
equations, but for large systems a sparse method such as’
the Bendinngutthison algorithm is Hecessary, as shown by

the results for Systems VI and VII, Thg¥§ffférence;1n

System XI ran slightly faster with the tridfagonal

option (0.753 seconds) rather than with TRGB-TRGB2 (0.980

seconds). The time savings wild increase with the size of!

the system as shown in Section 8.4, ‘ @

1
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1f wéfhad toicﬁbosé‘one,ﬁethod to handle all

systems §t1ff and nonstiff, 1érge and small, it waTd‘bg
Gear's method with stiff option and the Bending-Hutchison
method to solve the correctof}let.hand1es small stiff
sygiems and nonstiff ﬁystem&ﬁef%icient1y enough since
1ittle computer time is fedUﬁred‘anyway.:.Howevér, the .
nonstiff option is also available in the same pfogram and.
onIy‘a‘switchiis required to change from one to the other,
so that both sti?#.;nd nonstiff gftjons are convenienfly
available.- Different coefficients are used, but most of

the: code s similar for both optiens. -

av

(f&
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7. THE DYNSYS 2.0 EXECUTIVE PROGRAM

We have tested several integration'techniques.for
handling stiff'o}dinarf differential equatioﬁs. 0f these,
.Gear's method appears to be thermost éfféctive;' We have
also tested various techniques for solving 1arge‘sy§tQTs
of linear algebraic equations which érise in solving the
implicit part of a stiff numerical 1ntegrat1on method. \:
The Bending- Hutch1son approach was found to be particularly

approprlate

~ He wou]d now like to 1mp1ement these features into

a dynamic s1muTat1on executive program. Either the equation-

oriented or proﬁiem—orieﬁted approachgs can be used, but we
believe the'modu]gh\approﬁch is especially suited to the
engineer, since many:engjneering processes are modular in
structure; i.e., they consist of many different pieées of

equipment. It was decided td)impiement the"new techniques

- .
- i . . .
into the DYNSYS pgcﬁage. The resulting program Ei%cal1ed

’/ ?

z/.

DYNSYS 2.0.
This 'chapter describes the new features of DYNSYS

2.0 and Wow they affect the user. A listing of DYNSYS 2.0

appegfg in Appendfx I. c :

7
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7.1 Numerical Integration of 0.D.E.s

Both the-stiff and nonstiff options. of Gear's.
method:are availabie; howevér, the same option must be
used for the entire simulation.

A c<imulation will often contain both stiff and”
A N ' .

nonstiff modgﬁes In thisflase'the stiff option must be
used and a11 modules will use the stiff coefficients of
Gear s« method. We saw in Chapter 6 that the stpff 0pt10n
handles nonstiff prob]ems reasonably well. It is not
possible to use the nonstiff and stiff coefficieﬁtghin the
same simulation‘as they have different error cdnsfants "
and‘the etfor énd step—ghanging analysis could not be done.
The stiff option is assumed by the executive. If
the user_kjshes tq_ﬁave the nonstiff system, i.e., the
system is cbmp]etely nonstiff, he must specify this
through the data set.. Section 2.6 describes how .to
jdentify. a stiff system.
The a]gorithm_hsed differs from Gear's original
DIFSUB (Appendix A) befause of the modular approach. A (7
predictor step is . taken through all of the modules followed -
by a corrector ;tep. Up to three corrector iteratioﬁs are
made. The derivatives are re-evaluated by returning to
the module. I:f convergence does not occur for‘any module,
the integration step size is reducgd to 1/4 of its present

-

size and the step repeated for all modules. The factor 1/4



N/

b d

is given by Gear (1971c) and is empirical. .

other way of -using the predictor—cérrector would
the mannef ctually choseh'heips to converge any.récygle
~in the system. As yet DYNSYS has no other way of hpnd1ihg'
recytle cenvergence. Iﬁié is a possiﬁ]e item for futu?ﬁ
work.‘ | |

After the corrector pass, the er}or ana]y;is ig
done (Gear, 1971c; Appendix A) considering the equatiohs

from every module as one system.

7.2 Corrector Convergence of Stiff Equations

Gear's aIgorith contains an option for both stiff
and nonstiff equations. If the nonstiff option is used,
the corfector_équations will. be so]ved.by repeated itera- -
tion only. For the stiff option, Newton-Raphson iteration
is generally use&, but a special option for tridiagonal
matricgs (Carnahan: Luthér and Wilkes, 1969) was included."
This waé done because tridiagonal systems arise often in .
chemical enéinegring in the di?bretization of hartia1 dif-
ferential equations and 1n cbuntercurrént stagéwise p;o-
cesses. A special a]gorithm for the tridiagonal systemais
much faster than using the Bending-Hutchison solver. See

exampie #4 of Chapter 8.

.
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T

| In"a system of nénstiff and-;;??f mgdules, all
the moduies will use the sti .oefficieﬁts bf Gear's
method to facilitate the er£i§:§na]y§ﬁs,bdt;the nonstiff
-moduTég can use -Jacobi itération of the corrector. ;i_
Each set of stiff o.d.e.s in each module will |
geﬁérate.an 6ﬁérator list. Af] the lists are cfeated dn
the first time step;and afe stored sequentially in core L
.with 10% extra storage in case the list i; re-created.
The routine‘éontains a minimum pivot presenfiy
set at 10'6 which 1is reasénaﬁ]é'for 14 figure sipg]e ﬁre-
eision accuracy as on CDC machines. This fiqure may be
a]te}e& through-fhe data Qet.for other computers (fpr
example, perhaps 10;3 for single precisiﬁn IBM computérs).
If, during the integration, one of the pivots falls below
V.iO"G; the .aperator list will be re-caIcq]aéed using dif-
ferent elements as p{Qots. It is assumed that the new
operatorhlist will not be more than 10% 10nggr than the
_original one.. Several tests were mqﬂé where the operator
Tist was re-calcu]atéd every time step. The greatest
change in 1ength.w$s 5% longer than the o;iginal length;
however, in eﬁéry éx;mp1e tested, the_griginal operator

list was sufficient for the entire simulation. Different

operator lists can be generated as the integration proceeds,

in addition to the paossibility of a pivot falling below

10'6, because at + = 0, many nonzero elements of gpe‘
. ‘ . N

/ |
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: | : : . .
Jacobian may actua11y be zero because of the 1n1t1a] con-

d1t1ons, the1r values may become large enough that they

are ava11ab1e as pivots. The present executive does not,

however, re-evaluate the opefator list for this reason as

if is unnecessary and ﬁo&lﬁ requiré too much éomputer timg;
DIFSUB.can use a numerical_or analytical (usgr S8

supplied) Jacobian matrix. It was decided to use an | ‘

analytical Jacobian for DYNSYS'as it is more efficient

and 1t w0u]d be extreme]y difficult to compute a sparse

0
numerical Jacobian and use. 1t with the Bending- Hutch1son

[
LT

routine.

Gear re-evaluated the Jacobian only if the corrector
aid not ;onverge in three jteratibns-or 1ess‘orlif a chénge.
in order was made. The present method in DYNSYS evaluates
the Jacob1an every time step to avoid storing a11 the
'Jacob1ans together in core at the same time .since storage
space is crit{cal. | |

> -

The DYNSYS version of DIFSUB has about the same
execution speed aslGear's{published version. The chobian
is evaluated more often,-but this is balanced by fewer

corrector iterations being required.

— N

]

i Ste A Yy e e w ne 4 m




115

J 1

~—

7,3 Using the DYNSYS 2.0 Executive Program

7.3.1 New Parameters in the DYNSYS 2.0 Data Set
, S '

- L i - . ,
Several new data set parameters‘re1at?;b$to the

new integration method havé.beéﬂ introduced. They are
ra ) ] . ' a
the.smallest and largest Bgrmissibie integration step

size (HMIN, HMAX), the option, stiff or nonstiff to be
< .
\\ﬁ‘:é;gﬁ (NONSTIFF), the maximum permissible order of the

N integfation (ORDER), the'error tolerance (EPSH, and the

\minmimum permissible pivot'e1emenf'(MIﬁPIVOT). These are
\ ‘

§pmmarized in Table 7.1. The other data set parameters

are described in the DYNSYS Manual.

7.3.2 MWriting Modules ‘For DYNSYS 2.0

The user will usually write a madule correspdnding
to each of his pieces of ‘equipment. A general skeleton of
s@ch a module is shown in Figure 7.1. The user should

"study this and the exam51és in Chapter 8 befﬁre'he‘writes

- his modules. - : J( h

- . ,} * »
As shown ip the skeleton, a modfle-can be divided

into five basic sections:

ters, stream input, initial

\

(1) calculate module para

conditions, ITER, etc

5




Table 7.1: New Parameters In the DYNSYS 2.0 Data Set
.| DATA - DEFAULT S
. PHPUT VALUE “DESCRIPTIOﬂ
HMIN Hmmﬂo*ﬁ " HMIN:smallest per'r{issibm step size to
: S be used by DIFSUB :
HMAX HMAX=0, 05 HMAX: largest permissible step size to
be used by DIFSUB
- NONSTIFF ISTIFF=1 ISTIFF=0:nonstiff option, i.e., nonstiff
' coefficients are used in Gear's
method i
ISTIFF=1:stiff option
- . ¢ .
ORDER TORDER=6 “IORDER: maximum permissible order of
' intearation method to be used -
IORDER cannot exceed 6, for stiff option
- or 7 for nonstiff option :
TOLERANCE EPS=0.001 EPS:Euclidean norm of relative local
) truncation errors )
MINPIVOT XMIN=10;6 . XMIM:minimum permissible value of pivot
: ’ element in TRGB TRGBZ

ed



117
FIGURE 7.11 SKELETON OF MODULE FOR DYNSYS 2.0
SUBROUTINE TYPE2.0 U .

-z COMMENTS DESCRIBING MODULE

THE FOLLOWING COMMON . BLOCKS ARE OR MAY BE REQUIRED!
MATsCON+PTABsUNIT+GEARZ2 s MOOULE s ROH.COLUHN-JACOB.SUBDI-DIAGvSUPERD

OO0 0n

COMHON/HAT/HP( ’ }nEP( 2 )eS{ » v D)eEX( )
COHHON/CON/IG!NCOHP!NCS!H|NE!NS!NPR|NPOL!THAXOIORDER!NGRAPH

"~ COMMON/PTAB/IGF[AG+PP{ » ) . :
COMMON /UNIT/IMsNMP :
COHHO&/GEARE/EPS!TIME!KFLAG,JSTART'NBVHAX!ICONV!NOPPTOISTIFF
COMHON/HODULE/IDER‘I" ITERsITRIWNZERO

-

OO0

NZERO 1S,NUHBER OF NONZERO ELEHENTS IN JACOBIAN

COMMON/ROM/ TROW (NZERO) | (NORMAL OPTION)
COMMON/COLUMN/JCOL(NZERO) _ (NORMAL OPTION)
COMMON/JACOB/XJACOB (NZERO) [~ (NQRMAL OPTION)
N IS NUMBER OF ODES \

OO0

'COMMON/SUBDI/A (N) (TRIDTAGONAL: OPTION)

COMMON/DIAG/B (N). (TRIDIAGONAL OPTION)

COMMON/SUPERD/C(N)  (TRIDIAGONAL OPTION)
c =
C...ﬂilﬂ#&’..“..'fﬂ.#.'i}.ﬂ"'l‘."I‘Q..*'....Q.'I‘I'.I'..Q‘.'."QQQIGQ..IQQ..’.*'QQ.’
c SECTION #1 § PARAMETER CALCULATIONS

C.06«nwaoc&o'voooliin'Qiﬁlil&#.i!lnliioolililoliauililliliiGltll'llnnlliiiliilﬁl S
oy

CALCULATE HODULE PARAHETERS ! STREAM INPUT+INITIAL CONDITIONS, .
VALUES OF ITER ETC. . b

INPUT STREAM INFORMATION IS OBTAINED "FROM S(IGv v ) =~
VALUE oOF INDEPENDENT VARIABLE:(Y) NEED ONLY BE SPECIFIED ON FIRST
" INTEGRATION STEP (I.E., INITIAL CONDITIONS)
JSTART-O ON FIRST INTEGRATION STEP
' =CURRENT ORDER OF INTEGRATION TECHNIQUE ON LATER STEPS

e
., B .

IF ISTIFF=0.NONSTIFF COEFFICIENTS HILL BE USED IN INTEGRATION ALGORITHM
(DIFSUB) FOR _ALL MODULESY

JACOBIAN MATRIX IS NOT REQUIRED i

IF ISTIFFIIsSTIFF COEFFICIENTS WILL BE USED FOR ALL HODULES ;
THENsIF ITER=0 DIRECT ITERATION OF -CORRECTOR WILL BE USED
. (NONSTIFF MODULE) _

- : JACOBIAN IS NOT REQUIRED v
IF ITER=]1 NEWTON=RAPHSON ITERATION OF CORRECTOR WILL

B -. BE USED (STIFF MODULE) J

¥

COOOONO0OOO0O00O00O000
I
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;o - s

™~

OOO0O0O0n

! | JACOBIAN MATRIX MUST BE SUPPLIED
ITER MUST BE SPECIFIED 0 OR 1 .
1T 1S NOT USED UNLESS ISTIFF=1.
IF(16.EQ2) 6O TO 2
c

C..09Dl'#i"ﬁ...l’lili.'.lllI'I-Q'I.-llG#'G.....’.“I’QG."GG!OIG...G’l'.’.ill"lli.!" ’

¢ SECTION #2 1 JACOBIAN EVALUATION

coacga0'.gl&.a&li&.bu.ccouoc.&igqoioeobto&.coigiﬁgoaiquﬁiiii.isilcqoocuiiiqipolo

SECTION #2 IS OMITTED FOR NONSTIFF MODULE

JACOBIAN MATRIX IS REQUIRED ONLY IF MODULE EQUATIONS ARE STIFF
CALCULATE JACOBIAN MATRIX ON CORRECTOR PASS ONLY
JACOBIAN NEED NOT.BE VERY ACCURATE,AS IT IS USED ONLY FOR CONVERGENCE
OF. CORRECTOR .- e - . .
ONLY NONZERO ELEMENTS ARE CALCULATEDsBUT ALL DIAGONAL ELEMENTS MUST
_ BE STORED WHETHER OR NOT THEY ARE ZERO (NORMAL OPTION)

NORMAL OPTION

IF JACOBIAN MATRIX IS NOT TRIDIAGONAL ’ R

ROW NUMBERCOLUMN NUMBER AND VALUE OF EACH NONZERO ELEMENT ARE STORED-IN °

‘ ARRAYS IROW+JCOL AND XJACOB FROM COMMON BLOCKS ROWsCOLUMN AND JACOB ;
RESPECTIVELY : :

S  ELEMENTS MAY BE STORED IN ANY ORDER
NZERO®* = NUMBER OF NONZERO. ELEMENTS IN JACOBIAN
INCLUDING ANY ZERO DIAGONAL ELEMENTS
IROW (I ~ ROW NUMBER OF NONZERO ELEMENT I : ®

JCOL(I) = COLUMN NUMBER/OF NONZERO ELEMENT I
XJACOB (1) = VALUE OF NONZERO ELEMENT .I: ~

rﬁr,ofar)ntwr)n‘w(wntwrrntwr)ntwr)ncarwo

NZERC=

IROW(l)=
JCoLily= ‘ -
XJACOB(1)= - ' s

.. s . [
L] . - N H .

"

* - | L
. - o ‘ :
IROW (NZERO} = 2 | - Por
JCOL (NZERO) = e _ | ‘ P -
XJACOB (NZERO)= - - _ |

- -,

TRIDIAGONAL OPTION

. . ) . E [

FOR TRIDIAGONAL JACOBIAN MATRIXsTHE SUBDIAGONAL-DIAQDN@L AND SUPERDIAGONAL!
" ELEMENT VALUES ARE STORED IN ARRAYS AsB AND C FROM TOMMON BLOCKS SUBDIv;-
DIAG AND SUPERD RESPECTZVELY , | , ‘

QOOO0OO0O0n

N - NUMBER OF ODES - I - (



A e VALUES OF SUBDIAGONAL ELEHENTS ARE STORED IN AlZi-.oAtN)

c
C A(1} IS NOT USED
c B - VALUES OF DIAGONAL ELEMENTS ‘
c C - VALUES OF SUPERDIAGONAL - ELEMENTS ARE STORED IN C{l})sseC(N=1) o
¢ © C(N) IS NOT USED o
c :
B(1)= : N . : ~ : : .
C(1y= ' ‘ | . : ' SR
. Al2)® _ oo : .
B(2)= ' -
" C(2)=
A{Nel)n
B(N=l)= X : -
. CiN=1)= . - ) ‘ o , s
AN = - '
- B(N)= ‘ . : P
"1 CONTINUE _ Sl
¢ _ o | ;
c IF TRIDIAGONAL OPTION IS BEING USED.ITRI MUST BE SET TO 1 HERE,
c IF NORMAL OPTION IS USED ITRI MAY BE. IGNORED
c L
¢ ITRI=]
C fal
2 CONTINUE
c . ,
CD.I#!OGG!ClQGGQQGGGQQ!Qibi!l'lll{lii.!l. lll.iG.l!lllliﬂ#l*!!'ll'i.n!i.i!&!!l
c SECTION #3 & DERIVATIVE CALCULATION
C".lllGﬂ!'lDO'lilCQDGl.‘llilllQ.!l#!'lli‘l.l#iG.Oiiilﬂllﬂﬂ.iiﬁl'llli.l'ﬂﬂiﬂl00¢ i
c L
o CALCULATE DERIVATIVES : = ' P
c Lo
) DERY{1)= ;
. 2 o - : ‘ ~§:P
c . —
C“iGﬂﬂllai’.ﬂlll'.’l#iOQ!!.*Qilllbiiiliilliiiilléiﬁ.0!!!.'0'!.*!...!'!.'..l..bl§§
c ‘ SECTION #4 1 CALL DIFSUB

C.Qlllﬁ.ﬁﬂ‘i.Gi'liiﬂ.#.l.ll...!IG'.GG'.'Il#‘.ll"ﬂ‘ll.l}..i.i!'IQ*'Q.G#'..DQ.IQ”

CALL DIFSUB. TO SOLVE ODES FOR MODULE E
DIFSUB MAY BE CALLED MORE THAN ONCE FROM A MODULE FOR EXAMPLE IF THE ;
MODULE CONTAINS A SET OF STIFF 0.D.E,S AND ANOTHER SET OF NONSTIFF |
DeD,EeS i

] |
ARGUMENTS 1 N - NUMBER OF ODES ;

1

Y = INDEPENDENT VARIABLE
DERY = DERIVATIVES

O0ONO00O00
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OaO0O00 O

OO0 00O000

CALL Dirsuatn.v.osnv)
IF IDERY IS NOT ZERO THE oenxvar:vas WILL BE RE~EVALUATED AND
RETURNED TO DIFSUB
ITRI MUST ALSO BE RESET IF IT IS 1 ;
. IF(IDERYWNE.0) GO TO 1 T
QOQG;QQI".;‘.’Q.QQQ..’D""."Q';GI}Qfli“&.ii;O.G.9.""'*'....l.l#i"gz;'..l.'
' ‘ SECTION #5 1 STREAM. OUTPUT CALCULATION ;
DI‘QGGG!i*!oO!ﬂQiotllill.l!#iliii.lilﬂﬂii.iiiibi##.iil{#i#i{#i.iﬁiliii9600'}&!.
CALCULATE STREAM OUTPUT (STORED IN S{ls 4 3)-
S(1s o )=
RETURN
END
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calculate Jacobian matrix (if 0.d.e.s are stiff) on-

corrector pass.only ] o

evaluate derivatives

CALL.DIFSUB to solve o.d.e.é fof module

calculate stream oﬁtput. ‘ . ¥

There are several variables used in the skeleton

moduie which relate to the integration. TheseAare Summar-

ized

in Table 7.2. N
: 5 ' :
It is not necessary to supply a Jacobian matrix

for the nonstiff modules. Setting the variable ITER to

-2ero

-corrector.

inside the module will cause direct‘iteratiﬁn of the

ITER should be set to one for stiff modules so

that Newtdn—Raphson iteration will be used and the Jacobian

of course mu€t be supplied. If the module is known to be

always stiff or nonstiff, ITER cah be specified inside

- the module; otherwise, an equipment parameter can be used

to saecify'tﬁéiopjibn.

It is possible to"have more than one set of o.d.e

.5

in a module. This will present no problem as long agaeach

N,

set is defined before the call to DIFSUB.

It may be necessary to use a low value of HMAX,

the maximum permissible integration step size, to keep the

system under control. If too'large a step is used, say

FIVPRIPY. - TP

e e LB PRAPBESEEE LS
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VARIASLE

DESCRIPTION -

P

JERY

[DERY

ITR]

JCOL

M
B ]

MZERQ

XJACOB

Y

values of subdiagonal elements of a tridiaaonal Jacobian

matrix are stered in A(2),...,A(N)} . :

values of diagonal elements of a tridiagonal Jacobian
matrix are stered in 8(1),...,8(N) i

values of superdiaccnal elemenys of a tridiagonal'
Jacobian matrix are stored in §1},...,C(N-1)

derivative values -

IDERY is tested immediately after call to DIFSUB
IDERY=0 : module execution is continued

IDERY=1 : .derivatives are re-eévaluated and returned to

NIFSUB, ITR1 is reset to 1.if necessary

row numbers of nonzerc Jacobian elements and zero
diaaonal elements in normal option for storing Jacobian

ITER is used only if ISTIFF=1 (stiff option)
ITER=N : direct iteration of corrector (nonstiff module)
ITER=] : Mewton-Raphscn iteration of corrector (stiffj
module)

: \
ITR1 specifies option for storina Jacobian
ITR1=0 : normal option
ITR1=1 : tridiagonal option .
if ITR1=1, it must be reset to 1 each time DIFSUB is
called . »

_column nurmbers of nonzero Jacobian elements and zero

diagonal elementg in normal option for storing Jacobian
nurber of ordinary differential equations in module

nurber of nonzero elements in Jacobian for normal option
(zero diagonal elements are included)

_values of nonzero Jacobian elements in normal option

independent variable

T

9

R s

e mpm—— =

e o i
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near steady state, the truncation error will be cceptable,

s i . . . ,/"

‘\Eut the'torrector may not converge and thus the step size

- will be reduced by a factor.of four. Th1s/may happen re-
. o~
peateq1y'Tf HMAX is too large, for bothxst1ff and nonstiff

‘sygiéms. ;ff
Problems may a1§0 ocbﬁr if/tﬂé vériab]es_being
simu]ated have widely varying va}ﬂés. If aﬁ important
.var1ab1e has a value of the order 10 6, then EPS, the
'Merror to1erance, must be set to “about 10 2: This <an usé
., a great deal of computer t1me for the other variables.
It may be necessary to sca] ‘e mathematical madel so

that there ‘are no 1mportant variables with extremely small

value.

DYNSYS Z{b Wwas genéra11y.tesmed with optimizdtion ,
level one of:tﬁe CYBER 73 FTN compiler. Using the RUN -
coﬁpiler (a/%onoptimizing cdmpi]er), erroneous results
were ogtasnéd an some examp1es:probably because of exces-
sive round- off from the unoptimized code Thus the user
should ensure that an optimizing comp11er should be used
Both DIFSUB and TRGB-TRGBZ shou]d have at*#;ast twe]ve‘
figure accuracy in the computer word length. Excessive

round-off may affect the results, if a smaller word size

is used.
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7.3.3 Jacobian Evaluation

1f the module o.d.e.s are stiff (Section 2.6),

the Jacobian-matrTx'ﬁust be supplied in the modu]e. There

are two ways gfiaccomp115hing this:™ the normal option for

a genera] Jacobiaq,ﬁétrix,and-a special option for a tri~
diagona1 gaéobiaﬁ: The Jacobian does not have to be ex-
tremely dccuraté as it is needed dnly for the éonvergence
of the corrector; for exgmple, if the Jacobian is diagonal-

1y dominant, it may suffice to use only the diagonal coef-

fia{ients.- , .

7.3.3.1 Hormaﬂ/;ption

L

« The row number, column fumber and Gﬁlqe of each

nonzero element are stored in arrays I[ROW, JCOL and XJACOB

.respective1y.- The e]emeﬁts may be stored in any order.

For example the matrix:

1.0 ~2.0 : ..

ey
]

R —
-~
.
€y
[
N

would be stored as:
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-~

NZERO = 4
CIROW(1) = 1
JeoL(1) =
XJACOB(T) =- 1.0
IROW(2) -
JCoL(2) |
XJACOB(2) = 2.0 | : o
IROW(3) :
JCOL(3)
XJACOB(3) = 3.0
IROW(4)
JcoL{4) .
XJACOB(4) = 4.0 ) -

n 1]
N —

n
—J-I‘\)

il
%

H

NZERO is the number of nonzero e]ements in the matrix.
Note also that a Jacobian e]éﬁent .ugt be created for atl
diagonal elements whethet or not they are nonzero.

"Figure 8.7 depicts a simple example of a module
using the nd}mal Option."

S Ve
7.3.3.2, Zridiagonal Option

The subdiagonal, diagonal and superdiagonal element
values are stoxed in arrays 4, B and & respectively. -

. Af1) and C(N) are not used. For example:
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.0
3.0 ¢ |
J- = ) l 6’-0 -?-0 8.0 (?-3.2)
= 9.0 10.0 11,0 .
12.0 3.0
: _ _ 2 .
is stored as . . DY
' 3(1) = 1.0 C(1) = ‘2.0
4(2) = 3.0 B(2) = <£4.0 ¢(2) = 5.0
A(3) = 6.0 B(3} = 7.0 C(3) = §&.0
Al(€) = 8.0 B(<4) = 16.0_ C(¢) = 11.0
A(8) = 12.0 B(5) = 13.0

The variable ITR1 must be set.equa1 to 1 each.
time DIFSUB-is called. ‘

Figure 8.14 depfcts‘a simple egampfé of a module
using‘thg tridiagonaT optign.

-

7.3.4 Error Messages

DYNSYS 2.0 prints several error messages related
to the numerical integration. The prqgraﬁ continues for

messages 1-3, but execution stops for messages 4-8.

r2l
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(1) TRUNCATION ERROR IS TOO LARGE

This message may occur in critical regions of the
simulation where some variables may be changing répid]y._
The step size is too large and will be adjusted automatical-

-

1y by the executive.

(2) THE CORRECTOR FAILED TO. CONVERGE IN 3 ITERATIONS
o]

DIFFERENTIAL EQUATIONS T0 -

.’This message will be printed when the nonstiff

option is used for 2 stiff §ys;em, or ¥f the stiff option

is used with direct iteration of the corregtor for a stiff

el

system. The stiff option should be used with Newton-
Raphson iteration in either‘;ase.' It may aTéo occur if
the proﬁlem is formulated incorrectly; i.e., there is an
error in fhe diffeﬁééfial equations or in the Jacobian, or
the Jacobian is not accurété enough.- The differentia]

equatﬁoné causing the problem are given. They are numbered

in order of their occurence in the simulation.

(3) THE CORRECTOR CANNOT BE SOLVED BECAUSE PH(__ )} IS A

PIVOT ELEMENT WHOSE VALUE 1S BELOW XMIN DIFFERENTIAL
EQUATIONS __ TO __ OPERATOR LIST WILL BE RE-CREATED

This message can appear in using the stiff option
with Neﬁton-Raphson'1terat{6n, i.e., the Bending-Hutchison

"linear equation solver. If it occurs more than once or,
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or twice, it may help tojdecrease the variablie XMIN through
the data set. The formulation of the differential equa-

-tions and Jacobian shob1d be chgcked.
(4} THE MAXIMUM ORDER SPECIFIED IS QUT OF RANGE

For the nonstiff option,‘the maximum order must
be in the rahge 1-7. The range is 1-6 for the stiff
option. The default value is 6 for both options, but the

user may specify a value through the‘data set.

(5} CORRECTOR CONVERGENCE COULD NOT BE ACHIEVED FOR

-

H.GT.HMIN DIFFERENTIAL EQUATIONS _ TO

Message (2}, will precede this one andkgp? cause is

the same, but this time the program will stop.

(6) THE STEP WAS TAKEN WITH H=HMIN BUT THE REQUESTED
ERROR WAS NOT ACHIEVED -

The user should try a larger value for the error

tolerance or a smaller value of HMIN.

(7) THE REQUESTED ERROR IS SMALLER THAN CAN BE HANDLED FOR
THIS PROBLEM B i -~

EPS has been specified equal to zero. As in (6),

the user should try'a larger tolerance.
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. {8} ERROR IMN TRGB"

PR

This means that the Jacobian matrix has not been
properly defined; i.e.,fthefe is a redundant or incon-
sistgnt equation. Tt may also pecur if the arrays are

» dimensioned too small.
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-8.- SIMULATION EXAMPLES

Four relatively simple exampfés were simulated

wifh the new DYNSYS 2.0lexecutivé: -

g (1) the level control of a simple -stirred tank (nonstiff)™’

with time delay-

By q

(2) a network of 15 stirred tank reactors, 2 0.d.6.s

per reactor, some stiff and some nonstiff

{3) a tubular reactor with 222 stiff equations resulting
from the discretization of partial differential

equations

-

“ . i ) N ] .
({fﬁaa\tubu1ar reactor with 49 stiff o.d.e.s with tri-

diagonal Jacobian matrix.

The examples are 'not intehded to be rigorously
realistic,but they do demonstrate the types of prbb]ems
which may be handled. A more complex simulation is des-
cribed in Chapter 9. No system of units is‘employédyéince
the examples are.fictitigusn The reader may assqme.any"
set of consistent units. fach example contains a listing
of the mgdules and data set. A description of a data set
is in Appendix_F. N ) |

130
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8.1 Level tentro1 Exémple

~ ~This example is based on one_iﬁ the DYNSYS Manual
"(Bobrow et al. 1970) Figure 8.1 is'the”process flow
dwagram for a s1mp1e mixing tank equ1pped w1th 2 1eve1
9e0ntr011er;-.. ﬁ' ‘ }

Liquid t]ows i;?;ﬁﬁ_stifred tank “at a fluctuating
rate. The tank outlet stream is equzpped with a valve which
is manipuTated by-a-level controller cdnnected to the tank.

The response of the system to a 51mu1taneous step
_:thange in inlet flow and temperature s to be s1mu]ated |
The control]er will attempt to keep the tank 1eve1 at a
ice}te]n set point by man1pu1at1ng the flow rate through
~the outletfva{ve. Available in the DYNSYS library of mod--_

ules are mathematical models for: -

- (1) a perfectly mixed tahk-(STIRl)

(2) . a valve with a parabolic characteristdic

-

(VALV1)

-

(3) a proportioua]-intégra] controller (CONT1)

(4) a time delay (DELAY).

*

Figure 8. e dynemic information flow diagram

for the system{ Th is a time delay between the tank

and the controller and another between the controlier and
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- CONTROL EXAMPLE

L

-

. T
I .

B L A P Y

PR Y T,



133

C Sy

the valve but these cén_bé represented together by one
modu1e.' | | _ |

STIR1 is the only differential ﬁbdhlé, i.e., the
oﬁ1y one. containing differential eﬁuations. u’

The unsteady state mass balance fbf each component

i can be written:

M, _ ;
) “dt. Ei,in - Fi,out (8'1'1%
<1 where M. = mass of component i in the tank
"~ F, . = iplet mass flow of component <
& T,1n o .
. = outlet mass flow of component ¢
1,0uT o
in terms of the Variab]eg of DYNSYS
dMi' : o
—_— = X * _ »*
dt Fin‘ xi,in Fout_..ri,out (6.1.2)
where.xi = component < mass fraction
F = total.mass flow. S . -
(; This equation can be3integrate& to give the mass

holdup of the component, Mi;
Summation over all compoments i of M

o

NCOMP » o
M = T M, (wcoMP - number of components)
' =1 :

3 - (5.1.3)
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» - - —-—r

agives the. total mass'holdup in 'the t§31.7 The mass frac-
tions of each component in the vessel, and hence in the

outlet stream, may be obtained by division:

ﬁf | o B
x = ‘{{i . " | (8.1.4)

similarly the feat balance for the vessel:

a L | s
% - Hz’.nﬂout _ ‘ A (8.1.5)

becomes :
dr : /
aa * * ‘ - - A
.dt Fin ,-LTin CPin Fout Tout *}Cpout (8.1.6) ’ 3
. : . ‘ ! e .
and H'is obtained by integration. : - A\)
Assuming constant heat capacity, the new vessetl {
. temperature is: C ' L
- | -
s ~
_ H . . .‘_
‘ T = 7P (8.1.7)
- The modules CONTT \and VALY1 are described in ' J’K..
‘ v o . SN
the DYNSYS Manual (Bobrow et al., 1970). ™
' The time delay module, DELAY, uses the “"bucket ‘”.v -

b}iéadeﬂ-apprpachﬁto sim:g;te a delayed variable. The v

\. - - .
past times and stream informaticn are stored in vectors
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Appendix G. ‘

of 1000.

"\\ . . ) . . ‘ ) G-

.

anq'the‘gﬁpeam ougput‘from.the°delay is interpolated from

these values. The modu]e-is désoribgd more fully in

-

A listing of the modd]és'(extépt DELAY) and fhe_
data set is shown in Figure 8.4. A listing of DELAY
appears in Appendix G.‘_A graph of thé tank tevel versus
time is depicted in.Figure 8.3. After_a'littlé ﬁore'fhan | -

two time uhdts,cthe tank level returns to its set point

o

The o1d versi0n of DYNSYS required 20.8 seconds of
execution time to simulate this example,ﬁhi{E DYNSYS 2.0 ¢
took 5.9 seconds. In both ruhs, HMAX, the maximﬁm per-
piSsib]e step size was limited to 0.01. However, ;ith
DYNSYS 2.0, HMAX had to be limited to 0.01 to get accurate
results,while the AMOS version could use a maximum step of
0.05 and stilf be accurate. Possibly the Gear algorithm
does got handle forcing functions as well as the Adams-
Moulton-Shell routine, £ The Gear algorithm might function

better if the order was limited to one or two when forcing

functions are present. : -

\
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FIGURE 8,41 LISTING OF MODULES AND DATA SET FOR EXAMPLE #1

LEVEL. CONTROL SYSTEM WITH TIME DELAY .
LISTING OF TIME DELAY MOQULE IS IN APPENDIX G

SURROUTINE TYPE]

. SURROUTINE VALV1 f

‘ |
V-PORT (PARABOLIC)' CONTROL VALVE

'EQUIPMENT PARAMETERS , ‘ , .

1 = NOT USED’
2 = VALVE CONSTANT
3 = ACTION (+=DIRECT==REVERSE)

COMMON /UNIT/ IMsNMP _ _ ,
COMMON /MAT/ MP(435) +EP (495) 95 (2959 T)2EX(L) :
COMMON 7CON/ 1GyNCOMP yNCS +HyNE sNSsNPRINPOL s THAX + JORDER s NGRAPH

MImMP (IMéI)
MOnTARS (MP (IMe4))
CHECK THAT THE VALVE SIGNAL IS IN THE RANGE 0=100
Vas(leNle3I) »

IF (V.LT.O.) V'_OD

IF (VeGT41004) v=100,

ACTION t

AsEP (IMeI) .

IF (A,LT.0.) S(IO“OQB)IEP(IH'Zl‘lIOO.‘V)"E 4
IF (AJGE.0,.) S{]1eMO+3)BEP ([Me2) ®VRap '
RETURN d

END

(¢

1ol

T01l
Tol
Tol
T01
T01

Tol

T0l
Tol
T01

1ol

T01
Tol
701
T01
T0l
Tol
T01
Tol
Yol

T01:

Tol
Tol
T0l

-Tol

T01

Tl
T0l

et s Gt st
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15

bt
O VDo WN -




OO0 O0D000

SUBROUTINE TYPE4 _ ‘ \Eﬁ
SUBROUTINE CONTY

P1 OR-QN/OFF CONTROLLER
SECOND OPTIONS ARE FOR ON/OFF CONTROLLER

IF EQUIPMENT PARAMETERS & AND S ARE LT.0sCONTROLLER 1S ON/OFF

EQUIPMENT PARAMETERS . . \/‘\

1 = CONTROLLED VARIABLE

2 = RANGE OR UPPER LIMIT

3 - SET POINT OR LOWER LIMIT

4 - PROPORTIONAL GAIN OR LY. O . .

S « INTEGRAL TIME OR LTe 0 +IFeLTe=10409O0FF WHEN +GT.SETP

COMMON /UNIT/ IMsNMP ‘
COMMON /MAT/ MP (495) sEP(495)9S(2+5sT14EX{D) :
COMMON ZCON/ 1GyNCOMPsNCS+HsNEsNSINPRINPOL s THAX+ IORDER 4NGRAPH

PlmEP (TMed)
P2aEP (IMs5)

“INmMP (1M1 3) .
IOUTEIABS (MP (IMs4)) : . : ‘<.

K=EP{IMs 1)

IF (P1,LTe0e0¢ANDsP2.,LE+0,0) GO TO 1

MEASURED VARIABLE AT CURRENT TIME

SIGI=S (1eINyK) - W

MEASURED VARIABLE AT LAST TIME

SiGasS {2+ INK} = -

SCALE THE ERROR ‘

SCALE=S50,0/EP {IMy2)

PRESENT ERROR

ERR= (STIGl=EP(IMs3))*SCALE

‘LAST ERROR N :

OLDER® (SIG2=EP (IM¢3) ) *SCALE

OUTPUT SIGNAL
S(11IOUT|3)'Pl‘(ERR‘OLDER‘PZ’(ERR°0LDER1.O,S'H)05(20100703)
IF (S(1+I0UT+3),GT4100.0) S{1eI0UT+31=2100.0 .
IF (S{1¢I0UT+3),LT,0,0) S{1+I0UT+3}m0.0
RETURN '

CONTINUE

ON/OFF CONTROLLER

IFr (I6,EQ.1) RETURN

Tas (1l INVK)

IF (P2,LTe=10,0) 60 TO 2

IF (T.GELEP{(IMe2)) Tmb0,0 -
IF (ToLTEP({IMs3)) T=0,0

G0 TO 23

CONTINUE

IF (TJLEJEP({IM+2)) Te30.0

IF (TeGTEP(IMes2)) Ta0,0

-

e
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T4 1:
Toe 2
To6 3
ToA <4
Toa 5
Tos &
T04 7.
TO4 8
Tos 9.
Tos 10
Tos 11
Tos 12
Toa 13 .
Toa 14
Toa 15
Tas 16,
Toa. 17
Tos 18:
To6 19
Toas 20
Toa 21,
Toe 22
Tosa 23
ToA 24
Toe 257
To4 26
Toe 27
Toe 28
Toa 29
"To4 30
- Toa 31
Toa 32
Tos 33
.T0& 34,
To4 Sﬁ.;
Tos 23§
To4 3T,
Tos 38 -
" TQs 33:5
TOA &
To4 &Y
- TO& " 44"
Toa 43-F
TOA a4°
Toe aY -
TO4 &€
TOA 4T
TO4 Aj |
T04 Ay
To4 5C
Tod S}
TOoA " 5& ..




" CONTINUE
S{1+10UT+3) =T
RETURN

END

o

Jo4

TOos
To4
Tos

13

53
54
5%

st

s g e e
., . .
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_ SURROUTINE TYPEJ

STIROL = TYPE 3 BN

PRESSURE EFFECTS ARE CONSIDERED( ASSUMING IDEAL GAS
BEHAVIQUR } IF A VOLUME IS SPECIFIE
PARAMETERS cosves

GENERAL WELL MIXEDy MULTIPLE INPUT/%?TPUT VESSEL

. =l= ° INITIAL HOLDUP

=-2=- VOLUME

=5a 15T, OUTPUT STREAMs USED INTERNALLY

3 AND a4 ARE NOT SPECIFIED 8Y USER.

Qi...i"..l‘!.Q..OQ‘.'.O.....’..O.l’l..’...QQ.'ll....'.‘l....l.ii.T03»

COMMON /UNIT/ IMe«NMP

COMMON /MAT/ MP(435)+EP (4451 +S5(295:T)9EX(])

COMMON '/CON/ 1GyNCOMPsNCS1HsNEsNS+NPRINPOL » TMAX 9 IORDERINGRAPH
COMMON /GEAR2/ EPS-TIHEoKFLAGoJSTARTDNBVHAX'ICONV.NOPPToISTTFF
COMMON /PTAB/ IGFLAGsPP(10+10)

COMMON /MODULE/ IDERYsITERsITRI«NZERO

DIMENSION Y (10}, CHPT(IO)

REAL Mw

" USE DIRECT ITERATION IF STIFF.OPTION IS USED (ITER=0)

NC1aNCOMP+]

VOLmEP (IM92)

IF (JSTART NE.0,0R.IG.EQ,1) 680 TO &
FIND THE FIRST QUTPUT STREAM

DO 1 Jm3INMWP

ISnIABSI{MP (IMyJ) )

IF (ABS(S{1»IS592)).GTe10.) GO TO 1}

IF (MP(IMs+J) LT,0) GO TO 2

CONTINUE

EP({IMsg)m)

NOUTSEP (IM+5}

IOUT==MP {IMsNOUT) .

CALCULATE INITIAL HOLDUP IF NOT SPECIFIED.
IF (VOLGTo0.0sANDLEPIIMs1) LEL0.0)} EP(IMy1)mVOL®SG Ly Is8)
IF (ABS(S(1+IS¢2))eBT410.) WRITE (6415). MP{IMs 1)
CALCULATE INITIAL CONDITIONS FOR VARIABLES TO BE INTEGRATED,
1.E.+HEAT AND MASSES, ~

HEAT i
Y(l)lEP(IN|1)GS(IG.IOUT.AI'CP(IGnIOUTJ

MASSES

DO 3 Km6y¢NCS

KXuK=é

Y(KK)I®EP{IMs1)®#S(IGyIQUT4K)

CONTINUE

CONTINUE

NOUT®=EP (IMy8}

IOUT®=MP (IMyNOUT}

T03
T03
93

...Q....GQGCGQ.‘Qi‘i{.i.f'.'."l.i.Q....IiplQI.‘QC.GQ.!.QCQ.I..'.I.T03

T03
T03
T03
703
703

" T03

703
To3

To3
T03
T03

T03.

To3
T03
T03
T03
T03
T03

T03

T03

To3

T03
T03
T03
T03
To3

>~
OVE~NOWUF W




(] O 0

10

12

13

" CONTINUE

\ ' ' : R LY
CALCULATE DERIVATIVES '

‘CONTINUE

00 & JalseNC1

CMpPT(J)=0

CONTINUE

DO & JmIINMP

1SmIABS (MNP (IMeJ))

IF (I1%.,EQ.0) GO TO 9

DO NOT INCLUDE CONTROLLER SIGNALS IN MASS AND HEAT BALANCES
IF (ABS(S(1¢ISe2)1¢GT410.) GO TO 9

SIGNBIS/MP (TMsJ)

ALLOW HEAT INPUT STREAM WITH FLAG = 9

S({ ¢ ¢3) CONTAINS HEAT RATE IN BTU./MIN,

IF (ABS(S(1+1512)).LE.B,999) GO T0 7
CNPT(I)SCNPT{1)05(1 15'3)

GO TO 9 4 .

MEAT
CHPT(l).CMPT(I)‘SIGN.S(IGOISI‘).CP(IBVIS).S(IG!IS%B,
MASS BALANCES

DO 8 K=2sNC)

KKaK+4

CONTINUE

CONTINUE

PREDICT/CORRECT. NEW VALUES

CaLL DIFSUB {NC1oYsCMPT)
NORMALIZE MASS FRACTIONS .
SUMEC 0

00 10 1=2¢NCl

SUMSUMY (1)

CONTINUE

DO 11 K=&69NCS .
S(1¢I0UTIK) mY (Ked) /SUM

CONYINUE

THE NEw TEMPERATURE
S(1+I0UTe4)mY (1)} /{SUM®CP (], IOUT))
IF (IDFRY.NE.0) GO TO 5

INSERT THE NEW VALUES IN THE OUTPUT STREAMS
DO 13 Um3«NMP

'CHPT(K)BCHPT(K)0$IGN*S(IG ISoKK)‘S(IGvISv3)

- ISm=MP {IMs))

IF (IS,LE.0) GO TO 13
DO 12 X=m&¢NCS

CS{1¢IS,KIBS(12I0UTK)

CONTINUE

FOR CONTROLLER OUTPUT HOLD=UP STORED IN PLACE OF FLOW
IF (ABS{S(1+1512)1.6Ts10s) S{1+ISe3)=SUM

CONTINUE

IF (VOL LE.0.,01 RETURN

PRESSURE

PRESESUM®10.71%S (1, IOUT!4)/(VOL‘HH(1‘IOUT))

0o 1‘ !.3'NHP .

T03
103
To3
To3
1703
T03
T03

To3

To3 !

To3:
703
703
703
T03
TO3
703
T03
T03
T03
T03
T03:
T03
To3
1703
T03
T03
T03
T03
T03
T03
T03
T03
703
T03
T03
T0d:
T03
T03
T03
703
T03
T03
T03
T03
T03
T3
T03
T03
T03
T03

TO03 |
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JEIABS (MP (IMeI))
IF (JeEQe0) GO TO .14
S{i1+Je5}=PRES
14 CONTINUE
. RETURN
C )
15 FORMAT (1HOs14H ERROR EQ, NO,9I3922H ONLY OUTRUT 1S5 SIGNAL}
: END . '
(
)
b
B s
(A
¢

T03
TO3
T03
To3
T03

T03

To3
T0d

105
106
107
108:
109"
110°
111}
112 .
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BRI RN SRR R R R RN R RS RN SN R RN R R RCEE RN S RIS EER NS EESRIRRERGNRRRRRRNA
TEST OF-SIMPLE LEVEL CONTROL SYSTEMs WITH STEP
CHANGE ¥IN INLET FLOW RATE AND TEMPERATURE+
TIME DELAY INCLUDED,

.C..QOI.Ci..'.ll.....I..II.!.Q..Q.QQQl".“l....‘.l.'.’GOG..Q}Q..'0‘.._’".....!.!

BEGIN
IN/OUT 1,0
TOLERANCE ~ 0,001
HMAX 0,01
TINE 3.0
LIBRARY - 1.0
DELAY 9.0
PROCESS ' - :
CONT} 1.0 o
) 3.0 . =k 0 ’
T xsoolm 1000, 2 3.
DELAY 2.0
‘.0 "5.0 b
. S0} 0e0 - 100.0 3,0 0,0 \
-~ 1.0 =240 . =340 '
' 1000, ' ' : !
VALV] 4,0 . ' - |
5.0 ’ -2.0 - :
1.0 - 1.0 '
END
STREAMS 5,
EXPLICIT
1. 1. 1000, 100 1447
l. ,-“
2 l. S00. 50, 1"107
1. : ’
Je - 11, 1000,
& 11. 22.,36068
5, 11, 22.,36068 - b
END _
PROPERTIES =1l.
END

END
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8.2 Stirred Tank Reactor Nefiwork
o,

Figures'qu and 8.6 represent the‘procéss £1ow

diagram and the dynamic informafjonuilow diagram respect-.
ively for a network of CSTRs.. The first order reversible

reaction:

s
e o
[~] Y}
95

occurs in each reactor.

-

The differential equations for the module are the

mass balances for components 4 and 3:

dyl . 3
T -(.\'1 + T )yl + 1:232 * yl,O/T

g’ 1
- UL B (ko * T lug + ¥pp/T
where Yis¥ o = MASS fraction components 4 and B respectively

T = reactor time constant_ (volume/volumetric
flow rate) -
L ,k_. = reaction rate constants  J\L

= mass fraction of. components A and B

R~
‘_l-..l
=)
»

(5
g
<
I

respectively in inlet stream
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| FIGURE 8.5: PROCESS FLOW “DIAGRAM - REACTOR NETWORK EXAMPLE

: -

REAC3|  {REAC3 REAC3 REAC3|  |REAC3

10 2] 9t 8 led 7 lald & luel
REAC3 Reac3| - |reacs|  [reac3| |reacs

Il &512 L= e —“L e S

REAC3|. |REAC3 REAC3 REAC3 REAC3

IR

FIGURE 8.6: DYNAMIC INFORMATION FLOW DIAGRAM - REACTOR
NET\VORK EXAMPLE
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37 - .o - Co
The Jacobian métrix'of the system is:
R TP B
I T 2 ‘ .
J o= o . . (8.2,2)
= ) 1 ) )
kz -(k2 T )
_ "5 \

The eigenvalues are - %'and - kl -k, -

o
d.

A

By choosiﬁg-Va]Ues'of k 7 k2 and T we may create
d1fferent stiffness ratios in ach of the reactors In
bractice*the 's may vary because of d1fferent temperatures
in each reactor. Table 8.1 shows the values which were

used for the simulation. This «creates-a mixture of non-

stiff and stiff modulds: I"was found experimentally tﬁi&\\ ¢
yﬁ? the stiffness ratio is greatér than approximately 3.5:1, -

;5ewton Raphson iteration of the corrector: shou1d be used
b

ut that below 3 5 1 the execut1on t1me is fji;;r for .

. |

—— - 1
d1rect 1terat1on . o CAN
‘ . AN
Vi

DYNSYS 2.0 requ1red 3.92 seconds of execution :
time. A-listing of the module and its data set are given'
in Figure 8.7. A géaph of the 9ut1et concentration ‘of 4
versuw time for each” reactor is shown in Figure 828: The

a

curves are ordered from top to bottom in order of increas-

ing modu{e number. As the module number increases, SO
does the stiffness rafio. as seen in Table-8.1. Itacan be
seen in Figure 8.8 that the higher the stiffness ratio,

'\

the faster the reactor reaches steady state.

] Pl

S e
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et Table 8] Simulation Parameters For Reactor MNetwork
Example ' -
Module | -Tau |KI/K2 | K k2 E%gl\ gige | Stfoess
.- . )t
1. e | 1 26190 | .23810|-1.0 | -1.5 1.5
2 1.0 | 1.2 .54545 | .45455 | -1.0 -2.0 2.0
3 1o | 13 84783 | 65217 |-1,0 | -2.5 2.5
s |10 | 1.a 1.16667<? .83333 [-1.0 |  -3.0 3.0
5 1.0 | 1.5 5,40000 | -3.60000 {-1.0.| -10.Q | 10.0
6 1.0 | 1.6 | 30018388 | 18.80615 |10 | -s0.0 | 50.0
7 1.0 | 1.7 | 62.33333 | 36.66667 |-1.0 -Ipo.o 100.0
8 | 1.0 | 1.8 | 127.02857 | 71.0ma3 {-1.0 | -200.0 | 200.0
Sl 9 1.0 ] 1.9 | 261.41379 |137.58621 [-1.0 | -400.0 | 400.0
\ 10 1.0 | 2.0 | 399.33333 1991é6567 1.0 | -600.0 (600.0
1 1.0 | 2.1 | 541.25806 |257.74194 |=1.0 | -800.0 | 800.0
12 1.0- [ 2.2 | 686.81250 |312.18750 |-1.0 }-1000.0 | 1000.0
13 1.0, .f2.3' 835.66667 | 363.33333 | -1.0 {-1200.0 | 1200.0 '
14 1.0 | 2.4 {1058,11765 | 440.88235 | -1.0 |-1500.0 | 1500.0
| 15 1.0 | 2.5 [1427.85714.|571.14286 | -1.0 | -2000.0 |  2000.0-
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FIGURE 8.7% LISTING OF MODULE AND DATA SET FOR EXAMPLE #2
CSTR WITH FIRST ORDER REVERSIBLE REACTION (15 IN ‘SERIES) -

.

: v 1 _ . . .
SUBROUTINE TYPE10 . ot o —~— 110

OO0O000AND000000

1!
- ‘ : T10 2~;
SUBROUTINE REAC1 _ o o T 3¢
| T10 . 4!
THIS MODULE -REPRESENTS A CSTR HITH A FIRST ORDER REVERSIBLE =~ =~ = T10 . S:
REACTIONs 1 INPUT-STREAMs 1 QUTPUT STREAM» CONSTANT TEMPERATURE, T10 6?
A T10 7
. EQUIPHENT PARAMETERS S T T10 8!
' , - T10 9
1 = VOL = REACTOR VOLUME = FT##3 ' - T10 10
2 - Kl = FORWARD REACTION .RATE CONSTANT =« MIN®#®a]) . Ti0 * 11’
3 - K2 = BACKWARD REACTION RATE CONSTANT = MIN®#-] : Ti0 12
4 - ITER = ITER®0 = USE OIRECT ITERATION WITH STIFF OPTION Ti0 13
ITER=] = USE NEWTON=RAPHSON ITERATION WITH srlrr OPTIONT10 . 14
FOR NON=STIFF OPTION ITER IS NOT USED Tio 15
' , ) T10 .16
conuou JMAT/ MP (15+5) sEP (15951 9S(291697)4EX(1) ’ Tio 17
\\g-COMHON /CON/ 1G+NCOMPsNC5eHeNE#NSsNPRNP LoTNAXoIORDER NGRAPH " 3 T10 18 =
' COMMON /PTAB/ IGFLAGyPP(10+10) _ 710 19
- CONMON /UNIT/ IM . 7 10 20
" COMMON /ROW/ IRGW(4) 7 T10 21

COMMON. ;COLUMN/ JCOL {4} ' o 0 T10 '2.
COMMON 7JACOB/ XJACOBi4) S o Tl 2\)
COMMON /MODULE/" IDERY.ITER;ITRI.NZERO . - - Tio 24
DIMENSTON Y(2)s DERY(2) . T10-28"

REAL K19K2 ~Ti0 26
¢ “Tio 27
c CALCULATE MODULE' PARAHETERS. T10 28
¢ : - ‘ T10 29 %
€ - GET VOLUME OF REACTOR FROH EP = voL ' - 1{0 30} -
: VOL=EP {IMy 1) " - oo - Tio - 31f.
c GEY REACTION RATE CONSTANTS FROM EP - K1,K2 . T 3.
' K1=EP {1Me2) \ L. Ti0 33,
K2uEP (M 3) ‘ _ ‘ o : Ti0 34:°
c GET ITERATION OPTION FROM EP - ) Y Ti0 35
ITERSEP (IMy4) - : T10 36|

¢ GET STREAM NUMBER OF INPUT ‘'STREAM FROM MP = IN Ti0 ™~ 37
INaMP (TM93) Ti0 238"

c GET STREAM NUMBER OF OUTPUT STREAM FROM MP = IOUT Tio as!

IOUTSIABS(MP(IMy4)) T10 &0
C GET DENSITY OF INPUT STREAM FROM PP = ocus S T10 el
DENS®PP (192} T10 a2

¢ CALCULATE REACTOR TIME CONSTANT = TAU T10 433
TAURVOL/ (S (IGsIN»3) ZDENS) - T10  ael

c GET INITIAL REACTOR CONCENTRATIONS FROM OUTPUT STREAM T10 4S5

Y(1)=S(IG»I0UT4) ! . - T10 46
Y{(2)8S(I1Gy10UT»T) , o TI0 47}
¢ ' L , . 110 4&;.

' L ‘ '

/ -
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c CALCULATE JACOBIAN MATRIX ON coaascron PASS T10 9
c . | ‘ T10 50
IF (16 ,EQ.2) eo L < - 710 51
- L NZERO 1S NUMBER OF NON-ZERO ELEHENTS IN JACOBIAN | - Ti0  Se
" NZERO=4 | : | T10 .-53°:
IRpW(l)=] ' . T10° 56
JeoL {ly=1 - . o T10 85
XJACOB (1) m=(K1le140/TAY) _— ' T10 56
IROW (2) =2 L - - T10 S7.
. JeoL(2)s) - - * , Tlo 58:
XJACOB (2) K] .. ‘ T10 59
IROW(3) =] ' L - T10 60
// - JeoL(3y=2 ‘ : : © T10 61
XJACOB (2)=K2 ~ . ' . T10 62: -
IROW{4)=2 ‘ S T o ‘ Tl0 63
JCOL (4) =2 . . , T10 64
) XJACOB (4} == (K2%1,0/TAU) ' ‘ : T10 65
1 'CONTINUE a ' ‘ ' T10 66
c , J o : T10 67
C CALCULATE DERIVATIVES - - \ Ti0 68
e Ti0 69!
. C. MASS BALANCE . FOR COMPONENT A (UNITS=MIN##=1) ' T10 70!
C  RATE OF CHANGE OF MASS FRACTION OF COMPONENT A . ‘ T10 71;
c - = RATE OF INPUT OF A T10 72
. € “«RATE OF OUTPUT OF A | ' s T10 73
R~ +RATE AT WHICH B REACTS INTO A \ o . . T10 T4
¢ -«RATE AT WHICH A REACTS INTO B ‘ S - Ti0 75
_ DERY {1ym=(K1+1,0/TAU)®#Y(]1)eK2#Y (2} INs &) /TAU _ - T10 T6
c MASS BALANCE FOR COMPONENT B (UNITS=MIN®#s=]) S Ti0 717
¢ RATE OF CHANGE_OF MASS FRACTION OF COMPONENT B . .Tlo 78,
c = RATE OF INPUT OF B ' - T10 7m
c =RATE OF OUTPUT OF B ' T10 80"
c +RATE AT WHICH A REACTS INTO B N Tio 8l °
~c -RATE AT WHIGH B - REACTS INTO A o Ti0 82 -
- DERY(2)1mKleY(1)=(K2e1,0/TAU)I®Y{2)+S{IGyINsT)/TAU - _ T10. 83
¢ T . ' . _ T10 84 |
c CALL DIFSUB TO SOLVE .ODES FOR MODULE - .T10 85 °
C _ , S , : T10." 86l
"~ CALL DIFSuB (2 ERY) : ' Ti0' 87
IF (IDERY«NE.OX GO TO 1 R ' T10 88 .
c , " T10 89 .
L CALCULATE STREAM OUTPUT ' . T10 90
c : Ti0 sl
c NORMALIZE CONCENTRATIONS OF A AND B : ‘ Tio 92 -
\ SUMEY (1) Y (2) I\ , T10 93
“Y(1)®Y (1) /SUM AP . . T10 94 -
Y(2)®Y(2)/SUM T10 %
C PUT MASS FRACTIONS INTO OUTPUT STREAMS ; - T10 96
S{1oI0UTs6)mY (]} . : T10 9T
S(1sI0UTeTImY(2) . Tio 98
RETURN , , ; T10 99

END . o T~ T10 100
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QG“.!!O.Q...;.Q‘.QQQ.....‘..QCQ..CQ.....'.OQ!.CQ..C.l'..........‘.Q..Q..:\kﬂoif
' SIMULATION QOF 15 CSTRS IN SERIES

.l...‘..QQ.QI...".Q...Q“...'...G..QQ...i..‘O...Q..'.l.......t‘..ﬂ..0.‘Q.......

BEGIN,
MA X
IME

CONPS

LIBRARY .

REAC}Y

PROCESS -

REAC)
HREACI
-

REAC]
REAC)
REAC)
REfci
- REAC)
REACL
_(gaacl

RéAgl

REAC) ;
~REAC)

REAC)

" REACY

100

lOu
4,0

.1000

1040
1340
13.0
1040
14,0
14,0

=2.0
0.,26190

3.0

- 0454545

-‘.0
903‘7.3

!5-0

1e16667

-‘6.0

S.é

‘7.0

30,184

'0.0

- 624333

-9.0-

127,929

‘10.0.
261,41

=110

T 399,33

'1250

. B41.26

=13,0 "

686,81

" 0.65217

oA

o

q.aaaxof'

0.45485

- 0483333

3.6

18,846

_360567‘

11,071

137.59

199467

257.74

- 312419

383.3)

040

0uo

0.9

040

0.0

0

1.0

1.0
1,0 .

1.0 |

1.0

140

1.0

=

)
H .
i
3




REACI

END

\.m.

STREANS
EXPLICIT

END

PROPERTIES

END

L)

L

ENGD

10.0

16;0'

foO‘

1.0

2.0
10

‘340

10
4.0‘
10

5.0

1.0
4.0
1«0

- Te0

1.0

Ty 2

10
99
10
10.0
1+0
1140
1.0

1240 -

1.0
13,0
1.0
1440
1.0
15.90
1.0
16,0
10

wlsy0

1058,12

=16,0
1427,84

1.0 ‘

0.0 pt3

10 :
0.0
= 1e0
“ Qe
1.0
040
1.0
0.0
1.0
0.0
1.0
“iQa0
1.0
6.0
1.0

1.0
0.0
140
0.0 .
1.0
0.0
1.0
0.0
ls0-
0.0 °
140

1.0
040

i

&

440,88 ~

57114

62440

42440
82440
62440

62440
62440
62440
62440
624,0
62440
62440
62440
62440
62440

62440

6?‘00

10

1.0

6040 .

6540
7040
75.0
80.0

T 88,0

0.9
95.0
100.0
105.0
110,0

11540
-12000

125490

130,40

135.0

1447
14.7
14,7

16,7

14.7

14,7

T 1447

14,7

14,7

14,7

14,7

a7
14T

167
1447
147

151

W
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8.3 Tubular keacfor SiﬁUlation- 

An exothermal tubular chemical reactbr‘based on
Chapter 7 of the IMP Manual (Brandon, 1972) wa?’sfmu}ated.

A diagram of the reactor is shown in Figure 8.8. The

following reaction occurs within the reactor:
RIS o (8.3.1)

The partjal differential gqUationS describing the process

Al

are:

ac T alT ar ., 7

.4.- ., I 2 .4_ !
I G R " iy
ac a.T &k, a,T 3c 3
R e ¢t + D, 52251- Vs o (8.5.2)
a7, %% .. e air o ar
b Rlc CA HI + ch CBHS + DS azz‘— 1% =

o1 C e )
Reattion, diffusion and convection terms are includéd in
the mathematical model. The following boundary and

initial conditions apply:

. Ly =0 at ¢t = 0 for all 2z

., = 0 at ¢ = 0 for all 2z -

B
T = 0 at ¢t = 0 for all .z

N
. '
- . 1Y
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where

x

3

[}

oy |

[ Y

(<]

*x » . |
L7 )

koo )

.

" 1t n imn i 'Iil 1] 1" ns iy il 11}

15

4 at 2 = ¢ for all

CB at o 0 for-all

7 at 2z ¢ for alil
c, '
T '_at Z L fO?‘ a'l'l
ACy ' : )
Y at 2 L for all

& . 7

ar '
YA §t Z L for all

]
o

i _
conceﬁtration of component 4
concéntration of componeht B

temperature -

time

space coordinate $1ong reactor axis
feed concentration of component 4 N
feed concentration of cohponent B
inlet temperature |

reactor Ienéfh

fluid velocity

"diffusivity of component 4

diffusivity‘of‘component B
thermal d1ffu51y1ty

‘reaction one rate constant

reaction two rate constant

reaction one activation constant
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(8.3.3)
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The values
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z reaction two activation constant
= heat of reaction one
= heat of reaction two ) E
of the parameteré'fbr this simulation are:

- 30,0 Hl = 1.0 ag = (.07

£0.0 H, =500 = ¢° =100

) X ‘ o ) . " [

90.0 Ry = LS cg® = 0.0 (8.3,4)
200.0 k, = 0.00002 7° = 100.0

100.0 a, = (0,01 t = 5.0

[ )

max%

 To use DYNSYS the set of partial differential

equations must be. broken down 1into a set of ordinary

different1a1 equations. To do this the length of the

reactor is divided into ¥ mesh points as shown in

Figure 8.9.

Each mesh point will have 3 o.d.e.s (except

for the inlet and outlet):

Rep1ac1ng %5 and %X by

a"!

x|, - x| q o
2 Z=02
% f .___EE__.___. o , (8.;.5)

alx _ tlpanz = X * Xlp pg
r¥4a (az)?

+
i e e ek T i b i el

POSIPTUTIT] Ja
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we obtain: :

a, . a, ., - [ ECA

TR SO S ' 15 Ml Aol Ca-1 5
t 1‘;' A_,Tr 1 (AZ)Z
v Caoze1 ™ Cai . .
Az . -

c

dCp : @573 A s AT, 5,+1° %8, 1%, ¢-1
=it = —kye Cap* 56 ¢t o+ Dl — ]
R . 3 /A . A.s- (Az)z
Cn . - Cn . ) . ° ’
- v “‘Hiz 22t 3 : (8.3.6)
.G' " -
"'d&“t af, | a,T Top = 2+ Tp
= = ke Ci, Hy + koo CB,z”g + Ds[ —

The equations are very stiff.
The equations at mesh point 1 are:

L e

Gy ka2t TR MY 1- Yol

Et_ 1 ‘ yl 1* mz)z ‘ EZ .
Cay, a.y k, @Y Y5~ Y gtipy
2« Y3 1 %Y 5"“Yg
Tmcke T Vet e Mg + Dyl ZT
: Yy
-Vl St ] (8.3.7)

e e — o —t—

-t
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The equations- at mesh points 2, 3, ..., M-2 are:

dy. Y. ' Yoy s 2Y P s Yips Yy
. T 1 148 2 43 V1 Y1ed 9 1+3
C y;' *+ Pl TmyE 1 v
. .oay. k, a.y.
$+] AR 1 %192
Te = ket Yip1 T T8 yg©
.. Yird™ yw; 2y .y Ying ywz] (8.3.8)
2 mzy =LAz s O
Cy a y. azy.
: 148 RURRF A 2 ) i+
-Cpia L Yy Hp ot ke et
T + 0.0 9£+5‘29-:+3*3£-1'] _ovp Diesdire
i . 3 faz)e A2z .

J
r
'
-,
~

The ehuitions at the last mesh‘point.ére (1=3M-5):

ay., TR
Lok M+l 2 1=3 Y1
at —;\10 yi + DJ[ FEZJ! - ] :

Y. a K, @i . Yo gl

R » QY a2y Yo Yose
48 PR A& X P 2 t+8 tel Y448
- kla e ¥y HJ + k Y. +1H8 + D[ 5 ]
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Where 3133439?:-00;33M_5 T‘efer tO CA
yz-’ys-’ye.l"‘)ySM-4 refar to CB

76 mesh points were taken giving a total of 222
o.d.e.s. S

The execution time for the simu]ation was 102.5
seconds while an equat1on oriented version of Gear's
method took 114.2 seconds. The IMP package\required
577.7 seconds |

+

A listing of the module and its data set  are given
in Figqure 8, 10

i

g2 CB and 7 versus

time are depicted 1n Figures 8.11, 8. 12 and 8. 13 res-

Graphs of the outlet va1ues of ¢

pectively. No chanqe in the outlet values is seen until

aboit 0.6 time units. Steady state is reached after about

1.5, ‘CA rises to a fairly sharp peak at about 1.0 and

then falls to a steady state of about 0.226. The graphs

of ¢, and T are sigmoid in appearance.

- ri—

S R
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FIGURE 8,101 LISTING OF MODULE AND DATA SET FOR EXAMPLE #3 .
TUBULAR REACTOR (222 STIFF ODES) }
SUBROUTINE TYPES - ' . CoTes 1
' o - | T0S - 21
SUBROUTINE REAC3 B - TS 3
| ' . T0S 4
THIS MODULE REPRESENTS A TUBULAR REACTOR WITH g _T0S s‘{‘
REACTION 2C1=C2-C3 T05 6
- FEED CONCENTRATIONS MUST BE FAIRLY _CONSTANT OTHERWISE ODES - To8 7!
MUST BE SOLVED FOR €3 i T05 8|
) T05 . %
EQUIPMENT PARAMETERS . o T05 10|
‘ : T0S 11
1 « D1 = DIFFUSIVITY OF COMPONENT 1 | . Tes 12!
2 = D2 = DIFFUSIVITY OF COMPONENT 2 ‘ : T05 13
3 = D3 = THERMAL DIFFUSIVITY : TOS 14,
4 =V = FLUID VELOCITY , IR T0S 15
5 « L =« LENGTH OF REACTOR o _ T05 16
6 = Ml = HEAT OF REACTION 1 , | TOS 17}
T = H2'« HEAT OF REACTION 2 - .T0S 181 <
8 = Kl = REACTION 1 RATE CONSTANT : T05 19
9 = K2 = REACTION 2 RATE CONSTANT - - Tos 20
10 = Al = REACTION 1 ACTIVATION CONSTANT - ToS 2l
11 = A2 = REACTION 2 ACTIVATION CONSTANT © o Tes 22
‘12 « M« NUMBER OF SECTIONS IN REACTOR ;os 23
| ~  T05 24
COMMON /MAT/ MP(19¢5)+EP(145)95(29248)9EX(T) T05 25
= COMMON /CON/ 1GyNCOMP¢NCSsHoNEsNSsNPRINPOL ¢ THAXs IORDER ¢ NGRAPH T05 "261 -

COMMON /GEAR2/ EPSOTIHEIKFLAG'JSTART!NBVHAX|ICONVINOPPT.IST&EF 105 27

COMMON ZUNIT/ IMINMR TO5 28 %
COMMON /ROW/ IROW(1030) ‘ Tos 29|
COMMON /COLUMN/ JCOL (1030) TOS 30
COMMON /JACOB/ DFDY{1030) ' T05 31},
COMMON /MODULE/ IDERYsITERsITRIWNZERO : Tos 32} .
REAL KleK@eKIKeK2KsL . TOS 33)°
DIMENSION Y(222)+ DERY(222) . B ‘ T0S Jaf,
¢ ' . : . T0S 3% -,
C  CALCULATE MODULE PARAMETERS h TOS 36} .
c : g _ TOB 37§ “u
¢ : - o Tos 38y .
¢ USE NEWTON=RAPHSON ITERATION WITH STIFF OPTION (ITER=1) - T05 39,
¢ - g . TOB &0
ITER®) TO5 1. .
IF (JSTART(NE.0,OR.16,EQ.1) G0 TO 2 | | T05 e20
D1mEP (IMe 1) . T8 431
D2wEP (1M 2) | , - TO5 a4/
DIEP (IMeI) : . TOS 45
- VEEP (IMy4) S , ) T05 a6f
LeEP (IMe5) . , . T08 ,‘7 :

NEXaMP (IMsNMP41) . : Tos ‘48§

b e sk om R s oee n o venaa s e




coo

OO0 ON—

OO0 o000

" MESH POINT 1

HI;E§;S;;T . | ‘— _ N

H2mEX (NEX#1) . .

K1=EX (NEXe2) ;

K2uEX (NEX*3) /oy
AlmEX(NEX+4) -

A22EX (NEX+S5) A /

MEEX (NEX46) /
DZaL/FLOAT (M) /
DZ2=DZeD2Z /

D1DZ2mD1/DZ2 - T

D2D22=D2/D22 /
D30Z_2w03/D22 o
VDZaV/D2Z /

CALCULATE INITI@K/CONDITIONS

N-anH-a PSS
INSMP (IMs3)
IOUT'IABS(MP(IH.‘}L
IFaN=2

'DO 1 InlslF,3

Y(1)3S5(29I0UT+3)#S5(2910UT+6)
Y(I¢1)mS(24J0UT43)8S(24I0UT7)
Y(1+2)aS{24I0UT44):

CONTINUE ,
CONTINUE (e

NZERO 1S NUMBER OF NONZERO ELEHENTS IN JACOBIAN

NZERO®]48M=20
CALCULATE FEED CONDITIONS
Cl0mS (I8 IN¢I)®S(1GsINsS)

C20mS{I1GeINs )OS (IBsINsT)
TOuS{(IGeINs &)

_IF (16,EQ.2). 60 TO &

K1KeK19EXP (A1%Y (3)) -\

K2KmK2eEXP (A2#Y (3)) ‘ . \

IROW(1)m]

JeoL (1ym}
DFDY(l)m=2,08K1K®*Y(1)w2,0%D1022=VDZ
IROW(2)=]

JCoL (2)=)

ODFpY(2)m=A)l#K]IXKaY(])®Y(])

IROW (3) =]

JCOL (J)mé P ‘

DFpY (J)uDlD22 o

\‘

CALCULATE JACOBIAN MATRIX ON CORRECTOR PASS

an

161

TO5 4%

To5 50

ToS Sl
T0S 521
Tos 53!
T0S 56

- T0S 55§
- T0% 56 1

l_r

Y05 571

705 S8

T05 59!

T0S 60’
T05 61
T0S 62,
T0S 63,

TO5 64! .

TO5 &5
TOS 66

TOS 7!

T0S 68

105 . 69
T0S 70|
105 71/
1085 T2
T05 73
TOS T4

T05 715,
ToS 76!
Tos 771!

T05 78! -
105 79h4

T05 80

T05 81

T05 82"
T05 83|
T05 8ef

T05 a8; .

T08 86l
T0S 87|

105 e8|

“T0S 89

T05 90
T05 91

T0s o2l

T0S 83¢

T0S o4 :‘5

To8 9S|

T08 096

T08 97‘;;
T08 o8

To8 o9l

T08 100




{ | 162

IROW (4Tu2 SR ‘o T05 101l .
qcob¢rT:1 - L . T05 102
DFDY (4)mK1K#*Y (1) ' SR - © 705 103
IROW(S)=2 _ ‘ . : . T05 104
JCoL (5)m2 - ' _ T05 105
* DFDY.(5) m=K2K=2, o.oaozz-voz ' ' . ' 705 106 . .
- IROW(6)=2 _ : T05 107
JCOL(6)m3 _ 705 108 :
DFDY(G)--AEOKEKOY(E)¢0 S*AIOKIK'Y(I)'Y(II , . TO0S 109
IROW (74 =2 ; 0 T05 110 |
- JCOL(7)m5 | > T05 111
DFDY (7)=D2022 : T05 112
IROW(8) w3 T05 113 |
JCOL (8} m] 705 114 .
DFDY (8)m2,0#K1KeH1 oY (1) T05 115
IROW(9) =3 T05 116 !
JCOL {9)m2 TOS 117
" DFDY {9)mK2K#H2 : : T05 118
IROW(10) =3 ‘ T05 119
JCOL {10) =3 : T05 120 | ~|
DFDY(lo)'AI'KIK.HI'Y(l)’Ytl)0A2'K2K'H2'Y(2)-2 oooanza Y T0% 121
IROW(1])) =3 F
JCoL (11)mé 123¢°

OFDY{11)=D3D22 124

o] . . . - 705 128) -
C MESH POINTS 2¢300eqseMe2 T08 12 ‘
o T0S 12
o Juy 105 128
Truldon=its T05 129\
DO 3. Isl2v1Feld e T0S 130
Juged \k ' . T05 131}. |
KiKaK1eEXP (A]® . S ‘ T0S 132(¢
K2KuK24EXPTIAZ®Y {Je2)) : ' T08 133}
IROW { 1 : .- TOB 1as|.7.
SSSLILK! T05 138}
DFDY (1)=D1DZ2+VD2 _ S T0S 136",
IROW(Is1)my ’ o , T0S 137"
JeoL (l+1)my -~ - T08 138 -
orov(1.1)--a.ouxxkov4u’-a.o-olozz-voz . T08 1394 4
N IROW(1e2)my . 105140y
JCOL (1e2)myus2 : : o —T08 141k,
DFDY(IoE)!-AI'KlK'Y(J)'YtJ) T T08 1e2]
IROW(1ed)my . P T05 143
JCOL (1e3)mye3 ' T TOS laé) .
DFDY (1+43)wD]1DZ2 e T05 148
IROW (Ted)myel _ : TOS 146
JCOL (1ed)mye? : T05 147}
DFDY (1+4)mD2DZ24VD2 | : , Tos_%gn—.”
IROW(I45)mysl /;95— 49
JCOL (1+8)my - : , 05 150! -
DFDY (1e5)mK1K®Y (J) . T0S 181

IROW(Ia8)mJel - _ - Tos 182/




- 163

JCOL (Te6)mJsl . | - . ToB 153,

DFDY(1+6) #aK2K=2,04D2D22=V0Z - - ‘ - "~ To0S% 15*;
IRON(1eT)myel = _ oo ' T05 155‘
JCOL (IaT)mJe2 o
oFov¢1.7:--A2-K2K.vtao1)ogésonluxluﬂvtd)ovtdm
IROW(le8)mJe] : ;
JCOL (14B8) mJeé, L : o T05 159
DFDY (1+8)mD2022 o | : - . - T0S 160 ;
IROW (149} mye o - . - ' T0S 161
JCOL (I+9)mJal . o T0S 162 °
OFDY (149)2D30Z24VDZ. S : 705 163
IROW(I+10)mJe2 __ - ‘ TOS 164
JCOL(1+10)my : P TOS 165 .
DFDY(1+10)m2,00K1K®H1®Y (J) B TOS 166 .
IROW(Iell)mys2 : S T0S 1o;;yf
JCOL (Tell)m)el ; . T0S :
; DFDY(le1l)aK2K#H2 \ . Tos 1:9;
IROW(1e12)mJe2 : - . TO% 170
JCOL (Ie12)mJe2 T05 171 ]
orovt:.la;-A1~K1Kon1¢Ytd;ovtuaoAaszK~Hz-ch¢1>-a o-oaoza-vnz - T0S 172!
IROW(Ie13)mJe2 108 173}
JEOL (Te1d)mJeS  on . ' . TO5 1741.
DFDY(1+13)8D3D22 " , : o 708 176
3 CONTINUE : T S T08 176/,
c : : T L Tom 1T
¢ MESH POINT Mal : 108 178
¢ ' o ' ' 708 179/
I214%Ma30 . 'fi\ Tos 180
JujeMes b S _ 705 181
KlK-KluEXP(AIOYtJOZ)} , T0S 182
K2KuK24EXP (A20Y (Je2)) . ‘ 708 183|, "
IROW(1)md . _ -T08 1841,
JCOL (T)ymJ=3 - : T08 185,
OFDY (1)=D1DZ2+VDZ : : T09 1867
_ o _IROMAT 1) mJ . | . T08 1871, -
;f-f- JCOL(1sl)my | R T0% 188,
DFDY (141) a2, 0#K1K®Y (J)=D1D22VDZ , T - T08 189
IROW{Ts2)my 4 T08 190|
JCOL (Ie2)mJe2 . T08 191}
DFDYIIOE)'-AI'KlK'YlJ)*YtJ) T0S 192l
IROW(IeMm , T08 193(~
JCo CNL ' : T8 194] -
__-DFDY(1¢3)@D2022+V02 . . 708 195
" IROW(ls4)mle] : T08 196§
JCOL (1e0)my : : T08 197
DFDY (1ed)mKIK®Y (J) , . - T08 198
IROW (1481 mJe] . | , : N . TOB 199
JCOL(1eB)uJe] ' ' T0S 200)
OFDY(]1+8)meK2K=D2022V02 . T08 201},
IROW(1s6)mJo] ‘ ' 708 202}
JCOL (Ie6)mJe2 T08 203

DFDYlIo&ilcla'KZK*YIJOI)00.5.A1.K1K‘Y1J}'Y{J) - T09 204
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2 X2 XeXe Xe X2 M d

T 164
g . . ’
IRQW(lsTImYs2 . . - . . © T0S 205
JEOL(1eT)aUm] = A T0S 206
OFDY(1+7)8DIDZ24VDZ o - T08 207"
IROW{1+810Je2 - L T0S 208
JCOL(leB)my : S - T0% 209
DEDY (leBPuw2, 00NLOKIKEY (U} o o : Tes 210
IROW(le9)mJe2 : . o T08 211 -
JCOL(TleS)mJe} - - T08 212
DFDY(le9)mK2KON2 ¢ - . , - . 'T08 213,
TRON (1100 mus2 e . ] ‘ ' T0S 214 .
- JeaL tlel0imye? : . . TO0S 215
OFDY(I1e10) AL OKIKOH1OY (U} Y (J) sAQOK2KOH2Y (Je1)=DID22=VDR - Tes 216
CONTINUE ‘ . - ToS 217
. . : . | | T0% 218
CALCULATE DERIVATIVES : L o \ T08 219!
o Lo ) o : 108 220
. - ' - - . T08 221!
MESH POINT 1 o o , o | T0S 222
) . N " : T0S 223
S KIKEK1eEXP{AY1®Y(J)) . : . T08 224
K2KkaK2#EXP tA20Y (D)) ' - . . ToS 2a8
DERY(1)meKlKOY (1197 (1) eD10220(Y{4)a2,00Y(1)eCl0I=VD2®(Y(1)=Cl0)  TOS 226,
DERY (2) maK2K#Y t2) €0 SOKIKOY {1 }eY (1) 4D20Z2% (Y (5} =2, 00Y (2) «C202=VD20T0S 227

1LY {2)=C20) _ - ) T05 288;
DERY{3) aK1KEM1®Y (1) Y (1) sK2KOH2OY (2) +DIDZ2 (Y (6) =2,09Y(3) ¢TOI=VD2Z*TOS 229/

. DOO

-1 (Y () =T0) T0% 230'
S - , : . T08 231
MESH POINTS 2¢31ecetM=2: | - T08 232
l L e a s Tz : TS 23 -
IFn3®Ma8 - o . ' : T0S 234
00 8 ladslFyd o ’ ~ | | T0S 238
KlxkuK1eEXP (ALY ([+2)) _ . - 108 23/,
K2KuK2eEXP (A20Y (142)) - . o2 ‘ Tos 237, ,
OERY(I)l-KlKOY(!l'Y(ll0010{3'(Y(l¢3)-2.0‘\tll0¥11-3))-VDZ'tY(I)-t({gS ga:;-”
1l=m) g . . .o . 3 239
DERY(Zo1) maK2kty {1e1) 00 BOKIKOY (1) Y (1) +D20Z20AY (1641 =2,00Y (142)¢YTO8 240/,

o 1tI=2))aYDZe(Y(lel)=Y(]lud)) oo : TOS Rél)
: Y(leR)UKIKOH]OY(T)®Y(]) o K'H!‘YU‘I)¢03022\‘(Y41‘5)-i00‘YH‘E)‘TOB 242
| «1))uVD2e(Y(Ted) Y (]l=) : :

. # T08 243("
- CONTINUE TR TO8 204}t
o L RV TOS 248(°
* MESH POINT Mel - - \ . . r TOS 2ee|
: o NN e o T08 247}
123eM~8 SRV Tos :~I}‘
KIKaKLOEXB (ALY (o)) " (o : 108 249!
K2KaK2eEXP (AROY.(Ie)) ' v T08 280| .
., DERY(I)meK1KSY(1)®Y(1}eD10ZRO (Y (1=3)aYbl))aVD2® LY TT) =Y (1=3}) To8 asl|

- ‘-D!nv(ltl)!-KlK.Ytltli‘O.B'KIKOYtl)OY(litblbll*(Y(l-tlégilﬁll)-VDZ?TOI 182
CLtYgTely ey (Ie)) . e | G | 708 283 .

) DERY{1e2)SKIKOHY®Y (1) $Y (1) éK2KOHR®Y (191) 4DIDTR (Y (I=1) =Y {142))=VDRTOS 284}
1oy tlep)syilal)y o . ST UTo8 RasY -
~ CALL DIFSUB tNsY4OERY)  ° ' R oo Tes #36¢

s
a v ke : R ’ . - k4 “a
s . , R N - - :




000

e A m e aae = e e e e = . PO Y e

" IF (IDERYWNE,0) 60 TO 4

CALCULATE STREAM QUTPUT

ClnmS(1+INsJ) @S (1sINsA
ClayY({Na2} '
C2aY{Nal) .
CInCi0s0.85¢(C1l0=Cl)eCR0O=C2 -
SUMaCleC2+C)

St110UTE4) &Y.(N)
St1s10UTe8)mCl/SUN

St1+.10uTsT)=C2/SUM o
T S(1+10UT+8)=mCI/SUN

RETURN
END

-
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T0S
~To%
T08

T05°

T05
T05
108
T08
108
T0S
T08
108
T08
T08
J08

257
258 .
2389 !
240
261
262 |
263 i
264
2658 |
286 !
287 |
268
269
210 @
271%’7
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...6..Q....l.l|.G.......QO“.....i..‘...l..‘.l.....'.......I.............Qﬂ.ﬁ..f

_ : . TUBULAR REACTOR SIMULATION
i0l0'Qi.Q.O...ii.....Qi....COI_QO!.....OQGOQQOOQOO..QQQ.Q...0..000&09..!0.000000|‘ )

BEGIN W e

TIME K0 .

MMAX 10 -

IN/OYT 2.0

COMPS - 3.0

LIBRARY 140

REAC) %40 )

PROCESS :

REACH 140 :
140 =240 ‘ o

. 3040 20,0 9040~ 100,90 ‘ 10000 . .'l'

1.0 0,00002 0,01 A
0.07 , .H

END o ) ) 7 : — o ;

STREAMS 240 . . S :

EX T : : .

(_Wrm 140 f\}/‘ 1040 10040 1607

S 140 o 0W0 00 ,
ERe 0 140 100 040 1447

END

PROPERTIES =140

END

END

P
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8.4 Tubu1ar Reactor Simulation Hith Tr1diagona1

Jacobian Matrix -

An 1sotherma1‘tubu1ar reactor was simulated

y1eld1nq a tridiaqona\ Jacobian matr1x. . The re&c;ion

Ak 0cCurs.

The partia] different1al equat1on describing the

process 1s .
W e, A, )
o -k G AB Fzr— - ¥ w a (8.4.1)

The.fc1low1nq boundary and initial conditionS'app1y:

' Cop = 0 At two for all 2 |
oy = €0 at z=0 for.all ¢ (8.4 2)
A

i . A
ac ' » '
Vil 0 at f=L for all ¢ . i

~ -

147

. . . L, SR : . ”
.where ¢ concantration of component A.

Lo 4
1

time -

'
=

space coordinate along reactor axis

o
1

z foed conceﬁtr#ﬁiop of component 4
1 £ reactor length B
—~ v 3 fluid velocity

“ ta—

I Dyp 3 diffusivity of @ompohunt A

. k 2 reaction rate constant



an-

The parameter values used are:
p = 30,0
vV = 100.0 _ . D
L = 100.0 - ) o
\:' - 10,0 | | (8.4.3)
CA o= 1.0“.9:2 L ! -. )
: cB." - 0.0 '
tnae 5.0

Dividing. the reactor into M mesh points as in the
previous example, each mesh-p61n; m111fhave.1 o.d.e (except

at the inlet and outlet)

dc ) ) C . -30 |+C .
At 1ot A tel TUALT A ted
o ‘“'4;1:: Papl TRETT )

. C [y '-C . . | . .
;V'[_A.B.i.z_.é.-l] T Y

=~ B

Tho_nquations'ara mddarﬁtgly stiff.
The aquation at mesh point 1 is:

Y o= SH *Y YWy L - - .
Soi21- V21 (8.4.5)"

L he
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fhe equations at mesh points 2.3,...M42 aré:
dy. Yial Ey yt-] y“i-',t;'(‘: o
ST o o -
‘The equation at the last mesh point is: ‘ J(
. _ : <
dy - ¥y~ ’ : =
o = kyl ¢ 0y [ Tt (6.4.7)

g
Yy
S

_ wgere v refers to'cA. . :" .
. . 51 mesh pointswﬂjfi taken giving a'to;a1_ofv.
49 o.d.e.s. | | o S

The execution time for the simulation was 4.04
seconds while an equatign-br{ented'verﬁion of Gear's
mothod‘took 3.92 ;éconds. An equation oriented version
using. TRGB-TRGB2 required 6.78 seconds. Thus the tri- -
diagonal option doas permit tima savings. The IMP package
required 46.1 seconds. o . o

A 11st of the modula and its data. sat are giyon‘ﬂn
Figure 8.14, LS graph of the ocutlet value of 08 VQrsus
time is shown in F1qura 8.15. No change in the out1et -
concentration 1s seen until about 0.5 t1me units. Staady
state s reached at gbput 1.2. The graph {s sigmoid 1n_

1

_appearance,



FIGURE 8,14t LISTING OF MODULE AND DATA SEY FOR EXAMPLE #4
ORIAN MATRIX

TUBULAR REACTOR WITH TRIDIAGON

SURROUTINE TYPES

1
&
-3
4

0000000 DODDOOOOD
-

COMMON
COMMON
COMMON
COMMON
- COMMON
COMMON
- COMMON
COMMON

SURROUTINE HEAC#

THIS MODULE REPRESENTS A TUBULAR REACTOR WITH REACTION CleC2
FEFD CONCENTRATIONS MUST BE FAIRLY CONSTANT OTHERWISE

00ES MUST BE SOLVED FOR C2

THE JACOBIAN MATRIX IS TRIDIASONAL/

EQUIPHENT PARAMETERS

————

e« O =« DIFFUSIVITY OF CONPONENT 1
"V~ FLUID VELOCITY

L = LENGTH OF REACTOR

K = REACTION RATE CONSTANT

M e NUH!ER oF SECTRONS IN REACTOR

/MAT/ HP(I.!)|!P(lt$)t$(2!2|lliEXlTl

(49 QDES)

T06
T08

T08 -

tos
Toé

T06

- TQe

106

T06
T06
Toe

- Toe

/7CON/ IG.NCOHPQNCB.H0N!oNS|NPR0NPOL'THAK|IORDER.NORAPH
/70EAR2/ EPS.TIME!KFLAG.JSTARTONIVNAX|ICONV!NOPPT.lSTIFF

ZUNIT/ IMsNNP

/3UBD1/ AtA9)

/01AQ7 B(49)

/SUPERD/ C(49)

/MODULE/ IDERYsITER.ITRT+NZERO

DIMENSION Y (49), DERY(49)
REAL KL

1TER®]

000 000

- USE NEWTON=RAPHSON lT!RATIQﬂ FOR THIS MODULE

CALC LATE MODULE PARAMETERS

1F (JSTART.NE.O OR, IO.EQ.ll 60 T0 2
DagPp(Inel)

Vagp (IMe 2}

LagPp(IMed)

KuEP(IMsd)

Magp(lneS)

DZul /FLOAT (M)

0Z22uDZeDZ

0D22¢0/,022 .

vDzuV/D2

Nanel

ono

CALCULATE INITIAL CONDIT!ON!

106
106
T06
Toé
106
T06

10

Tos

T08

T06
T06
106

106

Toe
Toe
T06

- 06

Toe
-T06
106

Toe
Toe:
T06 -

T06

108

Toe
106
To8
T06
To6
T06
108

. Tos

106

“Toe

Toe

se . .y

P
-
"~

el .




000 000 OO 0N

P X2 X3

POOW

OO0 O0D0000 O0D00O L

|
-
NaMe ] . o o _ TO6 49
INaMP ( 1My 3) L : o Toe 80 °
TOUTSTABS (NP (IMe4)) SRR : T06 81
00 1 I=leN e T _ Toe 82
© Y{1)8S(2110UT+3) S (2410UTe6) - - ‘ ©Toe 83}
CONTINUE _ e o : 106 S
CONTINUE ~ _ T e o : T06 85
» - : o - : - T06 86
CALCULATE FEED CONDITIONS ~ - . L _ - T0e 87
T T - 108 88
cxo.Stxu.IN.J:-st:o.xN.sn T ‘ . : 106 89
: ST C T06 60
CALCULATE JACOBIAN MATRIX ON CORRECTOR pnss : T . ;oo— a;
. : ' To8 6
(. (IG.EQ.Z) G0 TO Ve o . Toa -e3
MESH POINT 1 | AR . T06 &8
g - - 106 661
'.3(1)'-2-0'K0Y{1)-2 oooozz-voz ' et ' K T06 “67:
ctyywonzz. . ] ST TS e s T JTee 68
' —e R P T06 69
MESM POINTS 2!...!"'2 ‘ . . . T To8 10 .
- N . ST o S L L IR R N
" M2mM=2 - : o ST T e - R U LI £ SR
00 3 lm2eM2 - ST T > 10613
A(1)mDnZ2eVDZ. . S : T04 ° T4
B(1)E=2, 00KY (1) =2, onnoza-voz e RN " Toe T8
C(11wDn22 : : SRS I | T3 [ 3O
CONTINUE ' _ T T T | | T 4 &
S S SN S - T06 T8
'MESH POINT Me)l = N \ | o D LTYE T
o R - . T 106 80[w
A(N)uDDZReVDZ S T U T S 1§
B(N)'-P|0'KOY(N)-DDZR-VD! R, 'L O T ;g
CONTINUE : . & T~ Toe 83|
'9‘ - C T T06 84 ‘1
use TR!DIAGONAL ovr:on FOR THIS HODULE tlTRI-li e ‘ _;g: :: ¥
AL .. 1os o7}
‘ . S . : .. . Toe as}
CALCULATE DERIVATIVES | - - o Tos ey
' : : ' | : : o . T06 90|
NESH POINT 1 IR “Toe 91[€
: . T06. o2| .
DERY (1) m=KeyY (1) 8Y (1) «DDZRH LY (2) =2+ 0#Y (1) ¢C10)uVDZH(Y(1)aCl0) =;ot :: :
S 3 l 06 .
HESH POINTS 2ea eoMad _ N { T | 10
' - | - "T06 96
N2aM=2 - : | : S U TH 14K
.00 8 luRoM2 : T06 98
D!RYt!)I-K¢YtI)OY(IItDDZ!'tY(IOlI-I.OOY(I)#Yt! Iii-VDZi(Y(l)-YtI-ITOO 99|
1 | , . Tos 100(c
| | T
T .




oO0o0OwWm |

OO0

- CONTINUE

- ; 2
_.K.\
Y

~y

HESH POINT M=] = N

D!RY(N}'-KGY(N)'Y(N)00022'(Y!N~1)-Y{Nl)-VDZ'IY(N}-Y(N-li)
CALL DIFSUB (NyYyOERY) -
IF (IDERY'NE.0) -60 TO 4

CALCULATE STREAM OUTPUT .

CR0=S{1evINe 3OS (1e4INeT)
Cluy(N)

C2aC20+Cl0aC)

SUMmCleC2
S(1+10UTe8)mC)/SUMN

- S(1+I0UTsT)uC2/SUM

RETURN

END
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T0s

T06
T06
T06
T06
106
Tos
TQ6
T06

T0e

T06
T06
Toe
Toe
T06
T06
Toe

R et ol T PP

101

102
103
104
108
106
107
108

109 |

110
111
112
113

114

118

16
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Toe 1184
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AEOIN o ' S | T

TINE 8,0 - R

DELTAT .- 0e0001 _ ' o : _

INZOUY .20 R . ‘ ’ S
. HMAX 1e0. e ' - Co '

COMPS 2.0 - f - S
LIBRARY 1.0 : o ‘ : C
REACA + ~ &40 /- ‘ T o 9
PROCESS S _— : - ' l

o T 1.0 . w@el. ) ' - . 4

o o 3040 - ¥ 10060 100.0° 1040 90,0 -
" END . v ’ _ . . . '
STREAMS 2.0 * .

EXPLICIT ~ o g Voo

N 140 10060 14T
1.0 ‘ o P '
. 240 10040 16,77
C . 0e0 : DN o

END ) - _ ' _ ‘ '

PROPERTIES ‘-110 . o - ' J \

END o o . '\

END s
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9. THE WILLTAMS-OTTO PLANT:SIMULATION .~ -
i /" N . R ' . .- . ' . N .

ST oo . . e e ._‘._._.._.__..-R-»—'

2

/~- . The examp1es of the previous chapter were quite

cimp]e since they were on1y 1ntended to 1l1ustrate diffe_gnt

. capabilities of the DYHSYS 2.0 package “In this" chapter,

we would 11ke to show a sfmu]ation of a rea1ist1c chemica1 : !
plant._ The Hf111ams Otto p]ant (H111iams ‘and Ottof 1960 | .
w1111ams, 1961) Was- chosen.

| Anound 1960, many computer contro1 schemes had ‘
recent1y been proposed for use by the chemical and petro1eum
processing 1ndustr1es There was no_djrect method of com-
“paring the re]ativeﬂappifcability o; these schemeS" For

this reason, the Monsanto Chemical Company proposed this

p1ant as a chemfcalvprocessfng mod’T#to those 1nterested

1n computer contro1 w1th the hope that it may serve as a
basis for a direct comparison of the ava11able computers

and thefr re1at1ve capab111t1es.' Every effort was made‘to

kave the model include as many as possibTe of the effects .
-present in typical chemice1'maﬁufactur1nq p]ahts | |

= . Wil11iams assumed that a2 plant has already been

des1qned and built for producing a chem1ca1 product P. . j_m -
‘However, considerable. difficulty has been experienced with

the stability of operation of the p1a_;4_ﬁnj_1tﬁjs desipeﬂ

178




: ‘. 17907 L )
-‘ﬂ_in an effort to ach1eve stab1e op ratfon...ﬁt the same f;,¢!';;;gt“ij
-,time. 1t 15 desired that the compz%gr mqbntain an opt{mum.h:-

a-fa stfrred tank reactor.-a heat exchanger, a decanter and a

-process flow diagram for the p1ant

9

-.ba1ance of p1ant opErating canditions to assure . that the

';max1mum return 0N 1nvestment is be1nq obta1ned

The p1ant.consists of four major piecesrof equipmenx.

;d1st111at1on co1umn. Figure 9 1 depicts a simp11f1ed

.1 The Reactd

~

The.feactdr;ié a continuou

“reactor in

which -the following heactiohs occur:

kj ‘
A+ B =

.. The desired\product of the planh is P, while G is .

a heavy oHy waste mate‘r‘[al Reactants A\ and B,are fed to

T the reactor in pyre ﬁbrm and tﬁere ds a,recycie stream

!
—_—

e . : ‘\

"containing A, \B ¢, E and P #,rf' \e\' \x

~ -
- -\

Steam 15 ava11ab1e to heat up the reactqr and

jt_coo11ng water 15 avai1ab1e to keep the temperature\under

_“EEE?FETTUnte—the_reactor has been heated up to about 180 E s
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' The following differential equations were used in

the mode]:

mass balance on A:

(9,1,1)

dyl I .
masTFba1ance on 2:
‘ .
) dy2 1 ) I ) ;’ t k ( .
a T, “’5/* Tp B = Tpuy) m Ry - F s J.1.2)
-mass'ba1ance,on C: -
dyﬁ 1 . n ) ;
-‘Pﬂ’y;yg (8.1,3)
mass balance on &
a _ 1 (F é - F : )+ 2.0 by {/J(Q 1.4)
dE TV, L 7 Y4 U Fgbgg - J i
mass balance on G
. ‘ \.\. A
Y5 _ 1 F 1.5 \ (6.1.5
R'F_:-T/__(FL GL- Ry5)+ <5 Yy, 8,1,5)

R



@

L]
i

mass balance on P:

dy, 1 IR
& TV (PpPp= Fpug) # Hyitghg = 0.5 ygyg

reactor heat balance:
O /
a5 7

T 7T (20 ke - B0k,

; Lo |
Q//. ~LS kpy V- ay (4, -y

+hSaS (T - g?) - FLCPR (y7 TLJ
4 -FACPR_-('y? - Ty - Felpg (4, - Ty)]

“¢00l1ng coil heat balance:

dy . |
8 _ 1
& Vi Unatyy = g + Fifoyl Trye = yg)]

total reactor mass balance: ~

dy,
- Fpt Fp - Ty

where

x
i

a, exp[-bi/(y7 + 459,69)]

182

" (9.1.¢)

(0,1.7)

(2.1.8)

(9,1.8)

(8.1.10)

""—\.k l
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where., . ',f\ :

A

F

yj;yg z conceh}rations_o? 4, B, c, £, 7 and P
_respe¢£EVBIy in the r{éctor'tmass fraction) .
 y7 " o z rgacfor temperafuré“(éfi,

¥y . 2 cooling coil tehperatdre‘(°F)' .

¥os¥p z reactor.mass holdup (1h)
v, = cooling cofl mass holdup (ib)
.hw,ks . s-ovefai} heat transfer coeff1c1ent of cooling
o , and-g}ééh cotls }espectively'(BTU/hrft2°F) b
Ty A z heat transfer area of éoo11ng_and steam
. coils respectively (f;z)
128y | | |
GL,PL z recycle stream concentrations of 4, B, (, E,
b and P respectively (mass fraction)
A’Fé’FL’FR’ - '
R, E flow rates of A feed‘stream,'B feed stream,
recycle stream, r?actor exit stream add
. coolant respectively (1?/hr).

' CPR’CPW = heat capacitfés of reactor mixture (assumed
same for all reactanté) and coolant
respectively (BTU/1b°F)

ﬁl,kg,kz z reaction rate coefficients (hr"])
HosH o, H g = heats of re5ct1on tBTU/]b)

T e = injet coolant temperature (°F)

Tg ‘ = steam temperaturé (°F)



‘\\

. -\\\7 A . o _;)/f*/‘

. N . S 18a

Pl Ty .temperatures of 4 feed stream, 2 feed

stream and recyoje~stream respectively (°F)

'1,‘°RY

R
-
o
"

'Arrhenius rate'oopstants (hr

| . A '
: . "\\' . : -

- The coo11ng coi] is modelled as a perfectly stirred

tank., A dynamic equation for the steam cotl 1s’not tnt1udeo

since vie assume a steam trap removes condensate 1nstant1y
and the temperature of the cotl 1s thus constant at the
saturated steam temperature (assumed 250° F)

o 1s assumed constant for the first seven equations
and 1 lneglected in the Jacobfan; however, a tota] mass
balan 1s -done over the who]é reactor‘in equat1on (9 1.9)
1n order to provide a ho]dup s1gna1 to the contro11er. _A

signal fs also sent to a contro11er which keeps the ratio

Fﬁng constant. , _ _ ) :

An information ftow diagram for the reactor fis
shown in Figqure 9.2. ‘Anon-off controller turns off the

steam flow when the temperature reaches .2 certain value,

A controiler operates on the cooling water flow after the

reactor 1s heated. @
L

"The reactor mass and heat balantes are not Stiff,

but when the coeling coi1-heat balance 1s inciuded, the

_modei 1s stiff. Thus the module 1s stiff and a Jacobian

matrix 1s supplied.

F
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_(3)' HHAW,

- l-'TherR)are fbdr‘equ{pment parameters:

(1) v& - = {nitfal holdup in reactor {1b)
- - R ’ - ‘ | :‘:‘—._‘I_‘—‘-—
(2) vww - holdup in cooling coil (1b)

product of ovefa11'coo]1ng coil. heat transfer

coefficfent and effective heat transfer area

(BTU/°Fhr) o
,,“/ ' . R /s
(4) n#sas - Hroduct of overall steam cofl heat transfer

'/ff; coefficient and effective heat transfer area
(BTU/°Fhr)

prraaenet
LI

‘9.2 The Heat Exchanger

A heat exchangenhfo11ow§ the reactor in order -to

stop the reaction and prevent an overnkoducfion af the

waste material 6. Both the tube and shell side of the
exchanger are modelled as perfectly stirred tanks. It
i1s assumed no reaction ocburs in the heat exchanger,

The following differential equations were used in

the model:

tube side heat balance:

dy ; ) W

1 45
& TV [Frlor (Thyp = ) 4 FyayTry] (5.2.1)
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where. T

187 . -

Ly 15 the log mean temperature qffferencé:
O Tpypmeby - g m Tt -
T,y = . (9.2.2)
S 1n(_££..T'_fi_) -‘\"_ . y -
Y17 *1Ns o .-
shell side heat balance (coolant): | -
.dy : o
: 2 1 .
o= =7 Flpy (Toys ~ ¥ * Py 1) - (9.2.8)
. VHs“PW S F | :
component mass balances:
dy. . F : S
—LL - TT— (C, = Yy, ) =16 (9.2.4 - 9.2.0)
) HT
' &
wheré
Y - tube side temperature (°F) -
. ¥ t
Yy = shell side temperature (°F) . :
y,-gg §*£§be side concentrations of A, B, €, E, G and
R - Fagn o ' '
’ P resp%ft1veﬁy (mass fractions)
TIHT’TINS z 1n1ef tupg and shell sjde temperatures
» respectively (°F)
Vyrs Vs = tube and shell side mass_holdups reSpect1¢ejy
1 £ (1b)
CPR’CPW = tube and shell,side hgat capacities
respectively (BTU/1b°F}
FT,FS = tybe ‘and shell side flow rates respeﬁt1ve]y

(1b/hr}
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Cér. ¢ 1infet tube side conqéntrét%ons'of As B, C, F,
¢ and P respectively (mass frac£1ons)
) @H - = overall heat transfer coeff1c1én£ (BTU/°?ft’hr)
dH Z area of_heat‘transfer.(ftz) |

- S i

The module. s nonstiff, An 1nf0rmat1oﬁ flow .
diagram for th heat'excﬁanger apﬁearé fﬁ Figqfe 9.3. The
flow of the cooling water i controlled by the outkef
teéperatuﬁé of the heat exchaﬁger.

There are five equipment parameters:

(1) v¥r - tube side mass holdup {(1h)
'(2) viHs - shell side (cdo]ant) mass holdup (1b)
(3) Aa# - area of heat transfer {ft?) l_;

i

(4) #H - overall heat transfer. coefficient (BTU/°F ft?hr)R

(5) cPw

coolant heat capacity (BTU/1b°F}

\ \\
SN
' \ ;\l ¥ N
. \\ . \
"\

En’
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9,3. The Detantef Pa

) Th'_y'ot o markerial, '@, is insolub1é at
temperatures of less than IOdE?bandsincetit haé a con-
siderably h1gher spec1f1c gravity than the carrier stream
in wh1ch it 15 quspended 1t may he removed by sett11nq.
Thus a decanter fo1lows the - heat exchanqer.

The top and bottom Tayers are hoth mode]]ed as
perfectTy stirred tanks, .The mass fract1on of & 1n the

reactant stream as -a function of temperature 1s q1ven.

- The decanter temperature determines the mass fraction of

enterinq the top layer, f
The deTow1ng d1fferent1a1 equations were used jh

the model: - - .

total mass balance:

2 . . ¢
dy 4

B-E—ﬂ F - F G ‘ (90;-1)

Fourr = Tours

total heat balance:

dy
2 1 .
"y PoyTow = Fourr * Fours’ Wyl (9.3.2)
_component mass balances for the top Thyer:
dy, : Y. ‘
1i+2 : 148 y
—dt = Fryedryr = Fovrr 76 (9.3.3-9.3.8)
L Uiz
1=1
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zass balance for bottorm:

= = - : 4,73
Er LN PR o S.E. 0

(R3]

‘total rmass holdun (71b)

decanter temnerature (°F}
top laver hoIdUps of 4, E

nespectively {(1b/hr)

P ) = heldup of 7 in bottom layer (1b) LT . N
T: E-inJet temoeratﬁre {°F)
- ”T’T‘U‘; Ejéut]et flow rates from tob gnd hottor layers
v resoefti§e1y {(Tb/hr) \ - o
'?‘XT’FﬂH"s 5 in]ét flow rates to‘top and bottom layers |
\ respectively (1b/hr) A ) .
F:X' | z tota]-decgnteﬁ;in1et flow rate (1b/hr) /"\\\'

: {
Figure 9.4 shows an information flow diagram for

the decanter. The holdups in the top and bottom layers are

controlled,

J

There are three equipment parameters:
- inftial noldup in top layer {1b) ///
(2) %07z - initial holdup in bottom layer (1b)

(3) 7zZz7 - number of component to be separated from entering

stream

Ny



-

192

9.4 The Distiliation Column

-~

Williams and Otto proposed to model the column as

a stirred tank. Rather expectedly,. this did not give CEl

satisfactory results. Pulido (1975) has created DYNSYS 2.0
modules qf a distillation column, condensér, reboifer and
rebﬁi]er drum.- These are discussed in detail in his thésis.
Assumﬁi%ﬁﬁs used were.no heat of mixing, constant
ﬁp]dup on each_p]éﬁe and equilibrium on each plate at all

times. The column module conrtains mass and energy balances

about each plate. Bubble gpint\calculations are done,.

'

The condenser is either a total.or a partial condenser.

The reboiler module handles the heat transfer calculations,

" while the ‘reboiler drum module does the mass and energy

balances for the réboi1er. THe.azeotrope in thé.column was
neglected for simpgicity, but it can bé 1mp1émented once a
correlation for ;hé‘]iquid activity coefficients is found,
suchA}s the Wiison-équation} |

The column, condenser drum, reboiler and reboiler

* drum modules are modelled as being stiff ang Jacobian

matrices are suppﬁied. Therfondenser module is algebraic.

' - An information flow diagraﬁ for the column appears
in Figuyre 9.5, Since the column uses ﬁo]ar rather than

mass duantities, a module CONV1 converts_the.mass‘fTow and
mass fractions to molar flow and mole fractions respect{ve1y

before entering the column and does the opposite for the
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\ : N,
““%‘“““ﬁﬁﬁﬁilottoms stream Teaving the co]umn\\ .- i
N ' A modu1e SPLTI d1v1des the bottoms f1ow, accord1ng to

a qiven ratio, into two streams, one of which is recycied

back to the reactor

¥ T \ :

89,5 Simulation Results \

A listing of all the rodules ana\a possible data

set are contained in Appendix H. The mgdﬁies form the
-basis of a Tibrary of modules for NYNSYS 2.0. In all, 31,
modules énq_42 streams were required.

”The reactor was started up fromh70°F assﬁminq ?
constant recycle sfream. Figure 9.6 shows a qraph of the
reactor concentrations versus time. \?1gu%e 9.7 show; a
graph of the reactor and exit heat exchanger temperatures
versus time. Steady state was reached after about 0.7
hours., |

The control scheme for the reactor kept the témpera-
ture at 180°F after some slight oscillation. The steam flow
is cut off at 175°F and a proportional controller with a
high aain contro]s the cooling waker flow so that the

“temperature dpes not rise above 1805é. This is similar to
the .control scheme recommended by Yilliams. The steaQy
state cooling water flow rate at 180°F with no steam flow
was calculated to be 5115 1b/hr. The reactquconcentrqtions

at steady state were the same as given by Williams.
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A value of 5000.0 wes used for k_a_. The value-of

10000.0 givén by wijiﬁ@mé'Heats the reactor too fast and

the temperature becomes out of control. -

The heat exchanager out]ét'temperature.was below

102°F at all times.. Since the reactor temperature control
wo;ks we11-and the heat .exchanger cbq1s the reactor outlet
stream e%ficientTy; né trouble was encountered in the de-
‘cantef. *The decanter temperature ngvsr rose above,100°Fl
and all of the 7 was settled out.
The disti]]at}on column results were handled bx
J. Pulido and a discussion of thése may appear j% his
thesis (Pulido, 1975). - -  ' .
DYNSYS 2.0 performed thé sfmu]ation'qui%e well and

-1s very convenient for simulating a modiular plant such as

£kis one. However, during the simulation, corrector conver- "
! ' A

gence drob{ems occurred 6?teh\fof the heat exchanger evén
with & supplied Jécdbian. Péssipfg the model will have 'to
be refined. | | : N

The Hi11iam§—0tto plant offers many possibilitieé
for control system studies.. More wé?k may be done of ‘this
in the future. DYNSYS 2.05?5 a.very convenient tool for
évaluating dif%éreht contfg] pol}cieSu Pq1ido‘(1975) has
used DYNSYS 2.0 to evaluaté various d;stil1ati6n column

control schemes. ' ; ' g -

o
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10. CONCLUSION

r_,'1'0.1' Sumhari
The numerical solution é?ggrdinafy differential
equations is g fundamenta] aspect of dynamic s1mu1at1on
The or1g1na] VEFS10H of DYNSYS used a third order Adams-
Moulton-Shell routine, however, this .is very 1neff1c1ent ffﬂ-
for st1ff systems where there is a widé variation of time
constants ~In chem1ca1 eng1neer1ng stiff o.d.e.s occur
w1de1y in react1on k1net1cs and to some extent in multi-
stage ;ystems. .Conventional numer1ca1 techn1ques are
restricted by stability to using a very small step size
resu1t1ng in large computer times., There have bten many
new numerical techniques published in the recent 11tera-
ture directed at the efficient numer1ca1-solut1on of
systems of stiff o.d.e.s. " A literature survey of these
.has been, made
Most stiff techniques are 1mp11c1t and require a

techn1que such as NewtonfRaphson jteration to converge.
Each.Newton-Raphson iteratioﬁ involves the solution of t

| system ot linear a1§ebraic equations {usually sparse)
equal in size to thé number of o.d.e.s. For a large stiff

system, this reguires tonsiderable computer time. Various

198
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recently developed sparse linear equation solvers have

been evaluated and that of Bending and Hutchison appears

to be the most appropriate.

A comparison of several integration .techniques has_e

been_done with a number of nonstiff and stif¥ test:
examples: Gear's method appears to be the most efficient.
. Gear‘é integration a]gofithm in c0njuﬁction with
the Bend1ng Hutch1son 11near equat1on solver has been .
1mp]emented into DYNSYS version 2.0. An option for stiff
systems with tr1d1agona1 Jacobian matrix is also 1nc1uded
Several s1mu1at1on exampjies. have been descrlbed 1nc1ud1ng
the simulation of the Ni111ams-0tto plant. The package is

a-very powerful one, capable of the simultareous humerica]

'Lso1ution of hundreds of stiff-o.d.e.s.

The modular approach has been chosen as the frgge-
work'of'our study, but certainly the results apply equally
well to the eduatiOn oriented dperoach .An equation-

oriented program conta1n1ng Gear's method and the Bending-

" Hutchison linear equation so]ver has been created and it

is useful for simulating nonmodular'systems.
An interactive version of the executive, where the
output can be d15p1ayed graphically on a CRT screen, has

also .been developed.

e
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10.2 Future "ork

A version of the Exeéutive which keeps the operator
lisés and possjbiy other variables in auxiliary storageLfan
‘easily be created. Segments of the operator list can bex
stored or fead'in, thus allowing much larger systems tﬁ béﬂ
sfmu]afed. Thousands of ord.e.s could theﬁ be'solved,
but the prog;am would not he as fast Because of the extra
time required to store and access the operator lists. It
would also make the pfogram more machine dependent. |

A tridiagonal option has been included, but other
options miaht well be 1ﬁc1uded, simifgr to those in the IMP
package, such as options for banded matrices in general
rather than. just tridiagonal, or iterative options for
problems with diagonally dominant Jacobians.

This thesis has concentrated on the numerical solu-
t{bn of stiff systems, particularly large ones. Another
area which can bé studied is the convergence of recycle
in dynamic simulation (Koenig, f§72).

With the present package, it is reasonably difficult
for the novice to 1éarn how to wrﬁte modules. .Hayg of
simplifying the'mddule stﬁycture for'user convenience
should be studied.

A library of modules could be developed .to make
future programming easier. Pulido (1975) and Mi]Tarés {1975} .

are presently using DYNSYS 2.0 to simulate a commercial
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process. The modules from their work and from the Williams-

Otto p]ant simulation would form fhe basis of‘such a lfbkary.

- Additional modules could bp added correspond1ng to the types
of equ1pments used in chemical plants.
The package should be, applied to other 1ndustr1a1

J

processes.,

A physical properties package‘cou1d be added to
~the system,

A Qergion of DYNSYS which can use CRT graphical
input in the fokm of an informatioq flow diagram is being
developed. '

The applicability of the pseudo state approach is
" a possible area of research. e bointed out in Chapter 3
that 1t is .a dangerous method to app]y, however the circum-
stances under which it can be applied and the amouzi of
error incurred are questions of interest in solving Stiff
systems. , |

A1l of the test egampies n Appendix D are of the

relaxation typé; i.e. the fast components become essential-

ly zero for a very short time. In a control system simp-
lTation with disturbances, the fast modes will be con-
.stant1y re-introduced into the system. Hhethér Gear's
method is the best numerical techn1que under such con-

ditions should be investiqated.
\ -
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" The study of numerical techn\ques for so1v1ng st1ff - :

o.d.e.s and for so]ving sparse 11near 1qebra1c equat1on5

~ is a currently active area of research and more effrcient o | ‘\.
W e N
: techn1ques than those used in DYNSYS 2.0 wa1 undoubtegly \\ Lo
V “\ ‘ ‘\ :\\\
“be deve?oped Gear himself has a new, more efficient \\yK N e
N .

version of DIFSUB which will be ava11ab1e around the end \\-\§§
~

of 1974 (Gear 1974). DYNSYS 2.0 will be modified to take N N

’ \\‘\ \“.

this into account and the evolution of the package w1113 ‘ ”&QQ;

‘ , _ - NN

include the incorporation of more efficient techniques:

-,

A

%

a
-~
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APPENDIX A: GEAR'S. METHOD
| C.W. Gear (Gear; 197]é;b,c;‘1972) has created a

N subroutine called DIFSUB for soIvinq ordinary differential

S equations. It uses a variable-orde?, variable-step, 11near,
\\ predictor-corrector a1qor1thm .
T‘a;;\' :‘tﬁ\ There are options for nonstiff and stiff eqﬁétﬁqps.‘
e N . ~ . . . - . ' . ’

- ~ . : -~

N ”\f\ |
' AK?T‘“NOnsf{??\th1on

LT~

The. nbnsff%?i option uses an Adams-Bashforth

~.

pred1ctor and an Adams Mouffon corrector

Koo -“‘-._
Yot LR (4.1)
k :\' e T : ~
. CORRECTOR EQH»\‘ v T e )
(Adams - Moulton )~ e
T
N -

The coefficients“r\ aqd 8 «may be faund in

Henrici (1962). The order may vary ~from 1-7.

203
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7 A.2 _Stiff Option

The stiff option uses a predictor and corrector

\\‘

—
—

—
(Fenrici, 1962):
! S

.

T—.__ .« based on the backward or numerical differentiation methods

PREDICTOR EON.: 7;;3“=4Lﬂgﬁn;i oy

1in+1-1

e

=1

| S
CORRECTOR EQN.:  y ., =hn*g, .+ ii;;ﬂﬁ*yn+1_i (4.4)

"\Ihg\cokrector coefficient values are given in

Gear (1971C)T\\From\lit to 6th order is available.

-_‘__\‘

The corrector equdtdon has the property of stiff
-\_\

]

stability (Gear, 1969a; Figure Ad]Y\?UFKUR;EE 6th order;

1.éf;jgiis accurate and stab]e'near’thé orig%ﬁnﬁﬁd\sigbfe

‘to the far'1efpv5f the origin in the hi plane.’
Accunacy.{g\not;importaﬁt far to thé left of the -

origin, since the compdnénts here are very small, but

T

absolute stability is -required. Around'ihéforigihﬂ-ac;uracy.
- ds essential for which we need relative or absolute -
R 'stab11ity.“_Gear's method is ﬁéJative]y‘;tab1ehinwthef 

e -:r;,_"f;Eﬁﬁﬁhg+e\;hdwn.' Elsewpefe"thefé'are no requirements,
ST T sinde'toﬁpﬁé right.of Re(h})) = « and above and below

—
—

- - TmrEA) =+ 6, the function is varying too rapidly to be

.\\\\‘\\\\\N;;;:éeEFégeniEﬂfBy points ‘'spaced a distance h, but is not

EEt&'?hgxéd;fast‘that we can ignore such terms. For order

_—

~— 1-6, D > -6.1,76~<.0.5 and a=0 (Gear 1969a). K<

- e
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W

The -Jacobian matrix is needed for the stiff 6ption,
as up to three'ﬂewgﬁn-ﬂaphSOn iterations of the corrector
are nerformed. The Jacobian may be user-supplied or
evaluated numerically. It is re-evaluated only when there
is 2 change in order or the corrector Failed to converage.
Mych of the algarithm is the same for the nonstiff
and stiff option excép¢ that different.coefficients are

used.

A.3 General Features

L4

—A

Pather than storing back values of the independent
variable and the first derivatives, the algorithm uses &
variation of the ‘lordsieck vector (Nordsieck, 1962):

P ,_Z::‘ (i)

.. T tm g ’ .
E?: = [::"7::'::‘.;?:: o1 3 e 3 _:7__ } . (.‘:.-6)

Gear expresses the- predictor-corrector in the.form:

PREDICTOR EQN.: =4 a (~.8)

§n+1,('3-) > n
CORRECT-QR EON.: Gy ey =.§n+i’(r) R Ry (4.7)
‘wihere 4 is the Pascal triahgle matrix:-
fa= 1) a (.9

e ¥ AR . e

C maa
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[§

F(z) is the amount by which the differential equation

is not satisfied locally by a:

Tle) =t

-~ !

"

e
|
2

M

9

s

.

(t,a) - g, =R fie,u

For direct iteration as in the nonstiff option

Zo= I (identity matrix) (3. 10)
For Sewton-Ranhson 1teratioﬁ as in the stiff option
:-—'[.;—?:ZO‘%%] : o (2.12)

}

where %% is the Jacobian matrix

The coefficients 7 are given in.Gear (1977c).

is chosén to achieve stability and accguracy.

H oo

The same order is used on the predictor and corrector

steps. The local truncation error is given by
s D ORI L 5P for a xth order step. The 2. -
L+ : - : LI
values are given in Gear {1971c¢). The last component of
the Hordsieck vector is hxgr(ﬁ)/kf and under suitable
smoothness conditions, its backward difference yields an

estimate of kk+1y(g+1)

/%!. The error-is controlled by .
keeping the Euclidean harm of the ‘relative local truncation
errors Se1ow a specified value.

The method is self-starting, using the first order

formula to begin the integration. The order is variable

h-L I
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and is chosen to maxfﬁize the sieb size with some heuristic
contrals. The algorithm begiﬁs with first order and
increases cquickly to”about fourtﬁ crder where it remains
for the bulk of the infegration. Then as steady state 1is

aporoached, the order decreases back to first order.

The nomenclature was first introduced in Gear (1967).

Patl1iff (1968) does sone comnq}ations with the method.
Gear {1971d) has extended his proaram to handle Targe sparse
sets of simultaneous differential and algebraic equations;

however, the program is in machine ~language,. €

Several workers have recommended Gear's method for

stiff svstems. ‘!likolai (1973) tells of his experience with

it. Malters {1972) provides a.detailed discussion of the
method. -A version of DIFSUB is available in the IMSL

Tibrary {IMSL, 1973).



APPENDIX B: IMP

D.M. Brandon {Brandon, 1972, 1973,.1974a), now with
Control Data Corporation, has developed IMP (Implicit
Solution soft#are System). IMP is a—software system for
the direct or iterative selution of large differenttal
_and/or algebraic systems. The package is equation-oriéhted
and'contains the author's own A-stable numerical iniegratiOn
technique and sparse matrix routines for solvina the )
corrector equation. IMP is offered as a standard CDC
software product through their Aﬁplicatioh Services Division.
For non-CDC computers, the package is avai]ab]e'ftgm
Brandon himself.

- The IMP tests in this thesis were done with an

object copy of version 1.1 compiled under FTN version 4.0,
optimization level 2, Scope 3.4 operatinag systém.

The IMP user must write his own user subroutine
defining thé system to bé simulated and choosiﬁg from
the many dptions available. The problem must be expressed

in the -form:

—

+
1y
—
8 ¢]
<
N

t'
Wi
(&S
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where 4 is the Jacobian matrix

RN

is the augmented constant vector.

ty

and

Both A'and Z may be functions’ of time or . The
left hand side is set to zero for\@#gébra1c equat1ons
?artiaW differential equatiohs are reduced to ordinary
differential equations by discretization of one or more

'
dependent variab]es.

- L3

8.1 Brandon's Inteqration Technique

—

Brandon's integration procedure'(Brandon,’1974f)

a single-step method:

Yop1 T ¥, F Rlrz - w)yr.-f-I + L}Eir:] (3.1}
For the equation

1/ = );54 (B 2/‘

= vy en'\ [ . (8.3)

Substitute (B.2) into (B.T1)

~
Yppg =¥, F nle1 - m)lqu + wkyn} (B.4)
[I-rl(ln-_,,)]—dfv.;.h)u] (B.5)

3 ntl

Ly
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) !
Yrv1 1+ B R (5 %)
v, T T - AMI-wl T € :
’ ' ~
iSoTving for-w:
o o _3___qh__1 . NS

Liniger and Willoughby (1970) introduced the concept
of exponential fitting in_that v can be chosen to make the
integration exact for a given value of A.

For more than one eguation, different values of w

)

.

may be used: - : =l

(B.§)

=<1

There will not be an eigenvalue corresponding to

each equation except /for the system:

3

o
= Au. 1=1,2,...,% . (3.38)

tp
iy

Brandon chooses - to approximate the local

gradient:

3. N
R, = —= = h I g.. ( =) (5.1¢2)
< u . r Ll
—~— ‘ \‘1 = ¥
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\

{
Ay, this reduces to

' For the sinale equation § =
exﬁohentf&T fitting. Thu§ Bréndon has. extended the
of equations.

coricept of exponential fitting to systems
a0 . _
S USEd'\\{Qe

Note that no predictobr equatiog i
taken as'y .
n

first value for the corrector itergtion is
The method is A-stable for 0 < w < 0.35. -8
There is a very conservative local truncation
errgr estimate. Expanding Yprt in a Taylor Series:
-
.2 33
= 3 iy L 5
Yppy = ¥ * R bt 57 ¥, F T, t e (B.11)
RE R B
a7 - Ty, A o 2 awr
S wyn + ., + w7 VY, + 37 VY, + o o (B.12)
a - nl T o
(l—m)yn+1 =‘(I-u)yn + n(l—u)yn +.§7-(1-u)yn * 37 (I-m)yn
+ ... (R.13)
-
Adding (B.12) .and (B.13)
i
Mopp TV F ROL S+ R(I=0)E L - h(l-w)gn+1 + nrz—w)yn
2 3 . .
e S S (B.14)
25 *n 3 “n
) o i
The-error term is:
; . h? . Rl
+ fz(l-w)yn + Z_.qun + -.-3,-—,- Y . + ... {B.15)

= -n(l-wan+1

ko

S )

1



Expanding gn*

LI

I B

-

in-a Taylor Series:

LJ
I
. A T R ..
i =L +rnu YooF e
BT R S cr Iy

Substitute (B.16) into (B.15)

L

— . ) . w1
E =Rk (w - % J i o+t —=-=)uv
2 r z -3 "
. a1 T 7
o . Yt “n
Peplace u_ b
P v, Ry o
R2 ¢ '
~ _h - T
E=cmllew - 2y + (& i, ]
Srandon adjusts this term empirically to:
2 173 Ty
n*k 1(h -5 .
- F ‘ ( 1 N S no.
-7 yoof U ¥ Iz + 1
Ely, “n+l) : 50y, Jn+1)
where )
F_ = £ 2.y - (1 - ddu’
A Lr2, 1)Jn+1 ( 1)‘n]
Y. = L. a..y. ' N
P . e o
g=1 "
20 .
g, = 31 - —)
1 h
Y. = 48 — +5
T N
L Ia,;l
jei T
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5 is the augmented constant. _vector

Z is restricted as: -. : T A

_170 <z f_Lo.dzs - | (3.24)
This i§ fhe érror.term for.IHP version 1.1; however,

8randon has used iﬁ_]ater versiong a néﬁ error option

(Brafdon, 1974d). This consists of taking a double step

" “and compar{ng the solution with two single steps. This

,approéch has heen used with ﬁunge-Kutta methods (Carnahan,

Luther and Wilkes, 1960).

»

B.2 Sparse Linear Equation Sotlution

Version 1.1 offersemany options for solving sparse

linear equations., Thesé can cccur in solving the corréctor
or the user can solve his own set of Tinear equations.
There aré‘two iterative options: Gauss-Seidel double
sweep and gradient iteration. Direct elimination using
the Crout approach is‘avai1ah1e.' In e]ﬁmination,‘the user
has options for ordering'ihe system matrix, handling the
£i11-in and pivoting. Ordering is important, sigée the
grder in whigh the varigbles are eliminated .affects the
.number of nonzero elements geherated'(fj41-in). ‘However,
— o

in ;B?Maj applications problems, the naturel 6fder‘of the

equatibgg\qahlg.be sych that the bandwidth.would be
N \ . . -

minimized. = .

mta s e s wl————
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m

) Tﬁe storage scheme used is cumulative indexing
'(sectioh 5.1.3) and quasilinearization (;ection 4.5) 1is
“used din ﬁhé corrector solution. )
thure versions of IMP wii] 1ncfude the “following

1
-

additions (Brandon 1974b):
- (1) the conjugate gradient method

{2} special e]imingtibn routines for banded matrices

i
o

(2} special Gauss-Seide] routine for banded matrices

(4) special’e1imiﬁﬁtioh rputine for symmetric and

banded symmetrié matrices o

¢ - (5) special conjugaté gradient method'for symmetric

nmatrices

(6) full matrix elimination for smaller full mstrix

problems.

o

@

- —
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APPENDIX C:é SHANHON'S METHOD

ht]

.Shannon (197])-has developed a techniqueﬁfor*the

numerical integration of stiff, sensitive and multivalued

eauations.

For a single equation, the method is very simple.

If fle,pt
gr the 35riab1e

becomes greater

-

n+m
[sN &S

integration.

"i.e.

dt
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This may be extended to systems of equations as follows.
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vhere Yy, is tiﬁe;'ihe nbrma] variable of integration,'

if we form the matrix of all possible derivativés}

l
!

dy 1 o du 7
dy 7 a_j' P
Qg dy,
D= Ay
cu du
n .
dy,  dyy ]

It can be shown that there is afways at least one

column of D where the values of all derivatives are less

Y

than or equal to,oné in absoclute vélué. If this is the kth

column, then Mg should be taken asAthé‘variab]e of

integration. If the integration proceeds with ¥y 3S ther
variable of integration and the 1ar§est element dﬂi/dyp

Qggémes greater than 1, then Y. will become the independent
1 Y f -

:
variable., The derivatives in column Z will then be less

than or equal to 1.

Thus tfie variable of integration is chang&d as the o
. Y
integration proceeds, so that all the derivatives with
respect to that variable are less than or equal to 1. Any

method of integration may be used.

L

Let us try this method on SYSTEM I (Appendix D).
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the original system is:

with analytical solution:

.

l

the m§trix of

o
Il

-t

I

" 1000t
+ e

y

-10400¢

-~

Fed

~ §00. 5y -+ 493.5y

499. 5y, - 500: 5y,

derivatives is:

’ dyl cfyj d’yl
dy; vy g
dyz dy , dy2
dy, dy, Qg
dy;  dy; g
dyj. dy2 dy3

L

.

~
£

wr
g
~
Y
Z
1]

yI(OJ

Ve

A

218

(C.5)

(C.6)

(c.7}

(c.8)

e e i, bl T L s e were efe
I . Py



vd

i
.

Ay

~ -
. cAL = ron =
I B SIS B ST NC I .
& P .
N z = PR
- = =, <
— = —L;.v.hw--{-é:h‘.u-«lr_
- £55 F R, < <
R e N e ) - <
s I I,
e R
N - < - == T.. e =~ o
= — — : SR N T A T oLs) )
-~ . 4o = o
e ..‘.’:.;._-_4"_ — 2 -
"
th bi
the Jacobian
"~
PR

e m et

e

The eiganvalues are -1, -1000 and 0.
At time O, ., = 7, . =<
. _ —
} ToIorl s
ninl = _Iiaz . Cerar e 1)
' o7 T 1001 :

-,



220

25)

=)
-

dependent variabl

in

the 1

-

)

make

IT we

hainN
— [ L8]
[A%) =~
1y .
. Lo
Ly —
S~
IS Ly
.
h
[a¥] ~ﬂ.L
B P
1, 1) n
L9}
. .
L99] (e}
] O s -
B Ly ol Y
A 1 LIS . 1
<y T~y <y Ant]
< S N ¥ o
. 1 g 1wy uy —_
t . . 6
o, 35 =
(631 . (&N "
e e bt
_ ~ ~— .
[o8 (2% N A
S PR 5] R L 3 (Y
LS P 23y 53 s
P iy . (& !
(A]] [ o~ . o . :
ty, 1O . (S5} - cd A%
n €, L - \) BN
g N c1 =] [FF]
4. i g _.J: . .
1 * L] LS
t~] 14 L (% +
AT ST L] v 81 I < ek
Ly ) S L% S \ry Wy o *h
. . . ) - Ch o s ~—
[ (1N . 51 1 L] N 1
<y oo o, [ (] I, 4
Ly ~pr €, a3 Ty 21 *H Py D\
h . o o [v2s ' [ =
- . . [1+]
Fu) 127 37
I 1l n w o o 7]
. = [ ~ W
t (K] (S} [39] gt tey S
~ : = -, : -
AT T PLYRE T e 1,030 = | | —
" i . . ME ]
SEN A PN RS A g - " o
p= >
ﬁ ¥al =
o Il @
O [=A
[414] - —
—~ L W
)
S -
[ St v,
W sd 4
- =
a

=

s}

at time



221

!

Q.
-y N
L -
r = = i
[o0) BN
Sl .
= LS55 D [Pol ol
-t o CXF.CW L. = CULLTH
< _- A S (o, 18]
G -E30. 5y, + €85 ' o
M V. Catd
-2 BV tEYe .
L) - ~
—t -
< Z
-t - o & A0 5
[POTI =5CG0.8u, + ':."‘..Q.Dy

¢ - 0 0
~1000u, 1000y,
Jlv.) o= = - — = -~ 0 (C.17
w71 (C300. 8y #239.5u )0 (=300, 5y +438.5y.)° e
+
500.% . —498.5 R
- 2 van o i = = . = 2 ’
(=300, 84 #4938, 5y ,) (=500, 8y #4229, 8u )
4 Za A v
L .
IC20u -
. = a2, J
The eigenvalues are oy T2
\

- gt

e g




-

If 32 is made the independent variable, the.ejgen-
vaIues of the Jacobién at time 0 are 0, 0, 2 x 1073,
Yogwever a very short txme Jater (-0.01), the largest
eigenva]ue approaches infinity.

Similarly if y. is made the variable of integration,

the largest e1oenva1ue also approaches 1nf1n1ty

~a -I18CC<2 : -
As = =~ .01y ¢ ‘-2, and . s, = ou D

The matrix of derivatives becomes:

z I - z 1 2
T . i ad <«
o - 1 - - 4 1 J (u..-...?)
- . .
= 1 o o 3
u v a

As =+ aporoaches 0.01 approximately, é (time) should be

LYY

made the var1ab1e of integration.
Thus for a .very short per10d of time, the change of

independent yariable-from . to x, would speed up the

—

L9%]

integration: however, after that period we are back where

we started with v_ (time), again the independent variable.

- 3
[

Thus Shannon's method seems to be of limited effective-

ness for hand1ing¢3tiﬁf“systems.
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APPENDIX D: TEST EXAMPLES

Seven stiff examples were tested:

la e

SYSTEM I: Moderately Stiff.Linear Rea®

Eigenvalue Exarple

IT:" Very Stiff Linear Real Eigenvalue

Exampie_
111: inear CompTex_E{genvaTue Example
IV: Krogh's anmp1e
V: Cherlistry Examnle
VI Po]ymkr Exampae
‘\7 VIT: 'Stab1e Pg}&mer Example

and four nonstiff examples:

SYSTEM VIIT: Linear Monstiff Complex Eigenvalue
’ .

Example
IX: Xrogh's MNonstiff Example

X: Monlinear Reaction Example

XI: Gas Absorber Example
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5.1 SYSTEM I: Moderately Stiff Linear Real EigenvaThe

Example -

We use the 2-dimensional linear system:

-z = 0
o= fus= [ o ] , w(0) = {n ] (c.z.2)
< =~ b-a | ¥ < 2| N
with analytical solutions
Y. = e—(c—c), _ e-(a+: )z . a |
- {C.21,2)
R k) - _r )+ )
:.;f‘:e (G ..)..-+€ LC+-.»)¢ »

We choose ¢ = 5C0.

stiff example: ’

cn

by = =800.5 w, + 438,85 y, w, (0) =¢
- - “ -
' (2.1.3)
o= 8 &y, - 800.5 us U (0) =&

with analytical so]utio%65
-t - =1000t
e . e

_+ _ a0+
-t , 1000

The range of integration is [0,1]

The eigenvalues are -1 and -1000.

—— e

e e
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D.2 SYSTEM I1: Very Stiff Linear Real Eigenvalue Example

=~

As in SYSTEM I we choose a = 50060C.5, > = £53838.¢

to yield the very stiff example:

with analytical solution:

The range

The eigenvalues are -1 and -10000N00.

L, = =500500.5u., + £38335,5u wu _{0) = 0
1 ~I- 2 s .
N ' (2.2.1)
G, = 469889.5y - 500000.8y,  u,(0) = ¢
o 4 o0 <
-t 10060003
u,=¢ - e
- ' (2.2.2)
-t -1000000% \
ve=2 "+ ¢ :

rn

of integration is [0,11]

T
——

The stiffness ratio of 0% is as large as has been found in

practice.

- r

D.3 SYSTEM I1IIl: Linear Complex Eigenvalue Example

The system:’

- Ay, + By, + (4 - 3 - I)Q—t y1(0)=2
o -t
- Bu, - Ay, + (A + 3 - 1e y,(0)=2
- ‘ _ - (D.3.1)
- Qg+ Dy, +(C-D- et y(0)=2
-

- Du.-Cy,+ (C+D-1)e y, (0)=2
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t
129

. AT - . -t "
v, = e (cos3t + sin3t) + e -
c{ _-‘_’;-J- - e -
ip=e “ [cosBt - sinBt) + e - .
_c+ ) _: {5.5.2)

y. = e (cosDt + sindi) .+ e )
. _Cz T

v, =& (cosDt - sindt) + e

We choose 4 = 1003, E =C =1 =110 yield Phe
moderately stiff example: o
Gy = -1000y, + u, + 8082 " u (0) =2
Yo = -y, - 1000y, + 100pe * ¥,(0) =2
o~ - s . P
. - (2.3.3)
i1z = -~z tu,- e y (0) =2
- -t
v, = ~Yg-Yat € y(0) =2 :
with analytical solution:
1000+ . -t )
v, = e 10002 st + sint) + & ©
Yo = e 1000% reost - sint) + o ° '
B _— {D.3.4)
-1 - -t
v.=e -(COSt + SInt) + ¢
° : ks
ity
-t - -t
v, =e (cost - sint) + ¢ .

N— . .
The range of integration is [0,1]
The qﬁgenva]ﬁes are -1000=z2<, -1=2<. s



. D.4 SYSTEM IV: Krogh's Example
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A_nonlinear example suggested by XKrogh was taken from

:Gear‘(iQYIC).

The system:

has analytical solution:

-
e

L

where

note th

where

O\

we obtain the system:

[IRes

o
o
| Y P
- B.oz.+ 2.0 i=1,2,3,4¢ z.(0) = -1 (0.£.1)
e.
e c. = -(1+8.) (D.2.2)
I+ c. e e
using the transformation vy = u z {ﬁ\ (0.2.3)
-1 1 1 1 N
1o-1o1 1| |
W= I/: v (D.<.4) r
= 1 P -1 1 y
I 1 I -2
g L J
. . -1 {
= w y SInce u = u .
i
i
)
= - uwu8uu+usz (D.£.5)
e O
B, '
= - (D.4.6)
B2 .
Bd’
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= 1000, 8, = §00, 8. = -10 and g, = 0.001 we
9
-1780.001 1608.988¢  188.989  210.007 4
oo, 1808,992 -178¢.001 - 210.001 ~ 185995
5 . .4 1 ‘
¥=3 : u
- 1898.%88 - 210.Q401 -1780.001 -1802.3593 =
210,001 - 183,839 -1808.888 '—1750.001

Y, o u. F +ou, FEyu + Euu. + 52 - A
- £y . Y3 dg ¥i¥r J-_;;JE "‘Uzd(; L
" % T ' " ' r
1 +2 - 21! - 27 + 2
+ =
S
S o I "oo_eon £ 000 - o + 5
. , )
11 113 " " _2 " - 2 n- + 2 " - 2
o
T .
-1
. -1 .
u(l) = -
2 - 1 -
— N

R The range of integration is [0,5]

The "eigenvalues are time-variant. Initially they are

131

- B.,, 1.e., ~"-1002, -802, 8 and —2.001._ As t » =

¥

< s

)

the eigenvalues approagh'si (5 F B, £ 0) and o (if B. > 0).



‘s

D.5 SYSTEM V:  Chemistry Example

An example which arose in a chemistry problem is

<

taken from Gear (1969a):

v, = =0.013 w_ - 10200 w_ u._ y,(2) = 1
v 1 -2 ) IV 1
7 ;
,= 2800 Yol o v, (0) =1 (D.5.1}
- 08 o= /

tire
ta
I}
]
D
.
D
[
)
o
by
} i
- b
O
o
L)
o
[y
o
[#Y]
; g

The range of integration is [0,50]

Theleiqenva1ues are real and Tnitiéﬁ?y are about -3500,
o .

5.017 and 0.

D.6 SYSTEM VI: Polymer Example - ng

A large stiff system of 33.equati0ns representing a

polymerization reaction was taken from Hull et al. {1972b):

-2 1, ad 0.01h -
by = kppygkoaugres + 0 Lo (1 =5 )y ]
: 24
- 2 7 1. 2 ST
iy Ry 1ai Rl s¥ oot =~ (1 ”I—Ey +yi+1)b:a,o, .y 10
- ~ - h
- R g 2D oy : D.6.1
Yp1 T Rp¥ogRa¥p¥ast 2 Wip = ¥17/ (0.6.1)
_ 2, 01 L, = 3
iy o= ZkIy.+2K231“11y1+11+h541+11 1=12,13,...,82
9y = 21\1‘:%_.Iz—fksyz_ssji—ﬂksyi 1=83,84,...,33



i

- A
“where
‘ Ryo= g, 70
) - 1:2 = 1.35
Ry= E w107 (D.6.2)
\\ o Y
Oo= I.I8 X100
no= 0.00127
initial conditiéns u.(2r =0 =1, s 11
= 8.0 % =.12,13, ,22
= 0.0 1 = 835,524, , 38

< The range of integfation was [0,100]

This example represents ge physically unstable system in
< -

that some of the variables (y., © = 23,24,...,33) become

T

o]

t

larger and larger as integration proceeds. Mathemat{ca11y
this means that the eigenva]ués corresponding to these
variables are positive. .

D.7 SYSTEM VII: Stakle Polymer Example

‘r.

The polymer eﬁamp1e in 2.2.5 is an unstable system.
If kémis changed to kz in equations for ¢ = 12-22, the

syst becomes a stable fictitious one.
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D.8 SYSTEM VIII: Linear Monstiff

231

LN

Complex Eigenvalue

Example

The syvstemt

~
ey
N\

b3

f‘_;
ra
]
1
ty
o
(2N}
|
!\.

e
b3 ]
1]
1
2
oy

- Jig

i

is used with analytical solution:

I

eb“?(cosat + sinst)

-4t
e (cosBt -

“
1

sinZt)

e'Ct(cosDt + 51nDt)

]

sinlt)

o
I

-0t )
e~ T(cosDt -

"choose 4 = 0.5, B = 0.25, ¢ = 0

He
i, = - 2
¥g = O.Syl + 0. 5y2
32 = —0.2591 - 0.5y2
bz = e —0.25y3
v, = -0. 5y -

A

e
-
<
f—
|
-

e
5
i
O
.
1]
-y

o

I}
a

.28, D = 0.5 to yie]d:
..
y1(0)=1
32(0)=1
. (D.8.3)
+ 0.5y4 33(0)=1
0.25y, 1;4(0)=1
. -
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with aﬁa]ytical solution:
. .
¥y = e+ 9% (cos0. 25¢ + sing.25¢t)
Yo = e_o'at(cosU.ESt - singd.25t)
2 _
I
y : S (D.8.¢)
¥z = e-o'asﬁfcoso,St + sing.5%) .
v, = e 025 cos0.5¢ - sino.5¢)
The range of integration is [0,5]

The eigenvalues are -0.5.% 0.25{, =0.25 & 0.5%.

D.9 SYSTEM IX: Krogh's Nonstiff Example

7 The equations of SYSTEM IV: Krogh's example are .

used but with 8, = 5.2, 8, =0.2, B, = 3)3, B, = 0.4 to

& Ki .
obtain:
1.0 -0.¢ =0.5 0.0
1)
7 -0.4 -1.0 Jg.0o 8.2
y =3 ¥
h B -0.2 p.0 -1.2 0.4 -
L 0.0 0.2 2.4 -1.0
r;2+u2+;2+12+2yy + 3y Yyt 2y, - Sy — SYY . - 2
I ¥z Y3 4 ¥ 1¥Me Y1vg do73 Mg 3594
1 H I H 1 + 2 Ir — 2 " - 2 138 + 2 " + 2 e - 2 "
+ 7
= n " ] " - 2 " + B [ - 2 " + o -2 ] + 2 "
L” m rr r - 2 rr - 2 i + 2 n - 2 " + 2 r + 2 I
9 (p.5.1)
)
“ 7

S ATl a e amaey ot S e el ¢

T P

ALY

Al L
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POV el B,
dhed = -
=~ - .

"The rancge of intearation is [0,10]
Here the step size is constrained only by accuracy
not stabilitv. The initial eicenvalues are -2.1, -2.2,

- L]
2.3 and -2:4, As - - =, all the eigenvalues approach zero.

P -

.10 SYSTEM X: MNonlinear Reaction Example

.

A syster representing a nonlinear reaction was taken

from Hull oo 27, (1972h):

‘ .= eu, Al =2 .
S S vz . ) r
Le = 4. - E‘i vLA0H =0 : (2.I0.1)
u - = h,‘i Ea’.\,(:)) = 0
- . : . !:"')
The intearation ranage was [0,10]. S ' .
\\ i
feel

r

L TN

e

e e ¢ it o el A A o

-
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ibsorber

Gas:

SYSTEM XI:

.11

D

Example
m representing the dynamics of a gas

nonlinear syste

A

absorber was taken

F~
'

ron Lapidus and Seinfeld (1971)
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" APPENDIX E: COMPUTER TIMINGS

In Chapters 5 and 6, various numerical techniques
for solving linear algebra%c equations and ordinary dif-
ferential equations were compared by their computer
execution times fér solving a set of 3est examh]es. Only -

! .
the time to actually solve the problem was measured; time

"for input-output or problem set-up was not included.

A1l of the runs were made on the €DC Cyber 73

computer at the University of Western Ontario. The

Fortran Extended (FTN), version 4.2 compiler was used

with opt%mization level 1 and Scope 3.4.2 operating sys-
tem. A1l of the IMP tests, however, used an object deék
supplied by Control Data from FTN version 4.0, optimization
level 2 and Scope 3.4 operating system. Some of the

longer non-IMP runs were made with both optimization

levels 1 and 2, but the difference in execution time was

very slight {(about 1%).

A rigo¥ous comparison of numerical techniques for
solving o.d.e.s should do more than just measure execution

time. Hull et ai. {1972a) also measure the number of

derivative evaluagions, the time required to evaluate

derivatives and the remaining executig called the

overhead. Krogh | ! n depth, theaspects of




numericaﬁly testing a subroutine for the numerical solu-
tions of o.dge;s.

“Execution time itself is not é perfect critgria for
compariépn as one proéram méy be faster than another on
one computer but slower with 2 different machine. This

arises because of different relative computer times for

1

the various arithmetic operétions; addition, multiplication

and division. For example on the CYBER 73 or CDC 6400, the
times for mult%p]icatidn and division are identical, where-
as on Dther computefs, division qanlbéﬁjhree or four times
slower. Forjthe YBER 73, the ratio of clock pulses for

addition, multiplication and division is 11:57:57 while 1t

i< 4:5:20 on the Cyber 76 (Brandon, 1974e). For the CYBER -

73, this means that an algorithm requiring imany divisions
rather than multiplications will not appear any slower than
another a]gorithm using few divisions and many multiplica-
tions. For example,'the IMP algorithm usés‘fewen divisions
than the TRGB algorithm, bgt this is not reflected in the
CYBER 73 execution times. Ideally one should not measure
execution time, but the numbers of the different arithmetic
operations; these could then be converﬁed ipto execution
times for any desired domputér. However, this is very in-
convenient. . )

Another probliem is the reproducibility of execution

times particularly those below 0.5 seconds. ahy program

236
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L¢]
B

taking 1ess thén 0.5 seconds was run several times to get
an ayerége. Ope program took 0.000, 0.019 and 0.038 on
different runs. Thié'corresponds to O; j or. 2 pulses of
the clock almost on a random basig. If it was convenient,
the portion of the progfam.being timed was put in a DO
190p and repeated seve}al ;imes t6 get a larger time which
could then be divided by the number of repgtﬁ}ﬁéns.

[f many other jobs are running in the computer at

o

the same time, it is possible for a program to be taken

from core and placed in a waiting queue by another job of

higher priority. This may have a very siight effect on
7the execution time. ~Idea11y the execution times should
be meaéured with no other jobs in the system, This is not
very practical; but‘as much as possible, the times were

measured during periods of low usage,.

e P

e ———————— e



APPENDIX F: THE DYNSYS 6ATA SET

The data required for a simulation fé inputted to
_the DYNSYS program through the data set. This is des-
cribed fully in the DYNSYS Manual (Bobrow, Johnson and
Ponton, 1971). We will give here, a brief description nf
a data set using Example #1 in Chapter-B as an illustra-

tion. ) ' . , ’

Figdre 8.2 contains the dynamic¢ information flow

diagram for the example-and the data set is at the end of

Figqure 8.4,

| _ Theée are four basic sections in a data set: the

simulation data, Ehe equipment data, the stream data and
fﬁe physical properties data. _A11 data is stofed in‘12

column fields. The first-12 c01umns'cont§in only alpha-
numeric data and the numeric data goes into 5 Fl12 fie]dé

starting in column 13.

;}fﬁq
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F.1 Simylation Data

The simulation data begins with the data word'
"BEGIN". A1l cards before. this are comments and are ig-

nored by DYNSYS.

For example #1

©

EN/OUT' 3.0 se%s the maximum number of streams
entering or.leaving any module to
three (default = 5) ‘

HMAX 0.01 sets the maximum_intégrat%on set size
to 0.01 (default = 0.05)

TIME 3.0 sets the time of simulation fo 3.0
(defau1t = 10.0)

LIBRARY 1.0 means thatlone ﬁew'module wi}j be de-

fined immediately after this card.
- ~ Most common modules such as TONTT,
STIRT and VALV1 are already in a
'11brary of module names stored insidé
DYNSYS.
DELAY 9.0 DELAY is the new module being defined.
| It will be accessed as SUBROUTINE
TYPE9
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Other bossib]e simylation data words are:

X sets the number of compoﬁeﬁts to X
.(default = 1)
DELTAT X | sets the initial integration step
| size to X (default = 0.00001)
HEIN X sets the minimum integration step size
to X (default = 0.000001) |
TOLERANCE X sets the e?ﬂnr tolerance for the in-.
. ' o tegration to X (default = 0.001) |
ORDER X - sets the maximum permissible order of
integration to X (default = 6)
NONSTIFF ) causes the nonstiff option to be used
(default = stiff option)
MINPIVOT X ~sets the minimum permissib1e pivot.
value far TRGB-TRGB2 to X
(default = 0.000001)
PRINTING X causes output to be printed every X
time steps {default = 1) l
LINEPLOT causes outpﬁt to be printed as a line-
plot (in this case additional data
must be given after physical proper-
ties data)
GﬁAPH . causes outpdt to be printed as graph'
or graphs oh-CALCOHP plotter as well as
Lineplot. LINEPLOT must also be used.
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FUNCTION X causes X vectors df s}ream information
to be read in as an input function.

Stream déta follows immediatg]yﬂ

The data word "PROCESS" signifies the beginning of
the equipment data and thus the end of the simulation

data.

F.2 Equipment Data

a

The data word "PROCESS" signifies the beginning of
the equipment data. Here data for the various modules is

written in their order of execution.

CONTI 1.0 the first module to be executed is
CONT1 , referred to as module #1
in the dynamic information flow

diagram (Figure 8.2)

After this, the entering and leaving stream numbers
are given. A positive number indicates an input stream

while a negative number indicates an output stream.

3.0 -4.0 stream 3.0 enters CONTI and stream
4 leaves it. This can be verified in

Figure 8.2.

o
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The following card gives the equipment-parameters

for the module. This is the data which describes the

individual units-

a
oF

3. 1500. 1000.

2. . 3.

For example, the set point for the controller is the

third parameter 1000.

Up

to five parameters may be given.

If more are required, the data word "EXTRA"™ X must follow _

and the X extra pérameters‘appear on the following data

cards. The data set in Figure 8.10 gives an examp1é of

this. We continue in this way for all modules. The data

word "END" signifies the end of the equipment data.

F.3 Stream Data

The material flows between equipment are represented

by material streams. Information about each stfeam is

stored in thé following vector.

position 1
2
3

stream number .

flag

;total mass flow

temperature

pressure
mass fraction of component 1

mass fraction of componentﬁg,
e

etc.
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<

’

'The stream flag servés the dual purpose of identi-
fying the stream type (fiaés with absolute \value < 10 are
material flows, those > 10 are informdation 10&5) and’, if
-negative, suppresses printing of the stream vector in the

output. ;

The user may choose his own system pf units as long

as he is consistent throughout. Usually English units are

‘employed.
A :

STREAMS 5. meami\that initial information data
' will be given for five streams.

EXPLICIT

—————

—

_____means that-the_data will be given
explicitly. ‘ .

J

K\" The .following cards give the data. For.the first

[ <

stqéam ' 2

“ . 1000. 100. 13.7
1. g

the stream number is 1. The stream is a material flow
(the flag is less than . 10). The flow rate.’temperatufe
and pressure are 1000., 100. and 14.7 respeétive]y. Theré
is only one componént so its mass fraction is 1.0.

Data is given for five streams. The data word

“END" signifies the end of the stream data.

&
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F.4 Physical PFopértieS'Data

PROPERTIES -1. ‘means that the physical properties

of water are assumed.

The“user.may provide his own data if desired. See
.the DYNS#S Manual for details.

The data word "END" signifies the end of the
physical ﬁroperties data and in this case the end of the

data set.



'APPENDIX G: TIME DELAY MODULE./ —~—

.

A module for approximating a fixed or variable time
delay is available. Time deTays may occur in pipe]inés

- between equipments or in instruments such as vaIues and

ﬁ'-COntrolTers

\Instrumehm lag is f1xed wheregf'a p1pe11ne delay is
G;;t chyariable depending on the flow rate of the fluid
pass$n$h ‘nggh it. The variable de1ayr1§ equal to the
\\gvolume o%?ai ~‘}g]aying apbaratus divided by.the flow rate
'thfough it. . v ‘ _ o
The bucket br1gade approach 1s used to simulate the

-

stream delay. The past times and strggm information are
stored-in vectors and the stream output from the delay 1is
interpo]ated from these values. For a lengthy delay, the
storage‘ébace is prohibjtivé,'but later Ver§1bns'of the
module may remedy this. |

The delayed streams gre‘stored'in-SX(I,JJK)
where 1 represenfﬁ the vector af past times

J represents different delays

and K represents the value of the stream vector.

— . . -
T
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, th all of'the”stream is hecessari]y,de]a}ed; d
fraction of it'may Be bypassed. Nor is‘thé entire stream
";Véctor necessariiy deTayed; the user may choose the firSt_
- variib]e to bé delayed and only this variable and all |
| \ ' othérs affer it will be delayed. The'de1ay‘may also
'sihUIate a pump by sétting‘jhe inlet flow rate equal to

the output flow rate.

There.are five equipment parameters:

o
(1) TLAG - ifsthe time delay is fixed, TLAG is the
vazue of the delay. 'if the .delay is
variab{e, TLAG is the negative of the
volume of the delaying apparatus orfpipe-
- - 3 Tine. |
(2} BYP 2 Mfractio# of stream not delayed, i.e., by-
:TBassed. | =
d \
(3) NV - 'numbér of storage spaces used in the delay

“vector, An error message is given*if NV

is rot large enough.

(4) N1 - first variable to be delayed -
| if N1 = 3, the entire stream is delayed
if N1 =06, only the mass fractions are

-4
delayed.



y

(5) FLAG

Figure G.1.

247
A

if FLAG is greater $han zero, the module’
simulates a pump; if FLAG = 0, the delay"

is normal.

A listing of the time delay module is given in

[

T R
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FIGURE G.1! LISTING OF TIME DELAY MODULE

OO0 00
3 .

ﬂﬁﬁﬂn/f'lﬂ

(s X2 X3! OO0 OO0

‘OO0 00

FIXED TIME DELAY , _ [

SURRQUTINE TYPE® °
THIS MODULE REPRESENTS A FIXED OR VARIABLE TIME DELAY

EQUIPMENT PARAHETERS ‘ '
LENGTH OF TIME DELAY+1F TIME DELAY IS FIXED

1 = TLAG =
= NEGATIVE OF VOLUME OF DELAYING EQUIPMENT OR PIPELINE,
1F TIME DELAY IS VARIABLE
2 =« BYp = FRACTION OF STREAM NOT DELAYED+1.E.9BYPASSED
3 « NV = NUMBER OF STORAGE_SPACES USED IN DELAY VECTOR
4 = Nl = FIRST VARIABLE TO BE DELAYED 3=TOTAL FLOWs&4=TEMPWETC
§ = FLAG = FLAG,G6T,010UTPUT FLOW CONTROL (PUMP}

FLAG,EQ.0tNORMAL DELAY

COMMON /MAT/ MP (44S) sEPt445) 9S(295¢TIEX(])

COMMON /ZUNIT/ IMJNMP

COMMON /CON/ 1GNCOMP ¢NCAsHoNEINS'NPRINPOL THAX!IORDER.NGRAPH

GOHNON_IGEAREI EPS.TINE!KFLAG.JSTART|NBVHAX.ICQNVQNOPPT.IST!FF
OMMON ZLAG/ NDJNSW.
MENSTON MC(10)s SX1100e198)

INTEGER OUT

DATA MC/Z10el/

SX 1S THE DELAY MATRIX
1ST VECTOR = DELAY AT DIFFERENT VALUES OF TIME -
2ND VECTOR = DIFFERENT DELAYS : .
- 3RD VECTOR = VALUES OF STREAM VECTOR

INuMP { TMy 3) .
OUTH‘HE(;HOQI

TLAGREP (IMs})
VARIABLE TIME DELAY

. 1F (TLAG.LT 0. TLAGIABS(TLAG)/SlanlNuli

aYypuEP (1M 2) :
NVREP{IM2))

Nl=EP{IMe &) ®) o . ' \\*\_//<<
FLAGR],OUTPUT FLOW CONTROL »0 » NORMAL

IF (EP(IN15)46T,040) S(1sIN+2)2S(1s0UT+2)

FOR FIRST PREDICTOR STEP. SET ALL INITIAL INFORMATION REQUIRED
BY SXeMATRIXs FOR ALL FOLLOWING PREDICTOR STEPS SKIP THE DELAY

IF (1G6,LT+2) GO TO 3

- T09

VO~ NFrWwNn-

R

L
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OO0

" IF (JSTART «NE.0) RETURN

ND=aND+1

SX(I-NDolllO 0

DO 2 KaNl+NCa
SXUIIsNDeKImS(241INsK)

L . ’ '
SET THE REST OF VALUES IN STORES TO EXIT VALUE

00 1 I=2sNV
SX{IwNDWK}aS({]1s0UTsK)

FILL TIME STORES INITIALLY WITH =1.0 VALUES

SX{IsNDel)me],
CONTINYE ~
CONTINUE
RETURN

ND-NDOj'
MC (ND)mMC (

IF REPEAT THEN PICKED UP VALUES OF TIME STORED IN SX(py1)

IF {NSW.EQ.,0) GO TO S
MC(ND)mMC (ND) =]

DO & lm2INV
SX{IsNDel)uSX(14ND»8)

CONTINUE

MDaMC (ND)

IF (MD,GT4NV}) MD=mNYV

DO & Im2iNV =
8)aSX{I«NDs1)
CONTINUE.

IF (MD,EQ.2) GO TO 8
SX{MODsNDsl)mSX (MD=14NDy)) oH
- MDuMD=)

SX{IND»

G0 Y0 7

SX(29ND+ 1) =N

SHIFT VALUES IN THE STORES/RIGNT STARTING WITH RIGHT4NGST
IF (NSW.EQ.1) 60.T0 11

NV]aNVa]l

00 10 x=N]lasNCe
DO 9 I=slaeNv]

SET INPUT STREAN VALUES IN 1ST VECTOR QF SX=MATRIX

4

L :
NORMAL OPERATIONoSTORE A COPY OF TIME VECTOR FOR FU RE REPEAT
THEN INCREMENT TIME VALUES AS TINME PROGRESS

249
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v - ;
.'-II-NV-I‘I - _ GO Lo o S - Tee 102
JmiI=l . e T Tee 103
co 'SK(IInNDoK}'SR{LvNDrK) : BT IR -~ T09 106 ¢
9 CONTINUE o o c e T09.108% -
- 10 conr:nut . o o o =T Te9 108 %
¢ . - - ;1097107 1
B~ /TRANSFER VALUE OF INLET TO 157 STORAGE oF DELAY VECTOR Lo 3"109;108; -
c - - tee e ]
N § U 00 12 KEN1JNCA - . R S v o S 109 llo.daf
. CSX(1eNDsK)IEStIsINY A o I ooy nly
12 conrlnus - S S o o, Tes 12
c . e .T0951133“
¢l COMPARE - sronso TINE VALUES WITH TIHE LAe o T L6
- | , I T - Te9 115
T o 1y tlloNVI - e P S Te9 1164 -
- 1F tSX(!-NDol)'TLlB} lSoIQolT ) Sy o o Tee 11Ty
13 CONTINUE | . S - T09.1181
o S T09 119
~ ¢ .JF NONE xs GREATER TNAN TLAGIEXIT THE LAST VALUE S Tee 1204,
C -IF TIME VALUE EGUALS T AQ.EKIT CORRESPONDING VALUES ' - Tee 1Rl
//5 Tany . L - - CoTe9 1231 R
A tSX(NVﬁNDolI.EQ.-l.O! 80 T0 14 o T U109 16 T
- PRINT 19 | S B S Te9 125¢. .
.. STOP o . - v- . Teslae ]
ERLE 0o 1S KINIQNCA : ' ' ' : 139 127§
_ s&x.ourokinsxtx.ND.K)'(l.-avP)~S(1.!Nun)¢avp T09.128]
‘1% CONTINUE _ | | A o Tee 129}
_ RETURN . : ' , T0® 130¢ "
c . R ‘ S o Te9 131y
C  IF SX{I)e8T,TLABICNECK IF SX(I=1).8T,TLAS S CUT09 132
. € 7 IF SO SET THE TIME AT Sxtli TO =le : . : ¢ _ - T09 1334
y I g . T09 134 B3
16 SX{IsNDelduwel, - o . T09 135]."
17 Lelel L | e S T09 -
- Q - ‘ s T09
g " KEEP T!STING UNTIL ONLY ON! IS LEFT B : o s ;09
. ) . ) 0’ .
¢ . 1F (SR(L-ND.I).QE-ILAQ) 80 TO 16 S - - ;g:
g , !NT!RPOLATE FOR EXIT VALUE _ _ . S .;0:'
- i 09
‘ AuTLAQ-SK(LoNDoll . o , . T09
- BUSXII'ND.I)-SX!Loﬂbnl) - - . : To9
DO 18 x=N1l4NCH o ' T0®
UISX(L.ND.KI0(AIIlO(SX(I.ND:K)-SX(L:ND.K)) o c T09
Stl.OUTOK)l(lo-BYPl‘U*BYP.S(1|lNoKI - ' ' : . T09
18  GCONTINUE S S T :
. RETURN - SR | T %
19 FORMAT (20H ERROR iN TIME DELAY+/s23M NV- MUST e MADE Lanecnz toe 183
T <:; - L CoL ,'fhﬁ
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APPENDIX H: WILLIAMS-OTTO PLAMT LISTINGS

Figqure H.1 aives a listing of all the modules and
the data set used in the wi1Tiams-0tto plant simu]ationf
The distillation column moddiles are not inc1uded.r The
version of the executive used allowed for 10 equ{pmentr

parameters.

2

252
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'FIGURE H,1t LISTING OF MODULES AND DATA SET FOR WILLIAMS=OTTO PLANT

——

SUBROUTINE TYPE10

-

4w
5 =
SYRE

OO ~SONIWN~—

—

Y

VR

vu
KWA

NSA
XLW
AMS

INA
INR
INL
INC
INS
Iou
10U
I0u
IST
18t

SURROUTINE CSTR]

THIS MQODULE REPRESENTS THE CONTINUQUS STIRRED TANK REACTOR
IN THE WILLIAMS=0TTO PLANT

MODULE IS STIFF

“EQUIPMENT PARANETERS

INITIAL HOLDUP IN REACTOR (L&)

HOLDUP IN COOLING COIL (L8)

OVERALL COOLING COIL HEAT TRANSFER COEFFICIENT

* EFFECTIVE HEAT TRANSFER AREA (BTU/(DEGREE F#hR))
OVERALL STEAM COIL _MEAT TRANSFER COEFFICIENT

® EFFECTIVE HEAT TRANSFER AREA (BTU/(DEGREE F*HR))
LATENT HEAT OF CONDENSATION OF ENTERING STEAM (BTU/LB)

S
c

A FEED STREAM

B FEED STREAM

L RECYCLE STREAM ‘ |
COOLING COIL -INPUT STREAN | ;
STEAM COIL INPUT STREAM :

PRODUCT STREAM

COOLING COIL OUTPUT STREAM

STEAM COIL OUTPUT STREAN

LEVEL CONTROL SIGNAL

B FLOW CONTROL SIGNAL (RATIO FA/FB)

T

TC
TS
6L
G

.
.0 & 5 0 8 0 9 %

NOMENCLATURE

A FEED STREAM FLOW RATE (LB/HR)

B FEED STREAM FLOW RATE (LB/HR)

L RECYCLE STREAM FLOW RATE (LB/HR) @
PRODUCT STREAM FLOW RATE (LB/MR) ‘
COOLING COIL FLOW RATE (LB/NR)

A FEED STREAM TEMPERATURE {(DEGREES F)

8 FEED STREAM TEMPERATURE {OEGREES F)

L RECYCLE STREAM TEMPERATURE (DEGREES F)

INLET COOLING COIL TEMPERATURE (DEGREES F)

STEAM COIL TEMPERATURE (DEGREES F)

STEAM FLOW RATE (LB/HR)

HEAT CAPACITY OF REACTOR MIXTURE (B8TU/(LBSDESREE F))
{ASSUMED SAME FOR ALL COMPONENTS)
HEAT CAPACITY OF COOLANT (BTU/(LB®DEGREE F)) .

-~ .
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COMMON/MAT/MP (35913} +EP(35010)95(2+45911)4EX (1)
COMMON /CON/ IGsNCOMPoNCSoHsNEsNSsNPRoNPOL + TMAX » IORDERyNGRAPH
COMMON /GEAR2/ EPS+TIME'KFLAGyJSTARTsNBYMAX s ICONVNOPPT+ISTIFF

. COMMON /PTAB/ 1G6FLAGWPP(10+20)

Jl

COMMON /UNIT/ IMINMP
COMMON /MODULE/ IDERYQITER:I?RInNZERO
COMMON/ROW/IROW (1000}

- COMMON/COLUMN/JCOL (1000)

COMMON/JACOB/XJACOB(1000)

COMMON /ZRETN/ K14K2:K39H]19sH24HI+B19B24B3 .
QIMENSION IROWS (33)+JCOLS(3Y)

DIMENSION Y (9)4+DERY(9)

REAL K)sK2sXK3

DATA IROWS/JI®1 pa%2,503,4044405,406,607,208,9/

"DATA JCOLS/Z1+2eTo1020307310203060T9203048T930596979293569T2102+3)

16¢T7T+89T7+8:09/
DATA CPR+CPN/70As)l 0/

CALCULATE MODULE PARAMETERS

IF{JSTART NE, 0.0R-IG.EQ.I) 60 70 2 -
VRalfEP{IM. ]} 5~ .

VHREP (ITMy2)

HWAWEEP (1M ])

HSASEEP {IMe4)

XLHC2EP (IM+5)

INARMP {IM+3)

INBuMP {IM+4)

INLuMP { IM,5)

INCaMP (IMy &)

INSaMP (1M 7). .
ICUTRIABS(MPLIM,8)) v
10UTCATABS (MP (1M1 9))

IOUTSHTIABS (MP (IMs10))

ISIGLRTIABS (MP{IM111))

1SIGBRIABS (MNP (IM12))

DO 31 i=]+6

Y(II)uS(2:¢I0UT41e5)

Y(T)uS(2+I0UT e 4}

Y(8)8S5(2+I0UTCea) :
Y{9)®VYR ' "
CONTINUE .

USE NEWTON=RAPHSON ITERATION WITH STIFF OPTION
ITER®] .
FAES(IGsINAWY)

FBmS{IGsINBsY)

FLeS(IGyINLY) !
FReS(Ia+I10UT»3)

FumS{IQ+INC»3)

TAaS(IQ¢INAsS)

TBaS{IAsINBsA)

TLaS{IQsINLA)
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TINCeS (1G9 INCed) -

" CALCULATE JACOBIAN WATRIX ON CORRECTOR PASS

IF(16,EQ.2) GO TO }
NZERO=33
D0 8l 1=1.33 :
IROW(I)=lROWS (]},
JCOL (IY=mJCOLS ()

CALL REACT TO GET REACTION RATE COEFFICIENTS AND
HEATS OF REACTION

"TEMPRY (T) +489,69

CALL REACY(TEMP)

(1) %Y (2) #B1/ (TEMPS®2)

uK2eyY (2) #Y (3)«B2/ (TENPR2)

JuKkdey (J) oY (6) @B/ (TEMPee2)

JACUB(l)m=FR/VR=K18Y{2)

XJACOB (2) m=K]l®Y (1)

XJACOB(3)®=T]

XJACOB (4)meKl®Y (2)

XJACOB(S)I-FR/VR-KIOY(1)-K2'Y(3)

XJACOB (6) maK2eY (2)

XJACOB (7)meT]=T2

XJACOB (8)=2,00K]*Y (2}

XJACOB(9)m2,00K1®Y (1) =2,00K28Y(3)

xJACOB(IOln-FRIVR-Z.DOKa*Y(2)-K3¢Y(6)

 “XUACOB (11) maK3®Y (3)

XJACOB(12)m2,00T7]=2,02T2=T3
XJACOB (1)) =2,0%K28Y(])

. XJACOB (14) m2,08K28Y(2)

XJACOB(15)=maFR/VR

XJACOB(16)m2,08T2

XJACOB(17) =] S*KI®Y (§)

XJACOB (18)m=FR/VR

XJACOB (19)m] SeKI®Y ({]})

XJACOB(20)m] . 5¢T]

XJACOB (21)mK2%Y ())

XJACOB (22)mK2eY (2) =0, ,5¢KANY (6)

XJACOB (2)) = 5eKI®Y (I} =FR/VR

XJACQB (24)uT2=0,58T)

RJACOB (25)m=2,00K]®Y(2)®H]/CPR

XJACOB (26) m= (2,00K]#Y{]1)¥NH] ), OGKEOYKJ)'HE)ICPR
KJACOB(l?)l-(J.O'KZ'Y(E)'H!*I SexX3aY (6)9H3) /CPR
XJACOB (28)imu] 58K30Y (J) #HI/CPR

XJACOB (29)ma (2, 00T ®M]1¢3,00T20N2e] ,5#TI0NI) /CPR
1={HWANSHSAS) / (VRO®CPR) = (FL+FA+FB) /VR

XJACOB (30) uNWAW/ {VRECPR)

XJACOB (3] ) mHuAN/ (VHNECPW)
IJACOBQBZ)l-(HIAHOFH.CPN)ItVROCPH)

XJACOB (33)=(0,0

G0 10 12
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CONTINUE
CALCULATE DERIVATIVES

CALL REACT TO GET REACTION RATE COEFFICIENTS AND
KEATS OF REACTION

TEMP®Y (T) +459.69

CALL REACT(TEMP)

CONTINUE _

Slaxley(l)ey(2)

S2mK2%yY (2) *Y (3)

S3aKIny ()oY (6)

TS=S(IGeINSe4)

IF STEAM FLOW IS ZERQyTHERE IS NO HEAT TRANSFER
IF(S(IGeINSsI)4LTe0,00)) TSmY(T)

A MASS BALANCE

DERY(1)®140/VR® (FAFL®S(IGsINLs8)=FR®Y (1)) =S]

B MASS BALANCE
DERY(2)!l.DIVROIFBtFL‘S(IGoINLuTI-FROY(2))-S}-SZ

C MASS BALANCE
DERY(3)GI.OIVR'(FL‘S(IG.INL.B)-FR'Y(3))02-0*51-2.0“52-53
E MASS BALANCE

OERY(4)®l, O/VR‘(FL'S(IG.INL.O)-FR'Y(4))oE.OOSZ

G MASS BALANCE

DERY(5)m),0/VR® (FLOS(IG+INLs10)=FR¥Y(5)}}e],5%83

P MASS BALANCE
DERY(6)-1.0/VR‘(FL'S(IG.INL-lll-FR'Y(6))¢52-0-5i33

TOTAL MEAT BALANCE : N2 '
DERY(T)=l, 0/tVR.CPR)0(-Z.0'51‘H1¢VR-3.0'52'H2¢VR-1.5'53'H3'VR
l-Huli'tY(T)-Y(Bl)OHSASO(TS-Y(T))-FL'CPR'(Y(T)-TL)-FA'CPR'(Y(T)-TA)
2=FBaCPR®(Y(T)=TB))

HEAT BALANCE FOR.COOLING COIL

DERY(8)®=],0/t OCPH)O(HHAU'tY(7)-Y(8)IOFH'CPHOtTINC-Y(8)))
TOTAL MASS BALWNCE 9

DERY (9)uFA+FBeF| =FR : _

CALL O1FSUB(9+Y40ERY) , .
IF{IDERY.NE,0) 60 TO 1

CALCULATE STREAM QUTPUT

PRODUCT STREAM
NORMALIZE MASS FRACTIONS
SUMa0,0Q

DO 55 Im]l+6
SUMaSUMeY {I)

00 6 Imleb
Y(I)mY{I)/SUM
S{1,I0UTe145)my (1)
S{1.I0UTsA)uY(T)
Coal.ING COIL -
S{1+I0UTCoI)I=mS{1eINCHI)
S(1+,I0UTCra)mY (Q)



1)

STEAM COIL '
IF(SIIGeINSs) LT0,001) GO TO 56
SFLOWRKSAS/XLHC® (S{IGsINSesd) =Y (T)})
S(1eINS»I)uSFLOW
S(19I0UTSe3I)uS(1+INSeI)
S(1+I0UTS»4)uS(1+INSvs)

CONTROL SIGNALS

S{1+ISIGLs3) =Y (9)

S{1+1518B+3)=FA/FB

RETURN
END

257



OO0 O0O00OO000

DO

OO0

OO0

258

SURROUTINE REACT(T)

TH1S SUBROUTINE SUPPLIES REACTION RATE CQEFFICIENTS AND HEATS

- OF REACTION OF THE HILLIAHS-OTTO PLANT REA§TION SCHEME BELOW

A
c
P

B
B ¢ E
c

PR N 4
saw
@UoVO

T 1S DEFINED IN DEGREES RANKINE

COMMON /RETN/ K1+K23K3sH19H2sHI+8182+B83
REAL K]1eK2:X3 '

CONSTANTS OF ARRHENIUS EGUATION § K ® A®EXP(=B/T)

DATA Al0A2oA5/5.9755E00902.59625‘12;9.62335*15/
DATA B1+B2+¢83/1200040915000,0+20000,0/

ARRMENTUS REACTION COEFFICIENTS

CIF(TeLT+50040) T=500,0

IF (Te6T41000,0) T=100040
KlmAl®*EXP{=Bl/T)
K2mA2®EXP (*B2/7)
K3wA3®EXP (=B3/T)

HEATS OF REACTION

Hlmel25,0
H2m=50,0 -
Hlme]43,0
RETURN
END
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SUBROUTINE EXGH1

' TH1S MODULE REPRESENTS ‘A SHELL AND TUBE HEAT EXCHANGER
BOTM THE SHELL AND TUBE SIDE ARE MODELLED AS WELL=STIRRED TANKS

NODULE IS NONSTIFF
EQUIPMENT PARAMETERS -

<

VHT

1 - = TUBE SIDE MASS HOLOUP\ (LB) .

2 « VHS = SHELL SIDE (COOLANT) MASS HOLOUP (LB H20)
3 « AN’ = AREA OF MEAT TRANSFER (RT##2)

4 = HH = OVERALL HEAT TRANSFER COERFICIENT

o, {BTU/ (DEGREE F#FTw#28KR) )
5 « CPw = COOLANT MEAT CAPACITY (BTU/(L

STREAMS I . T )
, B ) \\\\ ‘

1 =« INT = INLET TUBE SIDE e -z
2 = INS = INLET SHRELL SIDE ' o '
J « IOUTT = OQUTLET TUBE SIDE
4 = JOUTS = QUTLET SHELL SIDE
NOMENCLATURE
FT - TUBE SIDE FLOW RATE (LB/HR)

FS = SHELL SIDE FLOW RATE (LB/HR}.
- TINT = INLET TUBE SIDE TEMPERATURE (DEGREES F)

TINS = INLET SHELL SIDE TEMPERATURE (DEGREES F)

CPR ‘= TUBE SIDE HEAT CAPACITY 1BTU/(LB'DEGREE Fi)

TLM = LOG MEAN TEMPERATURE

COHHON/HAT/HP(35!13)oEP(JE!lO).S(EoAS.ll)tEX(l)

COMMON /CON/ IGQNCONPDNCSOHGNEQNS'NPRONPOLOTHAXOIORDER'NGRAPH
COMMON /GEAR2/ EPS;TIHEoKFLAGoJSTlRTiNBVHAXoICONV.NOPPTiISTIFF
COMMCN /PTAB/ 1GFLAGPP (10420}

COMMON ZUNIT/Z IMoNMP

COMMON /MODULE/ IOERY»ITERZITRISNZERO R
DIMENSION Y{8)+DERY (8} :

OATA CPR/Z0 .4/

CALCULATE MODULE PARAMETERS

IF (USTART(NE40.OR¢1G.EQs1) GO TO 2
VHTRER (IMs]1)
VHSREP (IMs2) o
AHREP (IMs3) T o

HHREP (TMy &) — _

CPWmEP (IM98) T

INTuMP (IMy 3

" INS®MP (1M1 4)



0O 0 0 0000

0O00

10

15

14
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IOUTT=IABS (MP(1Me5)) _ : ’ =

IOUTS®IABS (MP (IMe8)) : E ) ST
Y(1)8S{IGsI0UTT44) ' ‘
Y(2)mS¢{I6G+I0UTSe4)
00 9 l=m]lNCOMP '

Y{142)uS (104 10UTTVI08) 2 | —
CONTINUE

USE DIRECT ITERATION IF STIFF OPTION IS USED
ITERMO

FTueS(IGsINT )

FSaS{IA+INS»I)

TINT®S (IGs INTy4) N

TINSES (IGe INSH &) '

CONTINUE

CALCULATE DERIVATIVES -

CALCULATE L0G MEAN TEMPERATURE
TLH-{(TINT-Y(Z))-(Y(I}-TINS))/ALOG((TINT-Y(Z))IiY(lI-TINSJ}
HEAT BALANCE (TUBE SIDE)

DERY(1)m1,0/ (VHTSCPR) ® (FTOCPR® (TINT=Y (1) )=HH®AHOTLM)

HEAY BALANCE (SHELL SIDE)

DERY(2)®140/ (VHS®CPW) # (FSSCPW# (TINS=Y (2)) ¢HH®AH®TLM)
COMPONENT MASS BALANCES (TUBE SIDE) N |

DO 10 I®lyNCOMP : S R
D!RY(I¢2)IFT/VHT'(S(IG.INT-IOS)-Ytltai)

Nu2«NCOMP ‘ !
CALL DIFSUB(NsY,DERY) IR o ““1\.
IF (IDERY.NE.0). G0 TO 1 ‘ \

CALCULATE STREAM OUTPUT

S(14I0UTTsb)mY (1) . A
S(1+10UTSs4)my (2)
S(1eI0UTS+3)mS(1+INSs3)
SUME0,40

00 1% I=3yN

SUMBSUMeY (1}

1

PUT NORMALIZED MASS FRACTIONS INTO OUTLET TUBE SIDE STREAM

DO 16 Iw3,N

Y(T)®Y (1) /SUM |

S{1+I0UTTeIe3)my (D) : .
RETURN .

END - - o
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"suanourthfbcA~1
" THTS MODULE REPRESENTS A DECANTER

ONF COMPONENT 1S SEPARATED BY GRAVITY FRONM THE ENTERING STREAN
BOTH TOP AND BOTTOM LAYERS ARE_ MODELLED AS WELL=STIRRED TANKS

.FUNCTION X8 GIVES WEIGHMT FRACTION OF SEPARATED COMPONENT ENTERING

TOP LAYER OF DECANTER AS FUNCTION OF TEMPERATURE
CONTROL SIGNALS FOR THE MOLOUP IN TOP AND BOTTOH LAYERS ARE
EACH SENT TO CONTROLLERS

_‘NODULE IS NONSTIFF § o a
- EQUIPMENT PARAMETERS

1 = HUPT =_INITIAL ROLDUP IN TOP LAYER (L B)
2 « NUPB = INITIAL WOLDUP IN BOTYTOM LAYER (LB}
) - ISEP = NUMBER OF CONPONENT TO BE SEPARATED raou Enr:nlue srn:An

IN = INWET -

I0UTT = QUTLET FROM TOP OF DECANTER
‘TOUTB « QUTLEY FROM BOTTOM OF DECANTER
ISIOT = LEVEL CONTROL- SISNAL (TOP) .
ISTOB = LEVEL CONTROL SIGNAL (BOTTOM)

NOMENCLATURE <= . - ' .

TOTAL INLET FLOW (LB/HR)

INLET FLOW ENTERING TOP LAYER {LB/HR)

INLET FLOW ENTERING: BOTTOM LAYER (LB/NR) -
TOYAL OUTLET FLOW® (LB/MR) ‘

OUTLET FLOW FRON TOP LAYER (LB/NR)

OUTLET FLOW FROM HOTTOM LAYER (LB/NR)

MASS FRACTIONS ENTERING TOP LAYER . ®
MASS FRACTIONS IN TOP LAYER '
WFQ MASS FRACTION OF sa;anar:o CONPONENT ENTERLNG. TOP LAYER
TENP DECANTER TEMPERATURE (DEGREES F) .

CONMON/MAT/MB t38+413) +EP(38¢10) +S(20483 >.:xt1)

COMMON :/CONZZTQ JNCOMP «NCBoMaNE +NS+NP POL.THA!.IORDER.NdRAPHB“‘
COMMON /8EAR2/ :Ps.r:n:.nrnaa.dsraar.navuax.:conu.NOPﬂr.lsrxrr
COMMON /PTAB/ IOFLAO-PP(IO-IO) {H

FIN

FINB
FOuT

FOUTB
Y

' REEL l '

COMMON ZUNIT/Z IMoNMP ‘ | ) 6 -

CONNON /MODULEY IDIRY.I?ERQI?RI.NZERO

: DINENS!ON YKQ!ODER?QQ)QFT(Q’QFEG(Q) -

i

lF(JSTlRf.NE.OlOR 100‘001) 00 T0. 8 _ S 65
NURTaER (1IN ]} i E . )

2. - | Lol . C 2

ClLCULATE MOQULE PARAMETERS ' . =~ . o "

Yot r B st

e —

e

[N,



NUPBREP (IMs2)
ISEPRER(IM:Y)
INMP (1M ))

IQUTTRIABS (MP (1M 4))
IOUTB=IABS (MP (IMe8))
ISIGTRIABS (MP (1Me6))
1S10001ABStMP(IMT))

I
£

S Yt1)=HUPTeNUPR

OO0

Y&!)‘SQIB'IOUTT'A)
 NuNCOMPe2 ,
00 & IudsN
vt:w-HuPT-Stleoxdﬁrr.loaa
Y(Nel)mHUPB

CONTINUE

use DIRECT ITERATION IF STIFF OPTION IS

ITERRO
CONTINUE

CALCULATE DERIVATIVES

FINRS (I8 INsd}
FOUTTaS (I8, I0UTTY)
FOUTBaS (I8, 10UTALY)
TOTAL MASS BALANCE
DERY (1) =aFIN=FOUTT=FOUTB
TOTAL HEAT BALANCE

\ggﬂY(leloOIYtl)‘(FIN'S(lﬁleoﬁ!-(FOUTT#FOUTBI‘Y(!)l

MRBY ¢ 2)

/FUNCTION X8 DETERMINES MASS FRACTION OF SEPARATED CONPONENT

ENTERING FOP LAYER
WEQuX6 (TEMP)

NFG CANNOT BE GREATER THAN ENTERING NASS FRACTION

IF(WFQ,8T.S{IGsIN'ISEP+B)) WFOuS{104INy
FINT'F!N'tIQO-S(lG'IN|ISEP05)!ltlootﬂfﬁ

- FINBuFIN=FINT 7
. DO 101 lul«NCONP = -~

101

4—“’—“§;J’3 al.0

14

20

-

~
FT(1)arIN®S (104INs1¢3)/FIN
FT(ISEP)mMFE //I/’

NFaNCOMP+2 ‘ 7S

DO 3 ludsNF

SUNRSUNY ()

D0 14 1uloNCOMP | ) _
FECtIIuY (TeR)/SUM %
CONPONENT MASS BALANCES ron rop LAYER
DO 20 Im3«NF
DERY(I)-FXNTOFT(Iﬂl)-FOUTT'FECtI-E)
MASS BALANCE FOR BOTTOM LAYER
NuNCOMP+)

DERY (N) «F INB=FOUTB

CALL7DTFSUB (Ns¥ 40 ’
IF {IQERY(NELO) 0 TO 1

I8

-

USED

R

i

§§tPoll

L g
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// CALCULATE STREAM OUTPUT

BOTTOM OUTLET STREAM
S{1+10UTBea)UTEMP .
TOP OUTLET STREAM . - .
S{1+I0UTTsa)aTENP . R
SUMm0 .0 ‘
DO 13 ImlsNCONP
15 SUMaSUMeY(]e2)
| 00 16 lwlyNCOMP
16 St1+10UTTaTeS)my(1e2) /SUN
¢ CONTROL SIGNALS
C $(1+1518T+ M) mY())
S(1+15168s3)mY(9)
RETURN
END

O 0000

{;{Jﬂ_;ﬁ

A
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FUNCTION XG(T)

e

" YMIS FUNCTION CALCULATES THE WEIGNT FRACTION OF SEPARATED -
COMPONENT {8 IN TNE WILLIANS=OTTO PLANT) ENTERING TNE TOP LAYER o
OF DECANTER AS A FUNCTION OF TEMPERATURE

T 1S TEMPERATURE IN OEGREES F

“IF¢TLEWI00 0 BO TOY L 0 T T T r T T T e e
IF(T=12040) 2+ 4 o .

1 X0m0+d
RETURN -

2 X020400876940, 13365‘(0 OI‘T-I 1)90,78940¢0, 01'7'1 1100 :
IF(X0.LTs0s0) X8R0.0 . 3

‘DO0O0OONON

IF(T40T4128,0) PRINT 1047
10 FORMAT t23H DECANTER TEMPERATURE =4F841s42N REQUIRES EITRAPOLATION
10F SOLUBILITY DATA)
RETURN
END

. ~RETURN | _ _ :
3 X8=0.080868. | | - g o i
RETURN 3

o XGu0.0AB9400,31250 10, 01%T=1,24)0,99(0,019Tel,20) 002 4 }

{

e . -
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SURRQUTINE TYPE1)

~ SUBROUTINE CONVi

10

11

n
12
90
13

14

THIS MODULE CMANSES MASS FLOW AND MASS FRACTIONS TO MOLAR FLOW
AND MOLE FRACTIONS OR VICE=VERSA '

EQUIPNENT PARAMETERS

"} e 1CONY = =] +CHANGES MASS TO MOLES

224 CHANGES MOLES TO MASS

COMMON/MAT/NP (35413) +EP{35410) +S(2048021) +EX(])

COMMON /CON/ IG.NCONP;NCB.H'NEoNSiNPRONPOLiTNAXoIORDER.NGRAPH
COMMON /PTAB/ TOFLAGPP(10+20)

COMMON ZUNIT/ IMINMP

DINENSION XMW {10)eXC10)oF(10)FNEW(1Q)

'SET MODULE PARAMETERS .

ICONV'EP(xNOl) '
IF{ICONVNE,14AND, TCONV.NE+2) 60 TO 15
INaMP {IMe)) -
TOUTRIABS(MP {IM44))
FLOWTRS (104 INY)

D0 10 p=)sNCONP

BET MOLECULAR WEIGNTS
XMW (2)wPP(14])

X(1)uS (109N 1eB)
FirymFLOWTeX (1)
CONTINUE

IE({I1CONV.EQ.2) GO TO 91

CHANGE NASS TO MOLES

00 11 1=l.NCONP
ENEW(I)uF(T) /ZXMW(T)
40 T0 90

Cdihﬁl MOLES TO MASS

00 12 1m1INCONP | . .

ENEWLIYuF(T)oxNut1)”
CONTINUE .
SuUM=l,0 - '

00 13 Iwl'NCOMP
SUMBSUMCENEW (D)

DO 14 =1yNCOMP &
X{1)®ENEN{L) ZSUN

CALCULATE STREAN OUTPUT = &

A




S(IG.IOUT:S)ISUH
S(IOllOUTt*)'StIGoIN.A)-
S(!OlIOUToSI'S(IOQINvS! '
- DO 18 Im)oNCONP -
18 S(I6+10UTeleB)uxtl) ' :
RETURN . - i
78 PRINT 20 4 = -
20 FORMAT (37H CONVOL EQUIPNENT PARANETER NE.1.0R.2)
:TOP o
ND

—
r~.

266
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‘SUBROUTINE TYPE)S

¢ —
¢ SUBROUTINE SPLT)
C
e THIS MODOULE SPL!TS AN INCOMINS STREAN INTO 2 EXIT STREAMS
g' ACCORDINQ TO0 A OIVEN RATIO -
c - EQUIPH:N? PARAMETERS _
c
'_Ef__"T":‘R IO = DESIRED FLOW RAT!O OF FIRSY EXIT STREAM
c - T0 ENTERINO STREAH
€

COHHONIHAT/HP(SS!ISI|EP(35010)'Stattiolllilxll)
COMMON /CON/ IG.NCONPoNCS|H|NE|NS.NPRONPOL;TNA!0IORDER'NGRAPH
COMMON ZUNIT/ IMeNMP -

RATIOREP (IMy1)
INsMP (T My 3)
3OUTIIIAB$(NPth|‘I) .
IOUTR2nTABS (MP(IMeS8)) : -
S(1+10UTLo3)2S¢IGoINVI) SRATTIO o
StlolOUT!ol)'St!GolNQSI-SQIOIOUTlOS) .
DO )1 Im4sNCS
S{1+I0UT1e1)mS({IGeINwY)

1 St IOUT!oIiISCIGtINQI)

' RETURN Co '

END . o




D000

SUBROUTINE TYPE) .
SUBROUTINE VALV)

VePORT (PARABOLIC) CONTROL VALVE
EQUIPMENT PARANETERS

| « NOT USED

-2 = VALVE CONSTANT

3 « ACTION (OIDIRECT;-IREVERSE)

COMNMON IUNIT/ IMaNNP
COMMON /MAT/ HP(3S.!3).EP!3!OIO!lS(!t‘Boll)t!lll)

COMMON /CON/ IGoNCOMPINTE s HoNEsNSINPRINPOL » TMAX ¢ IORDER yNGRAPN

NI-HP!IN.S)
MOmTABS (MP (IMy4))

" CHECK THAT THE VALVE SIGNAL IS IN TH! RANGE 0-100

veS (liMIed)
IF (VoL Ta04) Ve,

I (V.8T41004) Valoo, Ty

ACTION
AIEP(INQSI :
IF (ALTe04) SC1oMOIN)mEP{INR)®(100,oY) @02
IF tAGBELOs) St1oMO3I)INEP(INo2) ®VOE2 ‘ .
RETURN ‘

END ‘ . N\

il

2
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101
Tol
Tol

Tol

T01

ol

T0l

TOl"

T01
T01
Tol
210l
7 T0)
A TY
T0l
T01

1ol

T01
Tol
T01
Tol
T01
Tol
T01
1ol
T0}
T0l
T01

OO~ RSWN»-
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SUBROUTINE TYPE4

COMMON /UNIT/ IMyNNP _ :

COMMONMAT/MP (38413} +EP(35010)9S(2+45011) oEX (1) .

COMMON /CON/ 1 sNCOMP ¢ NCS 4 HoNE +NS sNPRoNPOL + THAX s TORDER o NORAPH
COMMON/CNTR/NCTR . \
ODIMENSION SIGMA{10)

INTEGER OUT

DATA SIOMAZ10€0,0/

3]

CONTROLLER MODULE - BY R MILLARES 4 NOV 1974

....‘b...QQ.O.......G....Q.i.l...Q.Q....l.....‘...'......’........

PROP, DERIVATIVE AND PROPOR, INTEGRAL PLUS OERIVATIVE ACTIONS

THE FOLLO‘;NO PARAMETERS ARE REQUIRED!

le EP(IMed)a  VARIABLE TO CONTROL : :

2, EPLtIMs2)m  CONTROLLER UPPER LINLIT OF QPERATION (INPUT VAR)
3. EPtIMsd)a  CONTROLLER LOWER LINIT _

4 EP(IMs4)®  SET POINTs FOR VARIABLE S«Pe SET THIS TO 0, AND -

S« EP(IMsS)m  TYPE OF CONTROLLER

1 = PROPORTIONAL
2 - Pl
3P oY -
L4 «PID <
'S = ONwOFF (uEP(IN¢6) (OT.SETPIOFF.LT,SETP)
& = ON=OFF_ (uEP(IM46) (L ToSETP+OFF (6T SETP)

6, EP(IMNs6)m  DESIRED QUTPUT SIGNAL FOR ERRORw 0

Te EP(INeTI®  GAINy SEND(e) IF DIRECT ACTION IS DESIRED OR (=)
FOR REVERSE ACTION . -

A, EP{IMs8)a INTEGRAL CONSTANT (RESET)

9y EP(IMs9)w  DERIVATIVE CONSTANT

10+EP(IMs10)m  TRACE OPTION (=))

f’ﬂf’Ol’ﬂ“ﬂf’ﬂfﬁﬂ(’ﬂf’ﬁ{)ﬂf?:¢)O()O¢1

. .....l.....Q......Q....Q....‘.Qﬁi'.....0Q.O.Q.O.Q.QQ...Q...Q...."
NTReEP(INs10) .

© IF(NTREQ.1) PRINT 300
00 FORMAT (8X 4 "ENTERING CONTROLLERM)

OO0\ OO OO0DODO

A

IN = MP{IMe))
OUTRMP (IMs &)
K & EP{IMy]))

N ® EP(IMS) . ,
IFINsOT.4) 60 TO 200 , -

IF(IQWNEL1)RETURN

l...'.......“..........0........Q..Q...Q.Q..G...................'.

. THIS CONTROLLER MAS FOUR OPTIONS!- PROPORTIONAL: PROPOR, INTEQRALSY

ASSIGN STREAM NUMBER ON MPe ARRAY, AND STREAM FLAGe )2

Codach R




16

15

a0

a7

28
26

NCTR = NCTRe} : .
RANGE = EP(IM2)=EP (1M}
IF (OUT.LT40) 80 TO 16
SETP m EP(IMy4)*50,/RANOE : '
"OLOERR = tS(!oIN|K3'50.fRANGEI-SETP
080 To 18

IN2 u =QUT :

OUT = =MP(IM,5)

IF (S{1oIN2+2)eNE(114) 60 TO 15

IN = IN2 -
INZ u MP(IMy)) .

SETP mS({1leIN243)

OLDERR = (S(E.IN.K).SO.IRANBEI-S(ZoINa.al

18 CONTINUE

25

200

Stl1stNeK) = S(?lIN'Ki
ERRR{S(1+INsK)®50, IRANGE)-SETP
pD L 0. " -
Pl = 0.
G0 TO (25:26+27428) N
PD = EP(1H|9I'(ERR-0LDERR11H
G0 To 28
PD & EP(IM99)® (ERR=OLDERR) /N '
SIGHA(NCTR) = SIGNA(NCTR)‘(H‘(ERR‘QLDERR)IEQ
Pl = SIOMA(NCTR)ZEP({IM8) -

T §{1i0UTeY) = EP(IN!G)*l!PllN!Ti'(ERRQPI‘PDI)
RETURN

‘CONTINUE

IFt10.EQ.1} RETURN
TestlyINIK) . :

" IEINJEQ+S) 60 TO 201 ' >

IFCTOEEP(IMea)) TaEP(IMrG)

T OIFtTeLTEPtIMe4)) Tm0,40

201

202

80 TO 202 - .
CONTINUE —— e
IF(TLELEP (IMea)) TRER(INvE)
17 (TOTEP(IMeb)) Tw040
i

TURN - —<
END —

270




27

. ‘ , 4 ‘ : :
00044023000 RRRRURNNRNRRGURRRRRARERNRNIRRAGRGRARRBIRRUNRRNRAENAORRRERRERRREN,
X \ 3 .

S

Eﬁ 'SIMULATION OF wWILLIAMS=0TTO PLANT
WLITTTE LTI L L I T T Y Y T L YL T T I YT R Y TR ST TR L LT Y Y M
BEGIN ‘ , - p !
TIME 140 .
COomps A A0 !
CHMIN - : 0.00000001)
INZOYT 1040 o .
PRINTING 2040 o 7 ‘ v 1
ORDER 240 : ' : !
LIBRARY 40 : ' , ;
RORM2 21.0 ‘ . . ' : CoL §
REBO2 2840 o ' © I
coLM) 210 - ' o o - : i
CONDY 170 ) : ' . ' o ) ;
PROCESS S s | - §
CONT 1.0 IR o I e i
. . 440 . w40 040 0.0 0,0 :
0.0 : 0.0 040 T 040 0.0
I I1 : - 4872,0 4408.0 464040 : 240
L L 8040 ' S.0 140 : 0.0 . 0.0 . ‘
VALVL 2.0 . Coe ?
7.0 -14,0 040 . 0.8 0.0 :
0.0 0.0 ' 0.0 0.0 0.0 ¢
0.0 38,3844 140 0.0 040
’ 040 0490 0.0 0.0 0.0
CONTY ‘340 ' . :
' ‘1440 =840 0.0 0.0 = 0,0 ‘
0.0 0.0 0.0 040 —_ 040 l
440 ' 0.0 . 040 175.0 6.0
. 5040 0.0 Qa0 0.0 . 040
T VALVYY 4.0 : ) ot '
L 8o =9.0 040 0.0 0.0 o
0.0 0.0 0e 040 040 o
0.0 I 140 ~0e0 040 R
6+0 0.0 - 0.0 04,0 0.0 B8
CONT1 5.0 . . ' ) _ )
1440 =110 0.0 040 0.0 P
040 : 0.0 040 040 0.0 S
4.0 181.,0 1T840 180,0 1.0 -
: ‘ 1040 10040 0.0 0.0 0.0
VALV] 4,0 o . |
110 w]l@e0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 <040
. 040 " 514140618 140 0.0 0.0 o
0.0 040 ' 040 0,0 - 040 .
CONTY = = 740 ~ e ' Co e
. 40 «3,0 ‘ 040 0,0 00 '
0+0 0.0 0.0 0.0° 0.0 :
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L 3.0 0450 0437 0443478260872,0

" 8040 ; 0.1 240 3.0 , 0.0 -,
- VALV A.0 — . ) -
500 w2l - - De0- - 0.0 D0
00 0.0 : 0.0 - . 0.0 040
0.0 13434 10 060 0.0
L 0.0 ‘ 0.0 . : 0.0 0.0 " 0a0
CSTR1 8.0 _ L :
1.0 2.0 3.0 1240 9.0
uld : =)340 «]1040 =6,0 LY
4640,0 106408 300040 500040 "945,.8
Gibi' ' 040 040 - 040 0.0
- CONT1 10.0 : ' S
: 1840 ' =18,0 D0 0.0 0.0
Ne0 040 0.0 0.0 0.0
40 : 10140 80.0 10040 140
80.0 ‘1le@ 040 0.0 060
VALV] 11«0 : . ‘
' 15,0 . =16.0 0.0 040 0.0
040 0.0 0.0 0.0 040
040 8le40 160 0.0 040
: 040 0,0 040 0.0 040
EXCH] 1840 ' ‘ .
14.0 g 16,0 =18.0 «17.0 0.0
040 : 040 - 040 040 0e0
274,40 80,0 86940 82.8 1.0
0.0 040 0.0 0.0 0&0)
CONTY & 100 - . g
P . 2840 _ «23,0 0.0 040 0.0
N 040 T 0.0 ' « Q00 0.0 0.0
3.0 - 10481,33] - 9483,109 9982.22 240
: ' 3040 240 1.0 0.0 040
VALV1] 140 g
' 23.0 - wdh,0 0.0 - 040 0.0
0.0 , 0.0 - 040 0.0 040
0.0 36,90 140 0.0 0.0
‘ 040 _ 0.0 040 040 0.0
. 1940 w20,0 . 0.0 040 0.0
0.0 040 0.0 - 0.0 040
3.0 B ¢ {3 Y 1] 2%932,.6 308740 240
. 20,0 240 140 040 0.0
T NALY] 1640 ' . E '
2040 2140 040 0.0 0.0
-0e0 . 0.0 . 040 0.0 040
0s0 1.4848 140 ;040 0.0
" 040 040 00 - - 040 040
DCAN) 170 .. - ‘
18,0 YT ) Rl w20 "w}9s0
040 040 - 040 Q40 0.0
4895,22 J0487.0 - 8.0 0.0 0.0
0.0 ‘0.? 040 040 040
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CONvV1 ‘ 1840 ' _
: 2440 28,90 040 00_0 0.0
00 0.0 - 040 040 0.0
10 T 040 0.0 t 040 040
‘ T 040 - Qa0 040 o 0.0 0.0
REBQ2 190 o . ' L
. 3940 - 8,0 4040 0.0 0.0
_0e0 L 0.0 00 0.0 140 .
, _ 7632500 0 1575040 12040 0.5 "13.0
o 14,387 =3818.,3) 22T.21 0.0 0.0
RDRM2 - 2040 _ : Y ' B -
3540 40,0 - «38.40 =340 «3640
0.0, 040 040 040 040
7040 - 0,0 040 ' 040 0.0
' 00 . 0.0 0.0 0.0 0.0
CoLMl 2140 . ' g . ' . ‘
. ‘ - 2940 3040 ., 34,0 : *33,0 . -8600
040 =28,0 . 040 0490 0e0 |
1040 . B T ) 8.0 0.%/'
1.0 . 9.0 10 0.0 0
COND]) 2240 : . f . (ﬂ
o 2640 «2740 foeo 040 04
0.0 L 040 Ve . 00 0.0
~ 0.0 2e0 - 0.0 040 00
- STIR] - 230 Lo N
N 270 - «30,0 =31.0 «33,0 040
\\\g 040 . " 0.0 040 040 0.0
' %040 -~ -Qe0 0.0 T 040 040
\\000 0.0 040 ‘ 040 0.0
CONTI \QQQO J _ . !
3 w3240 0.0 040 0.0
, 040 040 " 040 0.0
. \\\ 65,0 33,0 5040 o0
_ !000 . 1.8 0.8 0l 040
VALV 2940 . : '
- 3240 ' w3340 0.0 040 _ 0.0
0.0 "N 040 : « 040 0.0 0.0
0el- "0e01342 1.0 ‘ 0.0 0.0
0.0 0.0 0.0 : 0e0 Qa0
CONT) 2 2640 \ ‘
~ ' 28,10 T w290 040 ' 0.0 0.0
0.0 . 040 w040 ! 040 040
YY) 110,0 . 8040 © 98,0 2.0
%040 18 T 0.8 Oel 0.0
VALVY] ¢ 270 . s :
~ 89.:0 «30,0 040 0.0 040
" 0e0 040 040 ’ 040 040
0.0 0e24044 1el 040 - 0.0
0e0 0.0 00 T 040 040
CONT] 208.0 ) .
: 3640 - =w3T,0 040 e 0.0 0.0
0e0 0.0 ' 00 _\\\ 0.0 040
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1’0' 6040 80,0 A ¥Y
.. 8040 045 0el 0.0
o : AT.0 «38,0 0.0 0.0 ‘040
: , ' 0.0 0.0 040
» ' 1¢0 040 00
CoT 0.0 0.0 040
CONVIN_ - : ,
. " 040 0.0 = 0.0
: 0«0 0e0 040
. ) 040 040 040
060 0e0 040
SPLTY ' . V U
ELY Y 040 0.0
.0e0 - Ge0: 0.0
0.0 00 040
040 0s0 . 040
END- : . _ . _ ‘ : |
STREAMS - o ' , : '
EXPLICIT _ \K_/,/{//
' lig 140 S .1‘30000' T0s0 . //1‘51' ‘
1) 0.0 04 : " 040 040 -
2.0 le0 . . 33380,0 - 1910 ; YT}
049 1.0 00 040 ‘040
0.0 . //’ ' .
- 3.0 140 "81l}|° ~ -10040 YT
0132911175ﬁ .420905‘006 ¢9260302730 03511766330 0.0
00331035190 4 - .
440 1100 0443478 00 040
Oog- //0(0' 0.0 0.0 040
. -
,J”ﬂ.o ‘ 1140 ¢ 80,0 040 040
o 0.0 W 060 0e0 030 040
i 040 ' . . .
) 840 1140 © 404040 060 . 0.0
040 0.0 : 0.0 . 040 0.0
J (1.0 ‘I"‘. u : .
T+0 °© 11.0 80,0 - 040 040
0.0\\ 0.0 - | 0.0 ° e 0,40 040
040 Ve
A0 1140 \' 80.0 0.0 " 040
0.0 . ° 0.0 \ 060 040 0.0
040 . g 4 - ' '
940 1.0 | oBl.81T 28080 29,028
A _Oig 0.0 \ 0.0 Q.0 0.0
O« ., ) : .
1040 140 L 9814877 28040 29,828
040 " 040 040 040 . 0.0
0.0 ‘ . ’
1140 L 1140 040 040 . 040
0.0 “ 040 0.0 040 0.0
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060

12.0
0.0

- 00

13,0

" 0.0

0.0
14,0
0.303023
0«0
15.0
0.0

0.0
1640
0.0

T 0.0

170
0.0

0.0 T

18.0
0.30303
0.0
19.0
6.0
0.0
20.0
0.0
0.0
21.0
0.0
0.0
2240
0.0
0.0
23.0
0.0
0.0
24%.0
0.30303
0.0
25.0
0.1261
0.0877
26,0
0,1261
0.0877
27T.0
0.1261
0.,0877
28.0
0.0

- 0.0

(=3
[ ]
oo

11,0
060

10
0,69697

1.0
0,3992

1.0
003992

1.0
0.3992

1140

0.0

0e0

0.0

040
“0e0

95961.0
0.0

50,0°
0¢0:

153500..0
00

153500.0
D.0

95961.0
0.0

3087,0

060

50,0
040

3712.0
0.0

9982,.22
0.0

50,0
0.0

92245,0
0.0

649,90
00,0255

649.0
0.0255

649,0
0.0255

0,0
0.0

10040
0,3615

94,0
03615

89,0
0,3615

80,0
0.0
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1667
0.0

14,7
0.0

YY)
000

0.0
0.0

.14.7

0.0

14,7

e



END
PROPERTIES

29.0
0.0
040
3040
0.1261
0.0877
3l,0
0.0
Ne0
A2.0
0.0
0.0
33,0
01261
0.0877
4,0
nel2bl
0.,0877
35,0
Nel261
0N.0877
36.0
0.0
0.0
3T.0
0.0
0s0
18,90
Ds1261
N.0877
39.0
060
0.0
40.0
Ne0 .
0.0
41.0
1329111754

".0381085190

42.0
.13291117

,0381085]19%="

2040
100,0
YY)
600
0.0
10040
6224 -
60,0
0.0

100
4209654006 ,0268382730

11,0

0.0

1.0
0,3992

11,0
040

11,0
0.0

1.0
0.3992

1.0
0.3992

le0
0.3992

11.0

1.0
4209654006

60.0
=123916,59
0e0

0.0

60.0
=123916,59
0.0 o
0.0

50,0
0.0

6490
0.0258

50,0
0.0

50,0
0.0

33,0
0.025%

649,0
00255

1265,0
0.0255

80,0
0.0

50,0
0.0

616.,0

040255

487.0
0.0

768250040
0.0

" 8T487,0

«0268382730
39376.0

De0
2096,2
0.0
0.0
0.0
2096,2
0.0
0.0

121.,0
0.3615

344,35
0.0

0.0
0.0

100.0
3811766320

100.0 :
«3811766320

0.0

0.0
0.0

OO
* » &
(=== =]

0.0
14250,0
0.0
0.0

'0.0

14250,0
0.0
0.0
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20040 60,0 ° 0,0 0e0

0.0 :
52:24 =123916.5%59 2096,2 1.0 14250,0
6040 0,0 0.0 060 0.0
0.0 . 0,0 - . 0.0 0.0 0.0
20040 60,0 0.0 0.0 0.0
h2.24 . =123916.5%9 2096,2 " 1e0 14250,0
© 400 0.0 0.0 0.0 0.0
: - 040 0,0 ' 0.0 0.0 0.0
/ 300.0 ’ 60.0 : 0.0 0.0 0.0
h2e24 «123916.%9 2096,2 1.0 14250,0
60,0 0.0 0e0 0,0 010
0.0 0.0 ‘ 0.0 0,0 0&9
10040 60,0 7 000 0.0 040
62933147 =]123916,59 - 2096,2 1.0 142%90,0
60,0 0.0 ‘ 0.0 0,0 040
- ‘0.0 . 0.0 0,0 0.0 0e0.
END ' . A
END . . ’ .
N

e — g
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~APPENDIX I: PROGRAM LISTINGS:
\ .
A 11st1nq is qgiven in F1gure I, 1 of the DYNSYS 2 0
executive program except for SUBROUTINES TRGB and TRGBZ
These rqutines were made avallable to-the author for
‘research purposes, but are considered proprietary by their
creators, Copies of theSe.may_be'obta1ned from:
MR, H,P, HUTCHISON
LECTURER
DEPT., OF CHEMICAL ENGINEEPIN(‘
CAMBRIDGE UMIVERSITY
CAMBRIDGE, ENGLAND
A fee will probably be reduiréd from commercial

users,

1.1 The DYNSYS 2.1 Executive Program

Since version 2.0 is not comp1ete]y ava11ab1e,
another verston of DYNSYS, version 2.1, was created to
have a sparse matrix oriented package which was comp]ete]y
avaiTable to the public. Xey's subroutine SIMULT was used
in place of Eggﬁ. Version 2.1 is not asdefftcient as 2.0
since Key's brogfﬁm is not des1gned~for'repeated solution

of 1inear equations. The new version, however, does

illustrate the usage of DYNSYS and can be keypunched and

278
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used by anyone _ :

There are some s11ght d1fferences in the wr1t1ngs
"of the modules. A skeleton module {s given (Figure 1.2)
~and afso‘g'1fst1ng of the executive and a samplie module |
(Figure 1.3) which cofresponds to the second example of
Chapter.BI(F1gure 8.7), a CSTR w1th'f1;st erder reversibie
reaction. The on]y,executive,éubroutines given in '
Figure 1.3 are DYNT, DYNZ. DIFSUB,'SIMOLT.and RITE. These-
‘replace subroutines DYNT, DYNZ, DIFSUB, TRGB and TRGBZ 1n
DYNSYS 2.0. Subroutines GET FETCH, PROPS, TEMP, TRIDAG
and GRAPH are fdentical with those in DYNSYS 2.0. The
mainline program and subrout1ne OUTPUT are 1dent1ca1 with i
DYNSYS 2.0 except for the COMMON/GEARZ/

The differences in writing of modules are as
follows. The Jacpbian 1s stored as described in Sectiom

5.1.2.
‘COMMON/ROW/IROW(4) 1s not required.

COMMON/COLUMN/JCOL(4) and COMMON/JACOB/XJACOB(4)

are replaced by
COMMON/COLUMN/JCOL(]O,ZY and COMMON/JACOB(10,2)}

i.e. the column numberé and nonzero elements are now
stored as two dimensional arrays. Note, howevef, that

the row dimension of JCOL and XJACOB must be the same as-
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in ntpsus.‘ﬁx
COMMON/MODULE/IDERY,ITER,ITR1,NZERO 1s replaced by

COMMON/MODULE/IDERY,ITER,ITRT,MC,IPIVOT ~ Y

.

: NZEBO.{S.ndﬁ1onger required, but the user must
subp1y.1n SECTION #Z'Qf'the skejeton,VaTues of'MC‘and
IPIVOT., MC 1s the maximum number of columns in the XJACOB
matr1§ where the non:erd Jacobién'eleménts are stored,
This value can become larger than fhe maximum number of
nonzeros in any Jacobian row since additidﬁa] nonzer6
elements can be created during the so1ﬁt1oh. MC shSi]d
be constant for any module and may Have to be determined
by trial and error. It is a1so a function of the pivot -
option. I[f MC 15 foo small, the program Q111 stop and
print ;he message | \_ |

MC SHOULD BE AT LEAST

MC should then be set to at Teast the number 1n the blank.
IPIVOT 1s the pﬁyot option (from 1-7) used for the
modu1e. The options a%é described 1in the skeleton and in
seétfdn 5.1.2.
The remainder of'the module s written exactly as
for DYNSYS 2.0. The onTy change in the data set 1s that

MINPIVOT is not used.
. 3
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The difference in execution time between version
2,0 and 2.1 will depend on the s1ze of the system. For

cvery sma]1 exampIes the times will be nearly the same.

_Eor,1arge systems, Chaptgr 5_gives execution times for
'SIMULT and TRGB-TRGBZ for 50, 100 and 200 equations. For

.'example for.50 qﬁuatfons. baﬁdw1&th 9, the best opfion of
Key's method took 0.691 ‘seconds while TRGBZ took 0.049

seconds. Since the linear equations must be solved at
each Newton-~Raphson {teration of the corrector, the time

difference could become substant1a1{for a long simulatfon

" with many time stepal For 500 time steps with an average

of two Newton-Raphson {terationms per step, the execution

time would differ by bver a mihuté.

2
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PROGRAH DYNSYS(INPUT.OUTPUTvPUNCH-TAPESIINPUTvTAPEO-OUTPUTQTAPETIPDYN

1UNCH)
COMMON

~ ‘COMMON

COMMON -
COMMON

- COMMON

COMMON

/MAT/
/CON/
/PLT/
/LAG/
/FIN/
/7GEAR

HP(35v13)cEP(35010)!5(29#5:11)05!(1)
IG.NCGHPoNCSuHoNEvNS|NPR$NPOL!TNAX|IORDERlNOﬂAPH
NPLOTSQPLOTIoPL0T5(§00¢}oPLOTT

NSXoNSW

FN(1¢l)eNFN

COMMON /G/ NToNV!TPLOT(éOZ)onéDZlvVPLOT(lo&OZI :

CALL Dy
PLOTT=0,0

DO 3 Im=le222
. DERY2(1

YMAX (I
CONTINU
"JSTARTw=
NBYMAX =
OTIME=T
‘NSw=0

NI

)20,0
wl,0
E

0

0

IME

IF (NPOL.GT.0) GO TO 4

60 TO 8§
CONTINUY
_READ (%
" NPLOTSw

E .
125}
X

S - o - jb

READ (%,25) PLOTI

READ (S
PRINT 2

125%)
By ({

CONTINUE
SET UP INITIAL VALUES FOR GRAPH VECTOR COUNT -

~NV=Q

NT=0
CALL . 0U
KPRINTw
.CONTINU
TIMEmOT
" KFLAG®
ICaNVaD

KPRINTaKPRINT*] -«

1G6m2
CALL Dy
1Gm)
CALL Dy

TPUT
0.
E
IME+H

4

N2

N2

((PLOTS(IOJIQJ'lot)iI'IcNPLOTS! : i
PLOTS(IsJ) sumles) s Im14NPLOTS) N

IF (NPOL.0T.0) 60 TO 7 ’
IF (KPRINT.LT.NPRYL G0 TO 8 . .

CONTINU
CALL Ou

E
TPUT

DYN
DYN
DYN
DYN

 DYN
DYN

1/ Y(B'222)oSAVE(lOoZZZ)'EﬂR05J222)oYHAX(222)ODERYI(EZDYN”
12) 4DERY2 (222}
COMMON /GEAR2/ EPSoTIHEvKFLAGcJSTARTlNBVHAXQICONV.NOPPToISTIFF

DYN
- DYN
DYN
CYN
DYN
DYN

OYN .

DYN
OYN
OYN
DYN
DYN
DYN
DYN
OYN
OYn
OYN
DYN
DYN
. DYN
OYN

DYN

DYN
DYN
> DYN

DYN

DYN
DYN
DYN

OYN

DYN
DYN
DYN

DYN
DYN
YN

OYN’

DYN
DYN
DYN

N

Pt gt G Pt God Pt -
MW= OO®~NE®UN S W

P




11

12

13 .

15
16

17

.

KPRINT=0

CONTINUE ~

" NSwnal '

1§ 4 tICONV-EO lcOR.KFLAG NE.l) 60 70 6
NSWs0"

OTIMEaTIME

© UPDATE STREAM MATRIX
" DO 10 T=]eNS

00 9 Jw3yNCS
S(2eles)aS(1sTed)
CONTINUE

CONTINUE

IF (TIMEJLE,TMAX) GO TO 6
WRITE (6924)

CALL OUTPYT - -

IF (NGRAPH,NE.,1) GO TO 11
H (NPLOTS)

(Ns X2 0)

IF (NJEQ{BHCONTINUE) 60 TO 12
PRINT 20
STOP
H=0,00001
CALL GET INsXsl) .

IF (NoEQe4HTIME) TMAXmX
IF (NJEQeBHLINEPLOT) NPOL®X
IF (NoEQ«5HGRAPH) NGRAPH=X

IF (NJEQ.SHALTERS) GO TO 14~
IF (NoEQ.6HALTERE) GO TO 16
IF {(N,EQ,BHFUNCTION) GO TO 1T
IF- (NJEQe3HEND) 80 TO 2

60 10 13

NOS=X ; :
READ 21+ (S{1sNOSeJ) sJn1,5)

-

“BRINT 23+ (S(1sNOSed) susls5)

READ 22+ (S(YeNOSeJ) o Jm6NCS)
PRINT 23s (S(1¢NOSeJ) e Jm]¢NCS) .
DO 15 JUmlyNCS
S‘ZONOSIJ)-S(IUNOSOJ,
CONTINUE

a0 10 13

NOEPNX

READ 21+ JEP(NOEP U} s Jm145)
PRINT 239 (EP{(NOEPyJ) sJm]s5)
60 70 13

NFNeX

DO 18 ImlsNFN

- READ 219 (FN(IesJd)eJulsb)

DYN 49

DYN. 80
OYN Bl
OYN 52 .

DYN 55

.DYN 83 i:

M
DYN S& !
|

DYN 86 : .

DYN 57 |
OYN 58
oYN 59
DYN 60
DYN 61 :
DYN 62
DYN 63

OYN 64

DYN 65
DYN 66

OYN' 67 . .

"DYN 68°

DYN &9
DYN 70

PYN 72! °

" DYN _71l

DYN 731
DYN ‘74i

DYN 76

. DYN 75

DYN 77!

DYN 78
ODYN 79
OYN 80
DYN 81

DYN 82/

DYN 837
DYN 84
DYN @8
DYN- 86

DYN 87

DYN @88

OYN 8%/

DYN 90
DYN 91
DYN 92
DYN 93
OYN 94

DYN 95
DYN 96
DYN 97
DYN 98
DYN 99

DYN 1001




READ 229 (FN(IsdJ) sJn6NCS)

.80 TO 13 . ST S

g
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CONTINUE o : ‘ -
PRINT 23y ((FN(I!J! JE1aNCS) o Im]l oNFN)

STopP :
FOR“AT (41K LAST CARD MUST BE END.REPEAT OR CONTINUE)

" FORMAT (12X¢5F12.2)

FORMAT (13X94F12.2)

FORMAT (1Xs9F10,3)

20X923H ¢seTMAX APPROACHEDo&o )
FORMAY (4F12,.4)

t

. DYN

.OYN
"DYN
DYN

" DYN

DYN
DYN
DYN
OYN
DYN
-D¥YN
DYN

. DYN.

10l
102
103
104
105
106
107
108
109
110
111
112

rmm Dy . e ow

113+ -

[
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. SURROUTINE DYN1
DATA -LOADING AND PRINTING
COMMON ZUNIT/ IM¢NMP

‘COMMON “ /MAT/ HP¢35'13IlEP(35010)05(2!45|11)lEX(li
COMMON /CON/ IG,NCOHP;NCSQH.NE'NSONPRONPOLoTHAXoIORDER-NGRAPH

COMMON /FTN/ FN(141)eNFN

COMMON /GEAR2/- EPSoTIHE.KFLAG.JSTARToNBVHAK.ICONV!NOPPT;ISTIFF
~COMMON /GEAR3/ HHIN!HMAX.XMIN NOMES Co

" DIMENSION AM({100)
DIMENSION ITAG(30) ‘

DATA ITAG/SHVALVIoSHVALVEoSHSTIRlv5HC0NT1OSHSETLIQOHHXPLTIOSHSETTIDYI
obHVESQLlGSHDELAY|5HCSTR1oSHEXCHIOSHDCAvaSHCONVIcSHSPLTlll&'bH

" READ INITIAL DATA

2

=

WRITE

/
(6927)

DEFAULT VALUES
TIME®=O,0-
MAXNE® 28

NPR= 1
TMAX®10,0
NCOMP =Y

NMPwS ‘
He0,0000]
HMIN®0,000001
HMAX=0,05
Ep5l°|0’01
NPOL®=0
NGRAPH=0
IORDERmG
ISTIFFal
NOMES®(
XMIN®], 0E=06
READ AND COPY, TITLE

READ
WRITE

IF

(%¢29)
(6028)

(AM(1)e1m18)}
(AM(I)sIm1e8)

(AM (1) «NE+SHBEGIN) GO TO 1

CALL GET (NsXol)

IF
IF
IF

(NsEQ+SHCOMPS)

NCOHP-X

(NoEQ«SHIN/OUT) NMP=X
(NeEQeO6HDELTAT) Hax
(NeEQo4HHMIN) HMINSX
(NeEQo4HHMAX) HMAX®X

(NJEQeSHTIME)

TMAXEX

(NJEQ«BHPRINTING) NPRmX
{NoEQsSHTOLERANCE) EPSuX

(N+EQ+5HORDER)

IORDER=X

(NoEQsBHLINEPLOT) NPOLm]

(NEQsSHBRAPH)

{(N.EQ+BHNONSTIFF)

NGRAPH=]
ISTIFF=0

(NoEQ.9HNOMESSAGE) NOMESal
(NoEQeBHMINPIVOT) XMIN®X
(NoE@.THLIBRARY) GO TO 3

N

€

4
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TPyl

oY}

DY)’

oyl

oYl

oyl

oyl
oYl

DYl
oY}

oyl
Dyl
oYl

. DYl

byl
0Y1

Dyl

<. DYl

Dy}
DYl

Yl

DY)
DYl
DY)
DYl
oYl
DYl
oyl
DYl
DYl

oYl
DYl
oY} -
.'DY1

oYl
Oyl
oYl
Dyl
Dyl
Oyl

DY}

DYl
oYl
Dyl
OY1
DYl
DYl
Dyl
DYl
Dyl
PYl

TR RN A TO TS R N 0t 0 5= 0t Br ot Bt Bt Bt Best . ) :
G-IOUIOUN-—QOQ-JOUI&wm—-.com-dom&umb-.-

e




12

13

14

IF (N.EQ.7THPROCESS) GO TO ‘6
IF (N.,rQ, BHFUNCTION) GG.T0 8.

G0 70 2

NLIB=X ‘ . !

"DO & ImloNLIB

CALL OfT !NoX 0
Jex

CONTINUE T .
G0 TO 2 " &
NFNmX .

NCRaNCOMP+S ° ‘

READ 399 l(FN(IoJ)OJlloNCS)OI'loNFN}Vw

- PRINT 299 ((FN(IsJ)9sJmlsNC5)s1ulsNFN}

60 TO 2 . |
CONT INUE 2
NMPuNMP ¢ 2 . ‘

~ MAXNMPuNMP ]

NCSaNCOMP +5 ‘
WRITE (6430)

DO ¢ I=m)yMAXNE

DO 7 Jm]sMAXNMP
MP(1sJ)m0

CONTINUE

‘D0 B Jmlyl0

EP(IsJ)m0,0

- CONTINUE
- CONTINUE

NE=(

NEX=}l .

TIME®Q,0

CALL GET (NMsXa0)

IF (NM,EQJIHEND) GO TO 16
0012 1m1+30.

IF (NM_EQ,ITAG{1})) GO TO 13
CONTINUE -

WRITE (693]1) NM

I=p ‘

NTm] '

NEaNE+]

READ {8.,32) (AM(I)|I-3cNMP)
DO 14 Um3INMP

MP (NEoJ) =AM (J) -

CONTINUE

MP (NE+) )X

MP (NEs2) BNT

WRITE (6+33) (MP(NE+])sIm]lsNMP)
READ (%¢32) (EP(NEsI)sImlyl0}
WRITE (6934) (EP(NEsI)sIm1y10)
CALL GET (NMsXy0)

IF (NM, NE.SHEXTRA) GO T0 15

* NNx=X

ITAG(J)uN . ' T,

L
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" DY]

86

60 !

63 -

90
%l

i el bt i . e s
-

|

87}

102

. bYl 83
OYl Beé
Dyl &5
oYl.

Oyl 57
DYl 88
Oyl &9

. DYYE el ¢
0Y1 62
eyl
DYl 64
DYl 66
oYl ' 66
DYl o7
Dyl &8
DYl &9
DYl 70
oyl 71
oYl T2
oyl 73
OYl 74
Dyl 78
DYy 76
Dyl 17
Oyl 78
oyl . 79
0Yl 80 ]
Oyl 8l
Dyl 82
Dyl 83
Dyl 84
Dyl a3
Dyl a6
DYl

Dyl a8
oYl 89
oyl
DYl
Dyl 92
Dyl " 93
Dyl o4
DYl™ .95
DYl 96
DYl 97
Dyl 98
Dyl 99
oYl 100
Oyl 101
DYl
0Yl 103/
DYl 104 |




15

\\1 6

17

19

20

21
ac

23
" 24
25

26

v

NMXBNNX eNEXw] SR
READ (%932) (EX(J) o JuNEXoNMX)

- WRITE (6038} (EX{J) e JuNEXINMX) ~

MP (NEyNMPe]1)mNEX -
NEXuNEXoNNX

CCALL OFT (NMoXyl}

IF" (NM NE,THRESERVE) 60 T0 11

. NNX=X

NEXmNE X ¢ NNX

60 TO 10

CALL FETCH (THSTREAMSINS)
WRITE (6+35) NS

DO-18 1wleNS

S{lelel)m] '
S{1ele2)m=],0

S{1+103)m0,0
S(1eloa)wB30,0
S(1elem)mla,?

00 17 JUm&sNCS

S{1eloy)ml

CONTINUE

CONTINUE,

CALL BGETSC(NMeXyel)

IF (NM.EQ.BHEXPLICIT) GO TO 20
IF (NM,EQ,3HEND)Y G0 TO 28
1F (NH;EQ.#HSPEC' 860 YO 22

60 TO 19 : -

READ (%¢36) ITe(AM(I)s1u]s9®)
IF (I17,EQ,3HEND) GO TO 25
READ (%432) (AM(I)sImbyNCS)
NmaAM(]l) ‘ .

DO 21 Is]lyNCH

. S(1eNe 1) mAM(T)

CONTINUE

GO TO 20

NimX

READ (5+32) (AM{I)sIm]sNCH)
N2sAM{]1)

DO 24 I=N]lN2

D0 23 JsZ2sNCH

S(1elod)mAM(Y)

CONTINUE
S{1elol)m]
CONTINUE

G0 TO 19

DO 26 Im1sNS
Kes(lele2)

WRITE (6938) IeXs(S(leIled)sJudsb)

WRITE (6¢37) (S(1sleJ)eJuésNCE)
DO 26 Jm]l¥NCH ..
S(2y19J)mS(1019U)

-XXuPROPS{(0+0)

-
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105 -

106
108

B

109 °

110
111

112
113 -
116

11%
116
117

119
120
121
122
123
124
125
126
127
128
129

~130

131
132
13
134
138
136
137
138
139
140
141
142

143

l4é
148
146
147

148
149 ]

150

1811
152 |
153
184

155
186

1

118

ot e i oy




27
28
29
30
l-
32
33
34
35
k1.
37
38
39

RETURN

FORMAT ({1H1)

FORMAT (1X¢BAlO)

FORMAT .(BA10)

FORMAT (1H1}

FORMAT (18BM ¢e¢oFAILese NAME ,A12+8H NOT SET)
FORMAT (12X45F12.0) . '
FORMAT (/9+9H UNIT «yI349H= TYPE =pJ3y1H=¢1215)

"FORMAT- (11X95F14.5)

FORMAT (1H1+1698H STREAMS)

FORMAT (A3+9Xs5F12.0)

FORMAT (8Xe4F14,5) \ '

FORMAT (11H STREAM e=yl3saMe (¢I3¢1H)¢3F14,5)
FORMAT (12X4SF12.2) ‘ .

END : :
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oyl
Dyl
oYl
OY1
DYl
DYl
DY}
DY1
oY1
Oyl
byl
by}
Dyl

oYl

Oyl
oyl

157
158
159

160 -
161
162 -

163
164

165

166
167
168

169

170
171

172+



un

Do~ O

(s

oA

READ (S5+¢6) NAME,X

IF (NAME ,NE,10M .

IF (X4EQe0.0R.X,EQ,=0)
WRITE (6+7)

G0 10 1 ’

CONTINUE '
IF (X4LE.0) GO TO 3 °
}F (IFG) 3+44+5

WRITE (69¢9) NAME
RETURN

N=X

WRITE (6¢8) NAMEWN
RETURN

WRITE (649) NAME X
RETURN

FORMAT (Al109F14,0)
FORMAT (48H e=ecWARN===
FORMAT (1XeAl0eI12)
FORMAT (1XsAl0+Fl4,5)
END '

- SURROUTINE GET .(NAME Xy IFG)

) 80 10 2

GO TO 1

DATA SKIPPED WHILE READING KEYWORDS)

GET
GET
GET
GET
GET
GET
OET
GET
6ETY
GET
6E7
GET
GET
GETY
GET
GET
GET
GET
GET
GET
GET

GET

OO~ &+ W -




SURROUTINE FETCH (IWORDs1)

READ (%¢2) IWORDA+AI

IF (IWORDALNE.IWORD) GO TO 1 -

IsAl
RETURN

FORMAT
END

(Al0eF14,2)

290
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FET
FET
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SUBROUTINE DYNZ2 . - , . Dy2

1

10

11
12
13
14
15
16
17

18

[

COMMON /UNIT/ IMyNMP : . Y2
COMMON /MAT/ HP(35|13)0€P(35010)IS(2045011)0EX(1’ : Dy2
COMMON /CON/ 1[G, NCOMP.NCSoH.NE.NSvNPR-NPOL.THAX-IORDER.NGRAPH Dye
COMMON /BKY/ NBY ) &
COMMON /CNTR/ NCTR. : : N . . Dye
COMMON /LAG/ NSXsNSW Dye2
COMMON /GEAR2/ EPSsTIMEJKFLAG+JSTART ¢NBVMAX s ICONV ¢ NOPPT, ESTIFF Dy2
NBvs( , ' Dr2
NSXxs0 " Dy2
NOpPPT=g Dy2
NCTR=0 Dye2
DO 31 IM=]l,NE Dy2
IF (ICONV.EQ.1) Dyp
NTYPESMP (IM,2) Dye
B0 TO (1923394¢516¢79BeSe10+11 12013!14.15!16017013019.20921922c23072
1924925432627 92842%9430) ¢ NTYPE Oye
CALL TYPE] Dy2
60 10 21 -Dy2
CALL TYPER2 oYz
GO0 70 31 Dye2
CALL TYPEZ3 - Dr2
60 TO 231 Dr2
CALL TYPE#s Dy2
GO TO 31 , Dy2
CALL TYPES S Dyz .
GO TO 31 Dye
CALL TYPE6 Oye
GO0 10 131 Dyz2
CALL TYPET Dy2
G0 10 a1 PY2
CALL TYPESB Dy2
GO 10 a3} Dy2
CALL TYPES Dyz2
GO 710 31 Ov2
CALL TYPELO Dyz2
60 70 131 (0] rd
CALL TYPEl1ll Dy2
GO0 Y0 1} by2
CALL TYPELZ2 py2
GO 10 131 Dy2
CALL TYPE13 Dy2
GO YO 31 - Dy2
CALL TYPEla Dye
G0 TO 21l Dye
CALL TYPELS oye
GO TC 231 oy2
"CALL TYPE1ls oyz
GO 10 31 Dye
CALL TYPELT Dy2
GO 70 31 Dy2
CALL TYPELS8 Dyz -

OO~ WNE W~




19

20

21
22
23
24

25

- 26

27
26
29

390
31

60 TO 31

CALL TYPE19-

60 T10.131
CALL TYPE20
GO TO. 31
CALL TYPE2]
GO0 10 11

‘CALL TYPE22

G0 1O 31
CALL TYPE23
60 TO 3l
CALL TYPE24
G0 70 31
CALL TYPE2S
GO TO 131

CALL TYPE26

G0 TO al
CALL TYPE27
GO0 10 131
CALL TYPE28
GO 10 31
CALL> TYPE29

- GO TO 231

CALL TYPE3O
CONTINUE
RETURN

END

,n
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Dyz
Dy2
Dy2
oy2
oy2
oy2
Dye
Dye
Dy2
A
oye
oy2
Oy2
by2
DYz
Dy2
Dye

DYz,

Dy2
Dye
Dye
Dy2

-Dy2

Dy2
Ov2
Dy2
Dyz

53
54"

55
56
57

58
59 |

60
61

65

66

67
68

62 °
63
(1)

69

70

F2 ¢

T3

T4

75

76

7

3
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( o~ ‘~\ : ' S _
SURROUTINE' OUTPUT ouT
"THIS ROUTIN S QUT THE RESULTS ‘ N IT]
COMMON /MAT/ MP (35¢13) ¢+EP(35+10)¢S(2¢45+11)9EX(]1) ouT
.COMMON /CON/ 1G, NCOHP.NCS-H-NE-NS-NPR:NPOL TMAX s IORDER yNGRAPHN ouT
COMMON /PLT/ NPLOTS+PLOTI«PLOTS(20¢4) sPLOTT ouT
COMMON /GEARZ2/ EPScTIMEcKFLAGcJSTARTvNBVNAx-ICONVoNOPPTcISTIFF ouT
COMMON /FTN/ FN(1l»1)sNFN ouT
COMMON /FF/ TITLE(11:-HPL07:20'21.PLorﬂtzooz) : A I T) ¢
COMMON /G/ NTsNVsTPLOT (602} 9V (602) ¢ VPLOT(14602) our
DIMENSION SYMBOL {15) 4" SYMBOL1(4)s ALINE(125) ouTt
DATA SYMBOL/1HAs1HBs1HCs1HDs1HEs1HF 9 1H8 ¢ 1HHs IHI 9 1HJ 9 1HK e 1HL ¢ I1HM 4 LAOUT
INe1HO/ . _ our
DATA SYMBOL1/1H,eolHeglH s1Hy/ ouT
DATA T1TLE/4HSTRM.4HFLAG.4HFLou.4HTEMP.4HPREs.5Hconpl.suconpz.sﬂcoout
1MP3,SHCOMP4& ¢ SHCOMPS ¢ SKCOMPS/ _our
IF (NPOL.GT.0) GO TO 3 ' . . ouTt
WRITE (6+14) TIME o oo ouT
" WRITE (69185) L - . ouT -
DO 1 I=leNS . ' \ _ ' ouT
IF (S(2¢192)4LT,0,0) GO T0.1 _ ' ' . our
NN2S(2,1+1) , ‘ o : our
WRITE (6¢17) NNy (S(1lsIsJ)sJu3y¢NCD) o y . o our
CONTINUE - _ T A ouT
DO 2 IsleNE : . B . out
IF (MP(141),6T.0) 60 TO 2 : out
KeTABS (MP(I,1}) ° - . - our
WRITE (6916) Ke(EP(IeJ)rJdxle5) T ouT
CONTINUE _ : _ . our
RETURN : f our
CONTINUE ' ' ourt
IF (JSTART,NE,0) GO TO 6 ' ouTt
START PLOTTING RESULTS . ouTt
WRITE (6+19) ' ' S - ouT |
DO & I=1eNPLOTS . ouT
N1sPLOTS(Ie1) - our
N2=PLOTS (I+2) a ouT
"MPLOT (I+1)=N] : o ‘ T ouT
MPLOT(142)mN2 - - . ouT
PLOTR(I+1)®PLOTS (1,3} - _ : out
PLOTR{1+2)mPLOTS (144) b -, ouT
WRITE (6+20) SYMBOL (I} eNls TITLE(nz).PLOTstI.ai'PLorstlr%) out
CONTINUE - QUT
xmg, a X ' our
DO 5 I=ls2} ' . . _ ouT
ALINE(1)=X K rd ouT
XIXOS. ' - OUT
CONTINUE . ‘ S ouTt .
WRITE (6+21)  (ALINE(I)eI=1e21) ouT’
- WRITE (6922) . ' ) : ) ouT
CONTINUE . ouT
CALCULATE NUMBER OF LINES TO SKIP s ouT
XSPACE=(TIME=PLOTT) /PLOTI : our

R g

DN S N -

Yt s -
j;}ﬁﬂ;




10

11
12

13

14

15

NSPACE=XSPACE . :
XXSPACESNSPACE ' .
IF ({XSPACE=XXSPACE) sGT+045) NSPACE!NSPACE*I
IF (JSTART,EQ.0) NSPACE®2
1F (NSPACE,LT.1) RETURN
SET UP ALINE .

00 T I=2s120
ALINE (1) mSYMBOL1(3)
CONTINUE

ALINE (1)8SYMBOL1(1)

ALINE (101)=SYMBOL1 (1)
PLOTTSTIME = -
NSPACEaNSPACE=]

1F (NSPACE.EGQ.0}) GO TO 9
DO 8 Is1+NSPACE

WRITE (6918) (ALINE(J)sJslyl01)
CONTINUE

"SET UP NEW LINE()

NS=] -.
N6NPLQOTS : .
NVaNV+}

IF (NV, GT.602.0R.NV-LT 1) PRINT 24

DO 13 I=N5,N6
Ni=PLOTS(Is1)
N2=PLOTS(1+2)
XNZI(StloNloNE)-PLOTS(Io3))'100 /(PLOTS(I0&)-PLOTS(I'3))
VPLOT (T oNV)mXN2

XN3=XN2s ], . : ) ) ) v
N3=XN3 G ' '
XXNI=N3 \

IF ((XN3=XXN3)eGTe0,5) N3IWN3e}
IF (N3¢LT0200R0N306T0100) GO YO 13~

"IF (ALINE(N3) NE.SYMBOL1(3))°G0 TO 10

ALINE (N3)=SYMBOL (I}

GO TO 13

DO 11 J=1024108

IF (ALINE{(J) ,EQ,SYMBOL1{(3)) GD T0 12

 CONTINUE

Jx109

ALINE (J) =ALINE (N3)

ALINE (J+1)=SYMBOL (1)

ALINE (J+2)=SYMBOL] (4)

CONT INUE s

WRITE (6123) TIME,SYMBOL1.(2)s (ALINE (J) eumls110)
"NTmNTe+)

IF (NT.GT+602+0ReNV,LT,1) PRINT 24 L
TPLOT (NT)®PLOTT , )
RETURN

FORMAT (////20X+5 (1HS) 45X+ 30HPROCESS VARIABLES AT TIME =
15X+ (1HS) /)

FORMAT (61H STREAM  TOT FLOW  TEMP  PRESS  COMP 1

o \
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ouTY
ouTY

. ouT

ouT
ouT
ouT
ouT
ouTt
ouT
ouTt

ouT

ouT

SOUT
Ut

ouT
ouT
our
ouTt
ouT
ouTt
ouT

ouT™

ouT
ouY
ouT
ouT
ouT
ouT

ouT

ouT
ouT
ouTt
ouT
ouy
ouY
ouT
ouT

our

ouT
out
out
ouT
ouT
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ouT
ouY
ouT
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AT

o

1COMP 3,/)

295 .

__._. 0yt
FORMAY . (1H0+SX413¢8X96(3X9F12,5)) ouT
FORMAT (164F12.392F841+9F9,5) , - auTt
FORMAT (19X,101A1) ° . B ouT
FORMAT (1H1920X+6HSYMBOL 911Xs6HSTREAMY 23X+ BHVARIABLE + 19X » 6HRANGES ) OUT
FORMAT (1HO0922X9A2913XyI3928XsA793Xe2(2XsF12,5)) ouT
FORMAT (////715X¢21(1%sFé,0}) - ouT
FORHAT (I‘XIs‘lﬂo)lzl‘SHIooco)) . OUT
FORMAT (10Xy)F6,3¢2X9112A1) ouT
FORMAT (1Xe25H NTvNVgORQNE{OUTVOF RANGE) ~out
END : N : our
W
-~ - _—/
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SUBROUTINE GRAPH (NPLOTS) | ' GRA

0
COMMON /UNIT/ IMsNMP ‘ GRA 2
COMMON /CON/ :e.NcouP.Ncs.H.ua.NS.NPR.NPOL.TnAx.zonoER.NGRApH " GRA 3
COMMON /G/ NToNVeTPLOT(602) ¢V (602) 9VPLOT(19602) : GRA &
COMMON /FF/ TITLE(II!nMPLOT(EOoE)-PLOTRIEOvE) : . GRA 5
VINT¢1)=m0,0- , GRA 6
VINT+2)m12,5 . o ' - GRA 7
AAAASX AX IS ACTUAL INCHES : . GRA 8

_AAAAS]LO, _ : ,:> S ' GRA 9
TPLOT (NTel)=0,0 ' © GRA 10
TPLOT(NT+2)mTMAX/AAAA ' GRA 11

C CALL PLOTS (60+24¢910475s2) . ' GRA 12

- CALL PLOT (045+0450s=3) : o GRA 13

o ' o GRA 14
SET UP AXIS o - GRA 15
CALL -AXIS3 (04000409 9HTIME (HRS) »=G+AAAAs 040+ TPLOTINT 1) TPLOTINToZGRA' 16
1)01404502) . GRA 1T7.
CALL AXIS3 (0,0004096HV=AXIS1648,00+90, o.V(NToli.V(NToa).1.0.4.2) 8RA 18
GRA 19 .
PLOT K=1sNPLOTS CURVESsWITH DIFFERENT SYMBOLS GRA 20
DO 2 K=lsNPLOTS - - _ GRA 21
DO 1 JsleNT _ : : GRA * 22
V{JysVpPLOT (Ke) o GRA 23
CONTINUE Lo _ GRA 24
CALL LINE3 (TPLOTsV4NTs1+29Ke0) . GRA - 25
CONTINUE | : "GRA 26
o : ' _ . . 'GRA 27,
WRITE HEADING _ . . GRA 28
X0=11s5 - . | ® R GRA 29 .

. YDuT.0 ' ‘ , GRA 30 .
CALL SYMBOL (XD,YDy0, 2.7HLEGENO 20,07) GRA 31 .-
X0=10,5 - e "~ GRA 32

. YD=YD=0,3 ' GRA . 33 .
DO 3 K=1sNPLOTS - : ' T GRA 34

: o , - GRA 235§ .

WRITE SYMBOLPEN UP o : GRA 36i--;

YO=YD+0,.05 S GRA 37 . %

CALL SYMBOL (XDo¢YD90,19Ks0e00=1) GRA 38 . -

- : , ‘ GRA 39| -,

WRITE STREAM AND NUMBER ' - , GRA 40 i,

YDsYD=0,05 ) : ' ' GRA 4l .

CALL SYMBOL (XDe0,3+YD9s0, 1 SHSTRM=404+5) GRA 42 .
CALL WHERE (P+Q,F) . . . - -~ ORA 43
STRMNO=MPLOT (Ky1) . GRA 44|
CALL NUMBER (P+Qv0,1sSTRMNOs0.0y=1) : GRA 45
CALL WHERE (PsQoF) . GRA 46

- : _ GRA 47! -

WRITE VARIABLE NAMES GRA 48 o

CALL SYMBOL (P+0,34Ge0.1s TITLE(HPLOT(K;E));O 014) - GRA 49 |
CALL WHERE (P+QsF) ) m\,// GRA 50
_ - . GRA 51,
WRITE RANGES FOR VARIABLES ' - BRA 52




Ve

CALL

CALL
CALL
CALL
CALL

NUMBER (Pe0, 3-0&011;PLOTR(K 1)|0-002)
WHERE (PsQ+F)
SYMBOL (PsQs04ls3H = 40,0423)

WHERE (P+Q,F)

NUMBER (PsQs0.1 PLorntx.z).o.o.z)

YDaYD=p,2
CONTINUE

- CALL

ENDPLT

RETURN -

END

GRA
GRA
GRA
" GRA
GRA
GRA
GRA
GRA
- GRA
GRA

53
54
53
56

::"'29? \\\\\\\<L\

57 .

58

59 -

60
61

62« -

e i ant S T
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: REAL FUNCTIONPROPS{IG-ISI : '
COMMON /MAT/ MP(35!13)oEP(35|10)05(2"5'11)vEX(1)
- COMMON /CON/ IUQNCOHPONCSIHQNEoNSvNPRvNPOL!THAXUIORDER’NGRAPH
. COMMON /PTAB/ IGFLAGQPP(IUO?O)

ENTER HERE ON FIRST CALL
ROPS=(Q,0

CALLGET (NAME,X»0) L
NPPaX . v

-~

1F (NPP) 14345
=VE+TREAT AS WATER, NO TEHP COEFF. o T

CONTINUE .

DG 2 Im)sNCOMP

D0 2 J=mly20

PP{leJ)=0, ,

IF (J.EQ.1) PP(IsJ)=]B,

IF (JsEQs2) PP(IeJ)m},

IF (JeEQ416) PP({Iyd)m62,4
CONTINUE

WRITE (6+7) e

RETURN :

- IGFLAG=]

TREAT AS [.Gese¢ MW, AS AIR,
00 4 Is]1+NCOMP
DO &4 J=l020

PP {IeJ)=0,

IF (JeEGS]) PP({Ivd)m, 29 .

IF (JeEQe2) PP (I0J)=m,26

CONTINUE _ -
WRITE (6+8) :
RETURN

WRITE (6+10) NP

DO & Ia)leNCOMP

READ (54+9) (PP{IsJ)eJmloNPP)
WRITE - (6+11) (PP(I1sJ)rJd=]lasNPP)
CONTINUE by ke

e

RETURN

FORMAT (20H PROPERTIES AS WATER)

FORMAT (18H PROPERTIES-AS AIR)

FORMAT (12X¢5F12,0) '

FORMAT (15H PROPERTY TABLE;I#cBH ENTRIES)-
FORMAT (5F12,5)

END

d
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PRP

PRP -

PRP

PRP. .
PRP .

PRP
PRP
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PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP
PRP

VDN S WM~

n
o

N
»




T

[

299
FUNCTION CP (IG IS) o - cP
COMMON /MAT/ MP(35013}'EP(35010)QS(20&5v11)vEX(l) “““*\\\\gg
COMMON /CON/ IU.NCOHP;NCS.H;NE’NSoNPRoNPOLoTHAX'IORDERONGRAPH cp
COMMON /PTAB/ IGFLAGPP(10+20) cpP
IF (IGFLAG.NE.}1) GO TO 1 - cp
CPu0e26 cp
RETURN cpP
-SUM=0,.0 cP
Tas(1G,1Sed) PP (1920} CP
DO 2 IwlsNCOMP i cp
'SURISUHOS(IG'ISoIOSI.({(PP(I.SI'T*PP(I.Q})OTtPP(Ic3))'TOPP(IoEJ) GP
CONTINUE cép
CPuSUM ' T CcP
RETURN . ‘ cp
END : | - CP
\
T—

[ . ’ )

L{,J,E'.:_.-.A;t-..:ﬁtbﬁ—ﬁo»;.‘-«!-‘.d.&-o‘-.-— T RN
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FUNCTION MW (IG,1S)

COMMON /MAT/ MP(35913)9EP(35+10)95(2945,11)+EX(1) '

COMMON /CON/ IU,NCOMPyNCSsHsNEyNSsNPRINPOL TMAXuIORDER.NGRAPH
COMMON /PTAB/ IGFLAGPP(10+20) ‘

DO 1 I=)l+NCOMP

" SUMBSUM+PP (1, 1:¢s«re.rs.105) . o
CONTINUE .
MWmSUM
RETURN
END
- \?‘*“ﬂ

OV~ LN




!

' -

FUNCTION 'SG (IG I1s) - '
COMMON /MAT/ nptas.lai.sptas.xo:.5(2-45.11}.Ex11)

COMMON /PTAB/ 1GFLAGIPP (10020) it
IF (IGFLAG.NE.1) G0 TO 2 T
SUMmO, LT o
DO 1 Ial¢éNCOMP ‘ )
SUMRSUMPP (14 16)-s<xe.15,ros)

CONTINUE

PROPSES (1G415+5)/(10, 71'5{13.15.4)}
SGuPROPS*SUM

RETURN

SUMIOO‘ ’

Tag (16, ISvé)

D0 3 IsloeNCOMP

SUMuSUM+S (1G» IS;I*S)*(PP(I 17)+PP(1+18)#T)}
CONTINUE

SGuSUM

RETURN

END

. COMMON /CON/ IUoNCOHPoNCSoHoNE0NS¢NPR.NP0LQTMAX.IORDEQ.NGRAPH

-L’.».','i
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FUNCTION ENTHL (1GsIS) o | ETL

COMMON /MAT/ MP (35413} +EP(35+10)95(2+45s11)+EX {1} CETL
COMMON /CON/ IU,NCOHPrNCSvH.NE'NScNPRoNPOL-TMAxnIORDER.NGRAPH ETL
COMMON /PTAB/ IGFLAGsPP{10+20) , _ ETL
T2S(IG,IS+4) +PP (10420) 7 . oo ETL
HL=0« : . ’ - . ;ETL Co
DO 1 I.1.Ncoup - OETL
HLxHL*S{IG, 15,105)-t(c1 /h. 'PP(IoS)'T*l 73.%PP(1e4))®Te1./2,%PP(IETL -
13))#TepP(I42)) . _ _ “ETL
CONTINUE e T . - : ETL
ENTHLSHL®T : ) ~ S ETL
RETURN : ' ‘ ETL
I
/

U

om'ﬁom'&umw




“\\,/‘\
‘\

| K/-/\ ; ‘ - 303

&

FUNCTION ENTHV (IG,y1S) i~. : ETv 1
COMMON /MAT/ MP(35,13) yEP (35910095 (2945, (1) ETv 2
COMMON /CON/ IU.NCOHP'NCSeH.NE.ﬂSoNPR0NP0L.THAX.IORDER.NGRAPH'«» ETv 3
COMMON /PTAB/ IGFLAGsPP(10,20) o S ETV &
TS (IG,ISv4)«PP (1,20) . : ' : . ETVv s
HY=0., . , ETV 6
DO 1 I=1sNCOMP _ _ ’ : ETv 7
HV-HV¢S(IGoISo105)'(((((PP(I.IS)'ToPP(I.l#))'T*PP(I-IS))’T*PP(Igl?ETV 8 .
1))1#T+Pp(Iv11))#TePP(1410)) . : , ETv 9
CONTINUE o ETV 10
ENTHVEHY ‘ L : ETY 11
RETURN ' : EYv 42
END ETv 13~

r
A W BT Sabeap ot
2T .-
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FUNCTION EQUIL (IL+IV) : ' . EaL . 1
# COMMON /MAT/ MP(35+13)+EP(35+10)95.(2+45411) 4EX(1) . . EQL 2
- COMMON /CON/ 1G, NCOHP.NCS.H;NE-NScNPR-NPOL9YHAXoIORDER.NGRAPH EgQL - 3
-COMMON /PTAB/ IGFLAGYPP (10420} EQL 4.
. COMMON /KVALU/ HKK(10) . . S _ EQL “B»Kh#
o DUMMY STATEMENT - : - : EQL 6
EQUIL=0,0 . e : . ' EQL 7
TaS(I1G,ILs4)+PP(14+20) : ' EQL &8
IF (TJEQ.0.) Tx100, L | A " EQL - 9
Kso o o : - / o EQL - 10
1 CONTINUE . X _ K EQL™ 11
) KEKel ) L ‘ - EQL 12 |
IF (K.GE+50) PRINT 39 TeSUMsILsIV - ( : EQL 13
IF (KeGE«50) PRINT 4, (S(IG, IL.J1,S(IG.IV.J3.J=1 1'0) EQL 14
IF (KoGE.50) RETURN ) . EQL 15
DUMsKVAL (IL¢IV) - : EQL 16
. : SUM=0,0 , _— , EQL 17
B SUMY=0,0 ‘ EQL 18 «
0o ? Ncse.Ncs : EQL 19 .
NENC=5 - : EQL 20 .
S(IG-IV-NC)IHKK(N)'S(IG-IL-NC) - EQL 21 -
S UMsS{IGsIV,NC) - . -EQL 22
D S(IG-IV.NC)'PP(No?)/(T‘PP(NcB))*'2 : . EQL 23}
© SUMY®SUMYeDY . . ’ EQL -~ 24
2 CONTINUE ‘ : £€QL 25 ¢4
: YER=],=SUM EQl 26 ;3
T=T+YER/SUMY ‘ EQt 27
S(IGrILv4}=T=PP(1420) : , EQL 28 -
IF (ABS(YER).GT,0.01) GO TO 1 . ' EQL 29 -
“S{IGYILe4)=T=PP(1420) - ' | , ) . EQL 30
S(IGrIVed)mS(IGyILo4a) - EQL. 31, |
‘RETURN : : . EQL 32 .
¢ : EQL 334+
3 FORMAT (' ITERsSUMY,IL,IV ",2E15.64215) EQL 34 -
4 FORMAT (2E15,5) . EQL 35 i
END ) . - ' ' £QL 36-!
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REAL FUNCTIONKVAL(IL#IVY

. . Y . KVL
COMMON /MAT/ HP(35¢13)-EP(BS;ID);S(Z;#Svll)gEX(l) KV
COMMON /CON/ 16yNCOMPyNCS5sHsNEyNSsNPRINPOL s THAX s TORDER,NGRAPH * Kyl
COMMON /PTAB/ IGFLAGPP(104+20) i S KyL
‘COMMON /KVALU/ HKK(10) ' KvL
DUMMY STATEMENT KVL
KVAL=0,0 KVL
TS (I1G,ILs4) +PP(}420) KvL
- Prs{I6,IL+S) KVL
OUM=ACTY (IL) KvVi
DO 1 I=1lsNCOMP - KvL
HKK (1) mEXP (PP(1+6) PP (1+7)/(TePP(148)))@PP(1,9) /P KyL
CONTINUE KvL
RETURN - KVYL
END B Kvi

Ve~ nNyWhe-

S, -

T PRI IEII T EREESe SRR SIS
o . Y



FUNCTION ACTY (1IS) ATY
COMMON /MAT/ HP(35'13)|EP(35!10)05{29‘5'11)!Ex(11 . ATY
COMMON /CON/ TUNCOMPoeNCSeH» NE.NS’NPR!NPOOTHAX!IORDERQNGRAPH- ATY
COMMON /PTAB/ 16FLAG.PP(10420) ATY
DUMMY STATEMENT ATY
ACTY=0,0 ATY
DO 1 I=l+NCOMP ATY
PP(1v91m], ATY
CONTINUE - ATY
RETURN ATY
END ATY

306 -
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FUNCTION TEMPE (QsMASSN) , MP 1
REAL: MASS T™™MP 2 )
COMMON 7MAT/ MP¢35.131.EPt35.101.5(2.45.11) EX(1) TMP . 3
COMMON /CON/ IG+NCOMPsNCSsHs NE.NS.NPR.NPOL.TMAX.IORDER.NGRAPH THP &
COMMON /PTAB/ IGFLAG+PP(10+20) | TMP 5 .
Tag(IG,N1&) +PP (1920) | e TMP 6
IF (QeLEeO¢sAND.MASS,LE.Os) 60 TO 3 . TMP T ¢
XIIOl { . TP 8 -

X280 ™P 9
X3m0, TMP 10
Xan(e > - THP 1i -
DO 1 d=1+NCOMP : — : T™MP 12
JuT3 , TMP 13
Xl'Xl‘S(IGoN.J)QPP(IQBJ TMP 14
X2uX2+S(IGaNs J)#PP(1,3)/2, ‘ TMP 15
X3mX3+S{IGsNsJI#PP(1+4)/3, ‘ o \ TMP 16
X4mX4+S(IGINsJ)#PP (I+5) /4, ' . TMP 17
CONTINUE " : TMP 18
CONTINUE . '  TMP 19 9
FaQe ({ (X4®TeX3)#ToX2)#TeX])#T - TMP 20 :
DF me ({ (4. #X48T+3,8X3)#Te2,4X2)#T+X]) o : TP 21 °
T2=T~F/DF _ TMP 22
IF (ABS(T= T2) eLTes01} GO TO 3 . _ TMP 23 i
TeT2 ) TMP® 24 | ©
GO TO'2 ' ‘ , TMP 25 |
TEMPE'T-PP(InZOl ’ A . TMP 26|
RETURN ' - T TMP 2T
END ' _ TMP 28

o

&
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12) +DERY2(222)

COHHON-/GEARE/‘EPS!TIHE!KFLAGGJST‘RT!NBVHAX!ICONV.&OPPTOISTIFF

SUBROUTINE DIFSUB (NsYYsDERY)
COMMON /GEAR1/ Y(8+222) +SAVE(100222) s

COHHON-/CON/,IG.NCOHPuNCSoHsNE'NS'NPRrNPOL'THAXoIORDER;NGE‘PH

COMMON /GEAR3/ HMINsHMAX » XMINoNOMES

COMMON /BKV/ NBV
COMMON /ROW/ IROW(1887)

cgznnu—1t0Lunu/ JeoL (1887)
COGMON /JACQB/ PW{2109)
COMMON /SUBDI/ ASUB(49) :

COMMON /DIAG/ BDIAG(49)
COMMON /SUPERD/ CSUP (49)

LR

COMMON /MODULE/ IDERYsITERsITRIZNZERO

DIMENSION A(8)s PERTST(T92+3)
DIMENSION NOP{1000)s NW(S500)9s PWSAV

DIMENSION NOPS(1000)

DIMENSION YY(222)s DERY(222)

DATA ITRIJIDERY/2%0/

BATA PERTST/2.094e507¢333010,42113.7
1057.33:70+08987,9793,006,0194167912,5¢1

E(200)

29053-33v70.08c87.97o1.01Y.Do1.000-5’0¢1667&0.0#13300Q00826701
30901e092000140¢0,3157+0.07407+0.0139/

DATA A(2)/=1.,0/

IF (IDERY.EQ,1) 60 TO 52
NBv1=NBVel '
NBvuNBy+N :

IF (NBVMAX,LT.NBV) NBVMAX=NBV

DO 1 IaNBV1.NBY
II=I~NAV1+l
DERY1{I}SDERY (1Y)
CONTINYE ‘

IF (I1G,EQ.1) GO TO 26

PREDICTOR SECTION

D
IRET=1
IF (JSTART.EQ,.,0) GO TO &
DO 3 IaNBV1.NBYV
DO 3 JwleK
SAVE (J,1)1mY{JsI)
HOLD=H
NQOLO=NQ
RACUM=],0

IFf (JSTART,.GT.0) GO TO 23
N3=N

GO TO 6
NéxsN®N

CONTINUE
el

DO 5 IxNBV]1.NBY
IInI=~NAV1e+l

ERROR (222) » YMAX (222) yDERY] (22DIF

308
-OIF 1
2"
DIF K)
DIF 4
DIF 5
DIF .6
CIF 7
DIF 8
DIF 9
DIF 10
DIF 11
DIF 12
PIF 13
DIF 14
OIF 15
DIF 16
DIF 17.
DIF 18 .
DIF 19 .

L T,

17.1591009240012.0024.0¢37,89DIF 20
5.98I100'100012.0'2‘.0'37.8_01*- 21
«001sDIF .22

b .

[T T TR

DIF 23
DIF 24
DIF 25
DIF 267
DIF - 27 .
DIF 28
DIF 29
DIF 30
CIF 31
DIF 32.
DIF 33
DIF 34
DIF 35: ..
DIF 36 -
oIF 371!-
DIF 38
DIF 39
DIF &0
DIF 41
DIF: 42
DIF 43
DIF 46!
DIF 45
DIF . 46!
DIF 4T
DIF a8
DIF a9
DIF 50
DIF .51
DIF 52 ¢

e e A ——————

b ast



[+ 4]

OO0

11

12

13

14

15

Y({1:+I)mYY{IYD)
Y{2,1)=DERY1 ()N

. ‘CONTINUE

HNEwW=H

Kmp .

GO TO0 2 .

IF (ISTIFF, EQ.O) 60 TO 7

GO TO (16+17+18419+20921}

IF (NQ.GT.7,0R.NQ.,LT,1) GO TQ 8
GO TO (9+10+s119129¢13+149¢15)9 NQ

PRINT Bée NQ
STOP

NONSTIFF COEFFICIENTS,ORDER 1-7

A(1)==1,0

GO TO 22
A(l)"O.SOOOOOOOO
A(3)'-0.500000000

GO TO 22
A(l)"0.41666666666667

A{3)8=0,750000000

A{4)B=0,1666666666666T
60 70 22
A(1)==0,375000000
A(3)m=(,9166666666666T
A(4)==0,33333333333333
A(5)==0,4166666666666TE=01]
GO TO 22
A(1)%=0,34861111111111
A(3)==]1,04166666666HT °
Al{a)==0,48611111111111
A(S)==0,10416666666667

+ A(6)®=0,83333333333333E~-02

GO TO 22
A(1)®==0,32986111111111
A(3)B=],1416666666667
Al4)S=0,625000000

"A{5)=e(,17708333333333

A{6)==0,025000000
Al(7T)==0,13880888p888889E=02
GO TO 22
A(I)"0.31559193121693
A(3)==],235000000
A(4)==0,T75185185185
A(S)==0,25520833333333
A{6)==0.48611111111111E=-01
A(T)==0,48611111111111€E=-02
A(B)==0,19841269B4]12TE~03
GO TG 22

IF (NQ,BT«6,0RNQ,LT,17 GO .TO 8

NG

309

DIF 53
DIF 54
‘DIF 55 .
DIF 56
DIF- S7 -
DIF S8
DIF 59
DIF 60
DIF el
DIF 62 .
DIF 63
DIF 64
DIF 65 -
DIF 66
DIF 67 -
DIF 68 :
DIF 69
DIF 70.. Y
DIF 71
OIF 712
DIF 73
DIF 74 ;
DIF 751
DYF 76
DIF 77'
DIF 781
DIF 791
DIF 80"
DIF 81 .
DIF 82
DIF , 83,
DIF . g4
DIF 5
DIF &*5
DIF 87 -
DIF 88
DIF 89 ..
DIF 0}"
DIF 91
DIF 92/ :
DIF° 93] .r
DIF 94 .
DIF 95 .
DIF 96
DIF 97
DIF 98
DIF 99! |
DIF 100
DIF 101!
DIF 102
CIF 103
"DIF 104 :

i
i
!



s

16

17

19

20

21

2e

23

2h

25
26

L

STIFF COEFFICIENTS+ORDER 1=6.

A(1)==1,000000000

GO 70 22
A(1)3=0,66668666666667
A(3)'*0.33333333333333

GO TO 22
A(1)m=0,54545454545455
A({3)ysA(]).
A(d}'-0-90909090909091E-01

- 60 70 22

A(]1)==0,4800000.00
A(3)==0,T700000000
A(4)==0,200000000
A(5)==0,020000000

GO TO 22 '
A(]1)%=0,43795620437956
A(3)==0,B82116788321169
A{4)==0,31021897810219
A(5)%=0,54T4452554T445E=01
A(6)S=0,36496350364964E-02
G0 TO 22 '
A(l)"0.40816326530612
A(3)3=0,92063492063492
Al4)==0,41666666666666
A(S)=e) ,99206349206349E~01
A{6)Z=0.11904T61904T62E=01
A(?)--o.56ee93424036285 =03

K=NQ+1

IDouUB=K

 MTYP®2-ISTIFF

ENQ@2%0,5/FLOAT (NQ+1)
ENQI=0,5/FLOAT (NQ+2)
ENG1=0,5/FLOAT (NQ)
Eup.(PERTSTtNo'uTYP.z)*EPsio-2~
E= (PERTST(NQyMTYP 1) #EPS) #n2

EDWN®= (PERTST (NG, MTYP-3)'EPS)“'2'

IF (EDWN.EQG,0) 60O TO 83
IF (IRET.EQ.2) GO TO 75
IF (IRET.EQ.3} RETURN
CONTINUE '

DO 24 Um2sK

.DO 24 Jl=JsK

J2uK=J]leJ=l

DO 24 I=NBV1.NBV
Y(J2e1)mY{J2¢1) Y (J2+1»]1)
DO 25 I=1sN

I1l=TeNBV]=]

YY(I)=sY{(leID)

CONTINUE

RETURN

CONTINUE ~

- 'DIF

OIF

DIF.

DIF
OIF

DIf
. DIF

DIF
DIF
DIF
DIF

- DIF

OIF
DIF
OIF
DIF
ODIF
OIF
OIF
OIF
DIF
DIF
OIF
DIF
DIF
DIF

- OIF

DIF
CIF

- DIF

DIF
DIF
DIF

"DIF

DIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

 DIF

DIF
DIF

DIF 196

10
\1‘1 W

'148'

105

106
107
108 .
109
110 ©.
111 .
113
114 :
115
116
117
118
119
120
121
122
123 -
124
125
126 . .
127 | .
128 ;
129 ¢
130 -
131
132"
133
134
135
136 ;
137
138
139 .

142 §°
143} R
144 !




o000

29

30

31

32

34

OO0 W

-~ 31T

CORRECTOR SECTION -

DO 27 I=NBVI1g¢NBV. . ' -
ERROR(1)=0,0 v :

CONTINUE :

IWEVAL=ISTIFF

L=}

CONTINUE

ITER=0 = DIRECT ITERATION OF CORRECTOR
ITER'I - NEHTON-RAPHSON ITERATION OF ‘CORRECTOR

1IF (ITER, EQ 0.0RISTIFFLEG,0) GO TO 4l
R=A (1)K

IF {ITR14EG.1) GO -TO 43

TRGB OPTION

IF (IWEVAL.EQ.-1) GO TO 30

DO 29 1=1+NZERQ

PW({I)=PW({I)*R

IF (IROW(I) ,EQ.UCOL(I)) PW(I)=]l,0+PW(])
CONTINUE -

IWEY -1

DO 35 1=1eN

IROW(I+NZERO) =]

JCOL{I+NZERO)=0 -

II=I*NBV1=1 : . . s
PH(IONZERO)-Y(ZoII)-DERYI(II)'H
CONTINUE ~

NEMNZEFRQ+N

DO 32 1m]lsNEM.

 PWSAVE (1) =PW(I) | . . P

CONTINUE -

IF (JSTART.,EQ.0} GO 'TO 34 -
NOP22NOPS {NOPPT+2)} ‘

DO 33 I=1+NOP2 N

II=aNOPPT+]

NOP (I)=NOPS({II}
CONTINUE .
CALL TRGB2 (NOP,PWsXMIN/NTEST«NELEM)

IF (NELEM,EQ,0) GO TO 38 > e
IF (NOMES.EQ.0) PRINT 85,NELEM¢NBV1NBV

CALL TRGB (NOP NWsPWoJCOL»IROWsN, N.NEM.xMIN)
IF (JSTART,.EQ,0) GO TO 35S

NOP (2) =NOPS (NOPPT+2) L

GO TO 36 T
CONTINUE - =

- . v . . ’,

INCREASE LENGTH OF OPERATOR LIST BY 10 PERCENT IN CASE [T MUST
BE RE-CREATED .

-D1F

DIF
DIF
DIF
OIF
DIF

. DIF

DIF
DIF

_ DIF

OIF

157...




36

37

; 38

39

4bh

45

46

&7

48

49

N

.

[

NOP (2) sNOP (2) +NOP (2) /10

- CONTINUE

NOP2=NQP (2)

DO 37 I=14NOP2
I1=NOPPTSI -
NOPS (I1)=NOP.(I)
CONTINUE - o
CONTINUE

DO 39 :I-l 'NEH
-PW(1)%PWSAVE (1)
CONTINUE
NOP3=NOP (3)

DO 40 I=1sN
I1sIeNBVl=} -
SAVE(9,I1)sPW (NOP3+1)

. CONTINUE

GO TO 49 I

DIRECT IEFRATION OF CORRECTOR

CONTINUE
DO 42 I=NBV1sNBV

SAVE(9,]1)mY(2+1)~DERY1 (1) #H

. CONTINUE

GO TO 49 ~
TRIDIAGONAL OPTION

CONTINUE

IF (IWEVAL.EQ.~1) GO TO 46

DO 44 I=]l,N

 ASUB(I)=ASUB(I) @R

BDIAG(T)=BDIAG ( R-
CSUP (1) =CSUP ( .
CONTINUE

DO 45 [mlsd .
BDIAG(I)=1,0+BDIAG(I)
CONTINUE

IWEVAL =1

CONTINUE .

DO 47 I=NBV]NBV

. IImI=NBV1+]l

DERYZ(II)=Y (2+1)=DERY1 (1) ®H

CONTINUE

DO 48 I=lsN
SAVE(S,I)sYY(I)
CONTINUE-

ITRI=D -
NT=N ‘
BND=EPS#ENQ3/FLOAT (N

CALL TRIDAG (N-ASUB;BDIAG.CSUPoDERYZOYYsDERY|PHSAVEI

- “\y
T

—

\\\\“T“‘\m;;x;;

312

DIF
DIF
.DIF
- DIF
DIF
DIF
DIF
DIF
DIFf
DIF
DIF

- DIF

o

DIF
DIF
DIF
DIF
DIF
OIF
DIF

. DIF

DIF
DIF
OIF
DIF
DIF
DIF
CIF
DIF
DIF
DIF
DIF
DIF

. DIF

DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

256
.258

260

209
210 -

211
212
213
214
215
216

217

218
219
220
221
222
223

224

225
226
e27

228

229

2390

231

232 ;
233
234
235 |

236 |
237
238
239
240
241
242
243 |

244§

245{.
246 ; ¢
247

248

249 1

250 |
251
252 !
263 |
254
255

257 |
259

U



-1

ano

*

53

S4

55

56

57

58
59

DO 50 IsNBV1,NBY

Y(1eI)mY(1sI)eA(1)®SAVE(9yI) .

Y(2:1)mY(241)=SAVE(9sI)

ERROR ( 1) SERROR (1} ¢SAVE (94 1)
IF (ABS(SAVE(9+1)) .LE. (BND®YMAX{I))) NT=NT=]
CONTINUE

DO 51 I=lsN

IIsIeNBV1=1

YY(I)=y(LeI1)

CONTINUE . S

IF (NT,LE<0) 60 TO S6 .
IF (L.EGe3) GO TO 54

Rﬁ}URN TO MODULE TO GET NEW DERIVATIVE VALUES—m—_-ﬁ____*__*A_."

RETURN o g

IDERY=(
po 53 IlNBVioNBV-
Ilul=NAV]1+]

Les e+l

IF '(LeLTs#4) GO TO 28
CONTINUE )
ICONVY=Y e

" RACUM=RACUM®( .25
IF (NOMES.EQ,0) PRINT B64sNBV1.NBV

IF (HoLE+ (HMIN®],00001)) GO'nE)SS
GO TO a0 :

PRINT 87s NBV1sNBV

STOP

IF {ITRIEQ.0.AND.ITER.EQ, 1) NOPPT=NOPPT¢NOP(2)
IF (NBy,NE NBVMAX) RETURN

ERROR SECTION
&

D=go,0

DO S7 I=1¢NBVMAX

DuD+ (ERROR{I) /YMAX (J))#®2
CONTINUE w

IF (D.GT.E) GO TO 61

IF (KeLTe«3) GO TO 59

DO 58 Jm3¢K .

DO 58 I=1yNBVMAX

Y(Je1)mY (Jy I)*A(J)'ERROR(I)
CONTINUE

IF (IDOUB,LE.1l) GO TO 62
I0ouB=1D0UB=1 :

IF (IDOUB.G6T,1) GO TO 77
DO 60 1=m1eNBVMAX

DERY1 (1)=DERY(II} . ' :
CONTINUE - :

~ DIF 261

LIF 262/
DIF 263

. DIF 264 -
DIF 265

DIF 266
DIF.267 "
DIF 268
DIF

DIF /270

DIF/ 271
DIF 272
DIF 273

DIF 274

. DIF 275
PIF 276
/DIF 277

'DIF 218

DIF 279 .
DIF 280 .

DIF 281 :
DIF 282 .
DIF 283 j

DIF 28B4 ! :
DIF 285 :

DIF 286
DIF 287!
DIF 288
DIF 289
DIF 290
DIF 291°
DIF 292
DIF 293 }.
DIF 294§ -
DIF 295
DIF 296
DIF 297

“DIF 298

DIF 299
DIF 300
DIF 301
DIF 302}
DIF 303
DIF 3041
DIF 305

"DIF 306;

DIF 307
DIF 308
DIF 309
DIF 3190
DIF 311
DIF 312




>

60

61

62

63

64

65

-~ 66

67

68

69

70

71

72

73

T4

.

(}

_SAvEtlo-I)-ERROR(I)

CONTINUE T

- GO TO 77

KFLAG-KELAG-E ,

IF (NOMES.EQ.0) PRINT A8 ,
IF (HoLE.(HMIN®1,00001)) GO TO 79
PR2Zm (D/E) #aENQ2@],2

PR3'1.0E’20 .

IF ((NQ.GE.IORDER) ,OR, (KFLAG.LE.-I}) 60 TO 64
.D=0,0 .

00 &3 III!NBVHAX
D=D+ ((ERROR(I)=SAVE(10¢1))}/YMAX(I))#n2

*CONTINUE

IF (PR2.LE.PR3) GO TO 72

PR3-{D/EUP)"ENQ3*1 4
PR1=1,0E+20 '

IF (N@, LE-ll GO TO 66
D=0, 0 -

DO 65 I'IONBVMAX

D=De (Y Ky I)/YHAX(I))"E
CONTINUE )
PR1-(0/EOHN)°’EN01*1 3
CONTINUE o

IF (PR3,LT.PR1} GO TO 73

Rx1,0/AMAX] (PR1y1+0E=04)

NEWQ®NQ=1

IDOUB=10

IF ((KFLAG.EQ, Ii.AND.(R LT.1.1)) GO TO 77
IF (NEWQ.LE,NQ) GO TO 70

DO 69 I=1+NBVMAX

Y (NEWQ+101)mERROR (1) #A (K) /FLOAT (K}

- CONTINUE

KeNEWQ+ ]

IF (KFLAGHEQ.1) GO TO T4

a—

" RACUMmRACUMSR N

IRET1=3 _

G0 TO 890 T
CONTINUE S
IRET1=0 N
IF (NEWQJEQ.,NQ) RETURN =~
NQ=NEWGQG ~ t
IRET=3 AN
GO TO ¢ C
IF (PR2,6T,PR1) GO TO &7

NEWQ=NQ

RE],0/AMAX]1 (PR2,1.0F=04)

GO TO 68

R=],0/AMAX]1 (PR3,41.0E=04)

NEWQ=NG+1

‘GO 10 «8

CONTINUE
R=AMIN] (ReHMAX /ABS (H) )

-DIF
" DIF
DIF

DIF
DIF
DIF
DIF
DIF
DIF
0IF

DIF.

DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

"DIF

DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

313

314

315 .

a6
KON
318
319
320
3zl

323
324
325
326
327
328
329
330
a3l
332
333.
334

335 N

337
338
339

340 -

341
342

343
344

L

322';

345

346

34T
3‘8}
349
350

kLY.
353
354

+ I"‘
355 |-

356 |
357,
3585

359 |

360 !
3561
362
363
164
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75

76

S T7

78

79

80

81

82

. a3

84
85
86
87

88
a9

90

315
H=H#R ‘ DIF 365
IF (NQ,EQ.NEWQ) GO TO 715 OIF 366
NQ=NEWG " DIF 367
IRET=2 PIF 368
GO 1O & - DOIF 369
Rimla0 DIF 370
DO 76 J=m2,K DIF 371
R1=R1*R - . DIF 372
DO 76 1=1sNBVMAX DIF 373
Y(Jel)mY(Js I)*Rl : g JLIF 374
1DOUB=K 2 DIF 375
CONTINUE D1F 376
DO.T76. 1=14NBVYMAX = . DIF377. ..
YMAX(I)SAHAXI(YHAX(I);ABS(Y(I ) ~ DIF 378
CONTINUE . DIF 3719
JSTARTHNG | ' ‘ N : DIF 380
RETURN o, DIF 381
PRINT A9 DIF 382
SToP DIF 383
CONTINUE . DIF 384
RACUMSAMAX] (ABS (HMIN/HOLD) yRACUM) DIF 385
RACUM=AMIN] (RACUM s ABS (HMAX/HOLD)) DIF 386
HasHOLD#RACUM .. DIF 387
Rl=s1,0 - ' ) _ . DIF 388
DO 81 J=24K ; Q DIF 389
R1=R1*RACUM - N ' _ _ DIF 3%0
DO 81 I=lsNBVMAX wo DIF 391
Y (Js 1) wSAVE(Je 1) *R]1 : DIF 392
DO A2 I=1sNBVMAX h DIF 393
Y{141)=SAVE(]s]) \ A DIF 394
CONTINUE NS o DIF 385 -
I1DOUB=K ‘ I DIF 396 :
F _(IRET1.EQ.3) GO TO N1 DIF 397 -
RETURN P DIF 398
PRINT 90" ' DIF 399,
§TOP - - DIF 400 ..
S DIF 401 ;.-
FORMAT (41H THE MAXIMUM ORDER SPECIFIED IS TOO LARGEsIS5) DIF 402
FORMAT (43H THE .CORRECTOR CANNOT BE SOLVED BECAUSE PWY.:I4+4TH ) ISODIF 4031
1 A PIVOT ELEMENT WHOSE VALUE IS BELOW XMINys/923M OIFFERENTIAL EQUADIF 404 ;°
2TIONSsT493H TOyI49/933H OPERATOR LIST WILL BE RE=CREATED) DIF 4051:
FORMAT (49H THE CORRECTOR FAILED TO CONVERGE IN 3 ITERATIONSvZBH DDIF 406 :
1IFFERENTIAL EQUATIONSsI4+3H TOsI4)} : DIF 407
FORMAT (58H CORRECTOR CONVERGENCE COULD NOT BE ACHIEVED FOR H,GT,HDIF 408 :
IMINy/v23H DIFFERENTIAL EQUATIONS»I4y3MH TOs14) DIF 409!
FORMAT -(30H TRUNCATION ERROR IS TOO \LARGE) DIF 410§
FORMAT (T72H THE STEP WAS TAKEN WITH MIN BUT THE REQUESTED ERRORDIF 411}
1 WAS NOT ACHIEVED) DIF 412 ;
FORMAT (68H THE REQUESTED ERROR IS SMALFER THAN CAN BE HANDLED FORDIF 413
1 THIS PROBLEM) DIF 414
END DIF. 415-

oY
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SUBROUTINE TRIDAG (NsAyBsCoDeVeBETAGAMMA) - -

TRI
TRI

SUBROUTINE FOR SOLVING A SYSTEM OF N LINEAR SIHULTANEOUS EQUATIONSTRI

HAVING A TRIDIAGONAL COEFFICIENT MATRIX,
SOURCE = APPLIED NUHERICAL'MFTHODS-CARNAHAN_LUTHER,& WILKES,1969

ARGUMENTS

=/ NUMBER OF EQUATIONS o
SUBDIAGONAL COEFFICIENTS ARE STORED IN A(ZT...A(N)
A(1) IS NOT USED ' :

B - DIAGONAL COEFFICIENTS
' C - SUPERDIAGONAL COEFFICIENTS ARE STORED IN C(1),eeC(N=1)

C(N) IS NOT USED -
D « RIGHT HAND SIOE VECTOR
¥V - SOLUTION VECTOR
BETA.GAHMA = INTERMEDIATE ARRAYS

‘DIMENSTIONS « ALL ARGUMENTS EXCEPT N MUST BE DIHENSIONED AT. LEAST

N IN CALLING PROGRAH

: DIMENSION A(N)s BIN), C(N)o D(N)s VIN), BQIA(NJ' GAMMA (N}

COMPUTE . INTERHEDIATE ARRAYS BETA AND GAMMA \\>

BETA(l)=B(1)

GAMMA (1)=D{1) /BETA (1)

DO 1 I=m2sN . ‘ ’
BETA{I)=B(I)=A{I)#C(I~1)/BETA(I~1}"

GAMMA (T)=(D(I})=A(1)®GAMMA(I=1))/BETA(I)

CONTINYE

COMPUTE FINAL SOLUTION VECTOR V

VI(N)EGAMMA (N)

LAST=Na]

DO 2 KmlsLAST

IIN—K

VIT)=GAMMA(I)=C(I)®Vv{I+]1)/BETA({I)

CONTINUE i
RETURN ' ‘
END

TR}
TR1
TRI
TRI

" TRI

TRI
TRI
TRI
TRI
TRI
TRI
TRI
TRI
TRI
TRI
TR1

TRI -

TRI
TRI
TRI
TRI
TRI
TRI

JR]

TRI
TRI
TR1
TRI

TRI.

TRI
TRI

TRI .,
TRI

TRI
TRI
TRI
TR1
TRI
TRI

TRI

VoD ~NOWUNS W -
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FIGURE 132% SKELETON OF MODULE FOR DYNSYS 2.1

SUBROUTINE TYPEZ.1
COMMENTS DESCRIBING MODULE

THE FOLLOHING COMMON BLOCKS ARE OR MAY BE REQUIRED!
HAToCON'PTABvUNIT'GEAREoHODULEnROUoCOLUHNoJACOB-SUBDIoDIAGoSUPERD

OO0 0

COHHON/HAT/HP( e ToEPC o 39S » o JsEX( )
COMHON?CON/IGONCOHP’NCS'HQNE'NSONPRQNPOLcTHAXiIORDERINGRAPH
COMMON/PTAB/IGFLAGPP( » }

COMMON/UNIT/IMyNMP

'COMMON/GEAR2/EPS » TIME »KFLAGs JSTART sNBYMAX » ICONV s ISTIFF ;
COMMON /MODULE /IDERY s ITERy ITRI +MC2IPIVOT | \

THE ROw DIMENSION OF JCOL AND XJACOB MUST BE THE SAME AS IN 6IFSUB
MC IS MAXIMUM NUMBER OF COLUMNS IN XJACOB AND JCOL

sNeNaNg

COMMON /COLUMN/JCOL { +MC) (NORMAL OPTION)
COMMON/JACOB/XJACOB({ sMC)  [(NORMAL OPTION)

N IS NuuBER‘QF ODES

OO0

COMMON/SUBDT /A (N) (TRIDIAGONAL OPTION) o
COMMON/DIAG/B (N} . {TRIDIAGONAL OPTION) - >
COMMON/SUPERD/C (N) {TRIDIAGONAL OPTION)
c .
cO.'u.c.ooil;.'ii.&&.oiqo.on..;ulolsoioooooliﬁa.b.Quioooilfiiiuﬁiioniiilioiooooa-
C SECTION #1 1 PARAMETER CALCULATIONS
Cil.i!lQlI.!.Gl.lQi!l.QQi.0!"lQ'l!!}GQl.i.....'Q.O.‘il.ﬂlibl.l'l...!..'.‘l..b..
C-l
CALCULATE MODULE PARAMETERS ! STREAM INPUT,INITIAL CONDITIONS,
: - VALUES OF ITER ETC.

INpGT STREAM INFORMATION IS OBTAINED FROM S(IGe¢ » )
VALUE. OF INDEPENDENT VARIABLE (Y) NEED ONLY BE SPECIFIED ON FIRST
INTEGRATION STEP (I.E. INITIAL CONDITIONS)

JSTART=0 ON FIRST INTEGRATION STEP .

aCURRENT ORDER OF INTEGRATION TECHNIQUE ON LATER STEPS ,
IF ISTIFF=0,NONSTIFF COEFFICIENTS WILL BE USED IN INTEGRATION ALGORITHN

(DIFSUB) FOR ALL MODULESs
. JACOBIAN MATRIX IS NOT REQUIRED

'IF ISTIFF=]1,STIFF COEFFICIENTS WILL BE USED FOR ALL MODULES
THEN+IF ITER=Q0 DIRECT ITERATION OF CORRECTOR WILL BE USED
(NONSTIFF MODULE) '
JACOBIAN IS NOT REQUIRED ]
IF ITER=] NEWTON-RAPHSON ITERATION OF CORRECTOR wILL
' BE USED (STIFF MODULE) ‘

OO0 00O000000000

-
O
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JACOBIAN MATRIX MUST BE SUPPLIED

ITER MUST BE SPECIFIED 0 OR |
IT IS NOT USED UNLESS ISTIFF=1

IF (16.EQe2) GO TO 2 ‘ T

T T T LA
SECTION #2 1 JACOBIAN EVALUATION

0-;».-.;..;.occc.Qﬂuuoo.ooo&Qoﬂ.o:.ci.npo.iaaco.&qc.ocoo.too.giooigooqfinboqnoo N
SECTION #2 TS\OHITTED FOR NONSTIFF MODULE

JACOBIAN MATRIX IS REQUIRED ONLY IF MODULE EQUATIONS ARE STIFF

CALCULATE JACOBIAN MATRIX ON CORRECTOR PASS ONLY :

JACOBIAN NEED NOT BE‘VERY ACCURATEgAS IT IS USED ONLY FOR CONVERGENCE
OF CORRECTOR .

ONLY NONZERO ELEMENTS ARE CALCULATED'BUT ALL DIAGONAL ELEMENTS MuST
BE STORED WHETHER OR NOT THEY ARE ZERO (NORMAL OPTION)

NORMAL OPTION R T ‘ ST

IF JACOBIAN MATREK 1S NOT TRID!AGONAL’KEYS STORAGE SCHEME IS USED ;
COLUMN NUMBERS OF NONZERO ELEMENTS IN ROW I ARE STORED IN o v
(JCOL (14J) v J=1¢NUMBER. OF .NONZEROS . IN-THAT--ROM}—— - o oo oo e e
'SIMILARLY THE VALUES OF THE NONZERO ELEHENTS OF ROW. I ARE o
STORED IN XJACOB(I, )
REMEMBER TO STORE ALL DIAGONAL ELEHENTS EVEN IF THEY ARE ZERO

MC = MAXIMUM NUMBER OF COLUMNS IN XJACQB MATRIX
MC CAN BE LARGER THAN THE HAXIHUH NUMBER OF NONZEROD ELEH&NTS
IN ANY JACOBIAN ROW SINCE ADDITIONAL NONZERO ELEMENTS CAN BE
CREATED DURING THE SOLUTIONMC IS CONSTANT FOR ANY SET 0F ODES
AND MAY HAVE TO BE DETERMINED BY TRIAL AND ERROR
IPIVOT = PIVOT OPTION USED IN SIMULT (1=T)
IPIvOT=] 1 SIMPLE GAUSS=-JUORDAN ELIMINATION

»

nnnnnonnnnnnnnnnnnnndnnonnnnnnnnnnnnnnnn aOO0OO0O0

IPIVOT®2 1 GAUSS-JORDAN PARTIAL PIVOTING S R T
IPIvOT=3 1 GAUSS~JORDAN FULL PIVOTING ' . : ' i
IPIVOT=4 § MINIMUM ROW=MINIMUM COLUMN - i
IPIVOT=5 1 MINIMUM COLUMN=MINIMUM ROW S _ i ‘i’
IPIvOT=6 1 MAXIMUM COLUMN=MINIMUM ROW . Sy
IPIVOT=T ¢ MINIMUM OF ROW ENTRIES TIMES COLUMN ENTRIES . t
ICOL(I,J) =~ COLUMN NUMBER OF JTH NONZERO ELEMENT IN ROW I . . g
XJACOB(Is+J) = VALUE OF JTH NONZERO ELEMENT OF ROwW I s ' .
MC= { L - : { -
IPIVOTs - ] . ' | i

IROW(1,1) % ° ' | | S . ‘
XJACOB (191) = : :
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IROW(N, 1= & “
XJACOB(Ny )=

. TRIDIAGONAL‘OPTION”

FOR TRIDIAGONAL JACOBIAN HATRIX.THE SUBDIAGONAL «DIAGONAL AND SUPEHDIAGONAL
ELEMENT VALUES. ARE STORED IN ARRAYS AsB AND C FROM CUMMON BLOCKS SUBDI»
DIAG AND SUPERD RESPECTIVELY

NUMBER OF ODES

VALUES OF SUBDIAGONAL ELEMENTS ARE STORED IN A{2)eeeA(N)

A(1) IS NOT USED - ™~

VALUES OF DIAGONAL ELEMENTS | })

»Z
"

(g s ]
1

VALUES OF SUPERDIAGONAL ELEHENTS ARE STORED IN C{l),seC(N=1)
C(N) IS NOT USED i

!

OOMOMNODOOOO0O0O 00

B{1)=

C(1)=

Al2y=

B(2)= ‘ : "

C(21= P

—— e i e e e e T ————— o ——— e = o

A(N-l)- . L
B(N=-1)= :
CiN=l)=
A(N)s=
BNy =

-1 CONTINUE

IF TRIDIAGONAL OPTION IS BEING USED.ITRI MUST BE SET TO 1 HERE,
IF NORMAL OPTION IS USED ITRI MAY BE IGNORED

ITRI'I

OO0 0O0O0n

-

O L :
2 CONTINUE . | SRR
C . . BRI
CO.D...Q....fll.'.Q*...‘."...C...'C...'..ﬂ'.l......... l....."."....'..." -
T

C SECTION #3 t DERIVATIVE CALCULATION

C..iil'...C'I...'.lQQ!G..QI."’!.O..Ci.!..Q...I.OQ.I‘II'Q..l.."...i.l.'."ll.'Ql.

c

C CALCULATE DERIVATIVES ' : ' i
c ‘ :
DERY(1)=
] h ,.f
DER;(N)-
C

C 'lGﬂl'i'Q‘Gil...QQCQ..Q..C’l..!I'OI..IQG..'Q.Q.'!..i.l’!’.I.‘.‘...i.'&..i“'.Q.“.i’

- ¢
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SEcTION ¥ Y] CALL DIFSUB

G.G.Qll{‘.QQI.........G.'.l..l.IQGI.‘.Q..QGCQQGQ.QGQ'lQ........’Q.Q"Q'..“Q.‘.

CALL DIFSUB T0O SOLVE ODES FOR MODULE

DIFSUB MAY BE CALLED MORE THAN ONCE FROM A HODULE FOR EXAMPLE IF THE -
MODULE CONTAINS A SET OF STIFF 0+.DeEWS AND ANOTHER SET OF NONSTIFF
Q0eD,EeS

ARGUMENTS t N - NUMBER GF ODES
Y ~ INDEPENDENT VARIABLE °
 DERY =~ DERIVATIVES

nnnnnnnnnndn

CALL DIFSUB(N»sY,DERY} =

IF IDERY IS NOT ZERO,THE DERIVATIVES WILL BE RE-EVALUATED AND
-RET{RNED TO DIFSUB

ITRI MyST ALSO BE RESET IF IT IS 1

OO0O0O00

IF {IDERYNEL.0) GO TO 1

OQﬂngag.ooi.0!&{;0o.QQi¢Q&0Qi|.§¢0¢i¢.§.ioog.oo.Qiioqttolncoo&boo§§¢.0ioonntto

"SECTION #5 : STREAM OUTPUT CALCULATION - -

.QG0l‘..G.l.C.GQ'QO!...Q'i‘.l....‘.Q'QQQQQ...l'.IGl.QC...QQ..Q..i.’....ﬁl...l'.

OO0 00

CALCULATE STREAM OUTPUT (STORED IN S(ls » 1))

S(1e » )=

.

RETURN
END

O

PR ——
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FIGURE 13! LISTING OF DYNSYS 2.1 EXECUTIVE : :
(ROUTINES IDENTICAL OR NEARLY IDENTICAL WITH THOSE
“IN-DYNSYS 2.0 ARE NOT LISTED) _

&

. .Gyl

- SUBROUTINE DYN1 1 4
DATA LOADING AND PRINTING , ' Dyl 2 i
COMMON /UNIT/ IMsNMP | ‘ : DY: 3
COMMON /MAT/ MP (15¢5) 9EP(15+5)45(201627)sEX(1) DYl 4
COMMON /CON/ 1GoNCOMPsNCSsHyNEsNS+NPRINPOL s TMAX s IORDERyNERAPH oYL S
COMMON /FTN/ FN(1lsl} oNFN : oyr 6
COMMON /GEAR2/ EPSyTIMEsKFLAG,JSTARTsNBVMAX,ICONVISTIFF . 2} B SR
COMMON /GEAR3/ HMINsHMAX3sNOMES Dyl 8
DIMENSION AM(100) , - oYr 9
DIMENSION ITAG(30) 8 DYl 10 .
DATA ITAG/SHVALV]sSHVALVZ2eSHSTIRLsSHCONT ] #SHSETL1 9 6HMXPLTIySHSETTIOYL

196HVESSL] » SHDELAY » SHCSTR1 ¢ SHEXCH1 9 SHDCAN1 1 SHCONV1+SHSPLT1916%6H  DY1

2 7/ DYl
WRITE (6427} : Dyl
DEFAULT VALUES ‘ . . DY}
TIME=0,0 - ‘ oY)
MAXNE®=20 _ : : oYl
NPR=] . . ‘ ‘ : ‘ byl
TMAX=]Q.D - ‘ . DYl
NCOMP=1} byl
NMP=5 . ) Dyl
Hx0,00001 . - - DY}
HMIN=0,000001 ' DYl
HMAX=0,05 . , : ' Oyl
EPS®0,001 - DYl
NPOL®O Sy DYl
NGRAPH=0 : _ , DYl
I0RDER=6 o L DYl
ISTIFFul _ DYl
NOMES=D ) DYl
READ AND COPY TITLE DYl
READ (5+29) (AM(I)sIm1,8) ' , oYl
WRITE (6+28) (AM(])sI=1498) . Pyl
IF (AM({1) «NE.SHBEGIN) GO TO 1 . : ' orl-
READ INITIAL DATA ' : ov1l
CALL GET (NsXel) } , . . byl
‘IF (NoEQeSHCOMPS) NCOMP=X oYl
IF (N EQ.SHIN/OUT) NMP=X DYl
IF (N-anﬁHDELTAT) H=X R Dyl
IF (NJEQs&HHMIN) HMIN=X : _ - DY)

IF (N EQe4HHMAX) HMAX=X . o ' DYl
IF (N EQ.4KTIME) TMAX=X , ‘ Dyl
IF (NJEQ«BHPRINTING) NPR=X , oY1
IF (NoEQ.9HTOLERANCE) EPS=X oYl
IF (N.EQ+SHORDER) IORDER=X Dyl
IF (NQEQQBHLINEPLOT) NPOL=] : : Dyl

IF (N.EQ.5HGRAPH) NBRAPH=l . oYl




fa

10

11

12

13

14

IF
IF
IF
IF
IF
GO0
NLI
00
CAL
Jux
ITa
CON
GO

(NsEQ+BHNONSTIFF) ISTIFF=0
(N.EQ.9HNOMESSAGE) NOMES=]
(N.EQ.THLIBRARY) GO TO 3
{(N.EQ.7HPROCESS) GO TO 6
(NeEQsBHFUNCTION} 60 YO 5
TO 2

B=X

4 I=]loeNLIB -

L GET (NsXs0)

G{dJd)=N
TINUE
TC 2

NFN=X

NCS
REA

GO
CON
“NMP

asNCOMP+5

D 39y ((FN(IsJ)aJmleNCS5)oInm]lsNFN) .
PRINT 39, ((FN(I-U)oQII»NCS)oI-}-NFN)

TO 2

TINUE - \

sNMP+2

MAXNMPaNMP ¢ ]
NCESrNCOMP +5

WRITE (6+30) 7.
DO 9 IslsMAXNE

0o
MP (

T Ja]leMAXNMP
Ied)=

CONTINUE ' «

DO
EP¢

8 J=l¢5
Ie+J)=0

CONTINUE

CON
NE=
NEX
TIM
CAL
iF
[3]¢]
IF

TINUE - _ a
0 . .
=]

E=0,0

L GET (NM¢Xye0)

(NM _EQ.3HEND) GO TO 16
12 I=]1,30Q ,

(NM EQ,ITAG(I}) GO TO 13

CONTINUE

WRIY
Iso

TE (6+3]1) NM

NT=}

NE=
REA
Do
MP (
CON
MP (
MP (
WRI
REA
WRTY

NE+1

D (§932) (AM(I)sIm3sNMP)

14 Ju3pNMP

NEo J)mAM ()

TINUE

NEe¢1) =X

NE»2)=sNT

TE (6933) (MP(NEsI) s ]=s)loNMP)
D (5+32) (EP(NEsI)oIn]+S8)

TE (6934) (EP(NEsI)oIm],5)

B

)

P

(.

322

oyl

Dyl
Drl
Dyl
byl
Dyl
by}
oY1
Dyl
Oy}
oYl

DYl

oyl
Dyl

ori

DYl
DYl

oYl

DYl
Dyl

oyl

oy}
oYl
oyl
0yl

Oyl

Dyl
Pyl
oY}
ovl
oYl
Dyl
Dyl
Dy}
DYl
oYl

Dyl-

DYl
DY}
Dyl
oYl
DYl
oY1
DYl
DYl
oy}
Dyl
Dyl
Oyl
oYl
DYl
DYl
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WRITE (6937) (S(1sIsJ)eJu6sNCS) : oY1l 151

-
. - -
-~ r

i
- A

\ e 323 E
CALL GET (NMsXs0) - , .0 DYl 100 =
IF (NM,NE,SHEXTRA) 60 TO 15 . T _ Dyl 10l .
NNX=X ’ : , oyl 102 |
NMX=NNX eNEX~] . : . M. DYl 103 &
READY (5932) (EX(J) ¢ JENEXoNMX) ©DYL 104
WRITE (6934) (EX(J) e JENEXINMX) - DYl 105 :
MP (NEsNMP+1) ENEX DYl 106
NEX®MEXSNNX Dyl 107
. CALL *GEY {NMsXys1) DYl 108
15 IF (NM NE.7HRESERVE) 60 TO 11 Oyl 109
NNx=X ) oYl 1190 .
NEXsNEXeNNX - . - Yl 111
60 TO 10 ' DYl 112
16 CALL FETCH (7THSTREAMS»NS) <ZY1 113
WRITE (6935) NS ' o DYl 114
DO 18 I®1eNS : : - DYl 115
S(1s1e1)sl _ oY1l 116
S({1s1e2)==140 . oYl 117
S(1,1¢3)50.0 DYl 118
S(1+1+4)3530,0 - oYl 119
, Silelesi=lé,T * 3 Dyl 120
DO 17 J=6sNCS \ pYl 121
S(1elvJ) =0 ‘ _ DYl 122
17 CONTINUE ) : DYl 123 .
18 CONTINUE DYl 124
19 CALL GET (NMyXy=1) . DYl 125
IF (NM_ EQ.BHEXPLICIT) GO YO 20 ' . DYl _126
IF (NM,EQ.3HEND} 60 TO 25 ' _ oY1’127
IF (NM_EQ.4HSPEC) GO TO 22 . < : , DYl 128
G0 TO 19 . byl 129°
20 READ (5+36) ITe(AM(I}eI=21+5) ) DYl 130
: IF (IT.EQ.3HEND) GO-TO 25 - . - DYl 131~
READ (S5¢32) (AM(I)4+1m6sNCS) byl 132
N=aM (1)~ v . : 4 DYl 133 ;
DO 21 I=kaNC5 ; DYl 134,
S(1eNeI)=AM(I) , . : DYl 135:¢ -
81 CONTINUE . Co DYl 136 | =
.M 60 TO 20 ) oYl 1373
22 - Nl=x ' DYl 138 1-
READ (5+32) (AM(I)+I=m14NC5) ° DYl 139§
- N2sAM(1)} DYl la0 4.
D0 24 I=N1sN2 _ . © DYl 1412 °
DO 23 J=m2sNC5 : ‘ DYl 142 ¢ =
R ISTRSTILLLICY DYl 1433
23 CONTINUE . DY) la4 2 .
S(1els1)mI ) DYl 145
24 CONTINUE : . DYl 146 § ~
60 TO 19 ) : . DY1 147
25 DO 26 1=14NS Y ’ _ DY1 148 |
KzS(ls1s2) . - e DYl 145 | .
. -WRITE (6938) IeKs{S{1sIed}sJm3s5) A : DY1 150 i
k]
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28

<}

26

27

29
30
31
3e
33
34
35
36

v

38

DO 26 J=1+NC5

S{2el9J)mS({1eley} e
XX=PROPS (040} - T

RETURN

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT_

FORMAT
FORMAT
FORMAT
END

(1H1) - . - : . e
{1Xs8A10). ’

(8A10)

(1H1) _ '

{1BH «++FAILese NAME +Al2¢8H NOT SET)
{12X+S5F12.0) o o ‘
{/99H" UNIT =9[3¢9H=« TYPE =91341H=91215)
(11XsSF1laeS) . | .
(1Hls16+8H STREAMS)

{(A3+9Xs5F12,0) .

{8Xs4F1l4,5) .

({11H STREAM =313¢4H= (2I391H)+3F14,5)
(12Xs5F12.2)

B ‘-J .

I

P

324

- Dyl

Dyl
oyl
Dyl
oyl
oy}
Dyl
oYl
oYl.
Dyl
Drv1l
oYl
DYl
Drl

. DYl

DYl

DYl

oYl
Dyl

152
153
154
155
156
187
156
159
160
161
162
163
168
165
166
167
168
169
170-

e —————— -
]
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RO
12
13
14
15
16
17

18

F‘\\ SUBROUTINE DYN2 -

325

COMMON ZUNIT/ IMeNMP -

COMMON /MAT/ HP(IS;S);EP(1505)v5(2t16l7)|EX(1) '
COMMON /CON/ IG'NCOHP!NCSOH'NE'NSONPR!NPOL!THAKOIORDER'NGRAPH
COMMON /BKV/ NBY

COMMON /CNTR/. NCTR

COMMON /LAG/ NSXNSW

COMMON /GEARZ2/ EPSvTIHEoKFLAGgJSTARTvNBVMAX.ICONV W ISTIFF
NBv=0

NSX=0

NCTR=0

DO 31 IMm]l,NE

IF (ICONV.EQ.]1) RETURN'

NTYPE=MP (IMy2)

oyY2
Drz
Dy2
Dye
Dy2
Dy2

AL

oye
Dye
Dy2
Dy2
Dye
(V) &
Dye

GO TO (192430405069 T 8y 9110011!12!13014'15'16’17018019'20!21!22023DY2

1924925¢26027128,29930) s NTYPE
CALL TYPEl
G0 710 31
CALL TYPEZ
GO TO 31
CALL TYPE3 ,
T80 T10. 31 ' o ' , i
CALL TYPE4 _ -

GO TO 31 : ) B
CALL TYPES
GO 70 131
CALL TYPES&
GO TO0 31 - :

CALL . TYPET - - : -
GO TO 131 . )

CALL" TYPES

60 1O 31

CALL TYPES

G0 T0 31

CALL TYPELO - |

60 TO 31 - N
CALL TYPE1l \ | - '

60 TO ‘31 ' |

CALL TYPEIZ -

60 TO 31 °

CALL TYPE13

G0 TO 31

CALL TYPE1l4:

60 1O 31 -

-

- CALL TYPELlS N

60 TO 2al

CALL TYPElé6

GO TO 3l

CALL TYPELl7Y : ‘

‘G0 TO 31 : - : Y
CALL TYPE18 . - '

GO TO 3l _ : o . -

Dye
oye

oy2 -

Dy2
Oy2
Dy2
Dye
DY2
Dye
0yY2
oYz
Dya
Dye
Dy2
oy2
Dy2

Dve,

Dy
Dye

AL

Dy2
Dy2
pDye
Dyz
Dye
Dye
Dvye
DYZ2
Dy2
Dy2
Dy2
Dy2
Dye
Dy2
oYz
Dye

-0Ye

.

‘48

b et . .
—oWE~NOUVFrWwN-

bt St et
L T LY

1S

(SR N
O D -~

20

21

22
23
24 .
25
26
27
28 .

.29 .

30

31

z
33 .
36 -
-
6
37

1

¢ol
4l .
42 "..-4
43
'Y
45 .
46'
sT{

49
50
51
52

b e el A A e s b T 2



19

.ao
21

22

23
24
25
26
27
28
- 29

30
al

CALL TYPEL9
60 TO 31
CALL TYPE20
60 TO 31
CALL TYPE21

60 10-31°

CALL TYPER22
GO TO 131
CALL TyPEZ23

G0 TO 31 -

. CALL TyPE24
60 TO 31

CALL TYPE2S

80 T0 31
CALL TYPEZ2S
GO TO 31
CALL TYPE27
GO TO 131l
CALL TyYPEZ8
G0 70 31
CALL TYPEZS
G0 TO 31
CALL TYPE3Q
CONTINUE

'RETURN

END

~ -

326

) -3
Dre.

by2

53
54
55

DYZ2 o 56

oYz
pYZ2
oY2

‘DYR2

57
58
59
60

oYz2>~.61

Dye

- ove

Dye
Dye
Ov2
DY2

Dye-

Dy2
by2
0y2
DyY2
Dy2
Dy2
Dy2
Oy2
Dy2
Dye

62
63
6h
65
66
67
58
49

10

71
72
73
T4

75 -

76
T7

78-.

e m e Bt A g e
" B
. - i . -

. b4
e e e e

PP Y L
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SURROUTINE DIFSUB (NsYYesDERY) ' '  DIF

i
COMMON /GEAR1/ v(a,zzzl.SAVE(10.222).ERnoncaza),vnaxtzaZ).oenv1cazoxF 2
12) 4DERY2 (222) DIF 3
COMMON /GEAR2/ EPS.TIME;KFLAG.JSTARToNBVMAX;ICONV;ISTIFF DIF &
COMMON /CON/ IG.Nconp.Ncs,H.NE.NS.NPR.NPOL.TnAx.IORDER.NGRAPH DIF 5
COMMON /GEAR3/ HMINJHMAXsNOMES . . DIF 6
COMMON /BKV/ NBY , ~ “DIF 7
COMMON /COLUMN/ JCOL(10+10} . S DIF 8
COMMON /JACOB/ PH(IO.I?) o . DIF 9
COMMON /SUBDI/ ASUB(49 S | DIF
COMMON- /DIAG/ BDIAG(49) o DIF
COMMON /SUPERD/ CSUP (49) | DIF
COMMON /MODULE/ IDERY'ITERuITRI;HC.IPIVOT ' : : DIF
DIMENSION IRC(2)s ICC(2) | DIF
DIMENSTON PWSAVE (2¢2) s JCOLS(2+2) ’ 5 DIF .
DIMENSION A(B)y PERTST(T4293) . DIF
DIMENSION YY(222)+ DERY(222) - | : . DIF
DATA MR/10/ R DIF

DATA ITRIWIDERY/2%0/ " ' ' g1F
DATA PERTST/240+4:5+7¢333510442513.7117.15914092409512,002400937,89D1F
1953433,70008sB7,9793.006¢009¢167912,5515,9891400140112,0024,0+37,801F
294534339 70408+87+97410114091401045+0416674+0. 04133504008267914001401F

3091.092¢0014000, 315?.0 s0740T7+0,0139/ DIF
DATA A(2)/=1.0/" DIF
IF (IDERY.EQ.1) GO TO 47 : | s DIF
‘NBV1=NBV+] - _ . : DIF
NBY=sNBY+N : . : DIF -
IF (NBYMAX,LT.NBV) NBVHAX=ZNBV . i ‘ : DIF
DO 1 I=NBV1sNBV L " DIF
- I1I=I=NBV1el. _ . DIF
DERY1 (1) =DERY(II) S o - DIF
CONTINUE : . . : DIF
IF (I6,EQ.,1) GO TO 26 _° S DIF
S L DIF
PREDICTOR SECTION : . R . : RIF
- | . DIF
IRET=1 ’ : ‘ DIF
IF (JSTART.EG.0) GO TO & ' . . ‘DIF
DO 3 I=NBV1sNBV o DIF
DO 3 JUmlsK ~ : : DIF
SAVE (Jy11®Y (Je 1) . ‘ DIF
HOLD=H - - DIF
NQOLD=NQ : SRR DIF
RACUM=1 .0 - _ - DIF
IF (JSTART,.GT.0) GO TO 23 ' - ' DIF
60 TO 6 ‘ L ~ . DIF
CONTINUE - ‘ o : ‘DIF
NGm1] _ 7 DIF |
‘N3=N : | ' , - DIF
NAm=N®N . o . ' DIF
0 5 I=NBV1,NBV . - ; OIF
iz-:-nav1«1 ' i ) DIF
: ~




@

c
¢
c
9

12

13

14

15

~SOF

328
Y(1eI)myY(II) | DIF
Y(2,1}mDERY1(I)®H - _ : o . \ DIF
CONTINUE . DIF
HNE w=H - - ‘ : : . DIF
Km2 . _ : o ~DIF
GO TO 2 _ . : DIF
IF (ISTIFF.EQ,0) GO TO T ' - ' , : DIF
IF (NQ.GT.6.0R,NQ.LTi) G0 TO 8 - ~ DIF
GO TO (16917¢18919420921)s NQ ' : DIF

© GO/ TO (9+10411912+13+14915}s NO - DIF
PRINT 79, NQ ' - ' DIF
SToP ‘ N - DIF

' DIF

NONSTIFF COEFFICIENTS,ORDER ,1=7 - DIF
? / ' DIF

A(1)==1.0 ‘ ' DIF
GO TO 22 _ . DIF
A(1)==0,500000000 ' / . : DIF
A(3)%=0,500000000 0LF
- GO TO 22 ~ DIF
AL])R=0,41666666666667 ] ‘ OIF
A(3)m=0,750000000 DIF
Al4)S=0,16666666666667 | o . DIF
60 TO 22 ‘ J . DIF
Al1)®=0,375000000 . ' OIF

) R=0.91666666666667 » : \ . ADIF
Ala)ee0,33333333333333 ' IF
A(5)$=044166666666666TE~01" DIF
60 22 _ : . s DIF

1%=0,34861111111111 - DIF -

(3)m=1,0416666666667 L - . OIF ¢
A(a)==0,48611111111111 " L . DIF
AlS)®=0,10416666666667 : - DIF
A(6)®=0,83333333333333E~02 DIF
80 TO 22 co Lo - . .DIF
A(1)®=0,32986111111111 _ OIF
A(3)8=1,1416666666667 - : .o DIF
A(4)®=0,625000000 N DIF -
A{5)==0,17708333333333 i~ . : OIF
A(6)=®-0,025000000 L Gl : \ .DIF
Al7)%=0,13888888888889E~02 B \_DIF
GO0 T0 22 } . OIF
A(1)==0,31559193121693 . ' DIF
A(3)m==1,235000000 . - DIF
A(A)==0,75185185185 DIF
A(5)==(,25%20833333333 - . ‘ n DIF
‘A{6)®=0e48611111111111E=01 . ' DIF
_A{T)®=0.,48611111111111E~02 a : DIF
A(R)®=0,198412698412TE=023 DIF

60 TO 22 DIF
< ‘ DIF

@©
L

87
88}

96 ;
i

100!
101
102-
]03;
104§

— ke




20

EIQ

2e

23

24

25

26

STIFF COEFFICIENTSyORDER 1=6

o
A(1)==1,000000000

GO TO 22
AL1)B=0,6666666666666T7 ‘
A(3)®=0,33333333333333
60 TO 22
A(])®=0,54545454545455
A(3)=A(1)
A4)==0,90909090909091E~01
G0 TO 22 -
A{1)%=0,480000000.
A(2)==0.700000000
A(4)==0,200000000
A(5)=-0,020000000

80 1O 22
A(1)%=0.43795620437956

‘A(3)=e(3,82116788321169

A(4)%=0,31021897810219
A(S5)==0,54T4452554T445E=01
A{6)R=0,36496350364964E=02

60 TO 22
A(]1)%-0,40816326530612
A({3)8=0,92063492063492
A(4)B=0.41666666666666 .
A(5)®=0,99206349206349E~01
A6)==0.71904761904762E=01
A(T)8=0,56689342403628E~03
KuNQ+]

1D0UB=K

MTYP=2=-1STIFF - *
ENG2%0,5/FLOAT (NQ+1)
ENQ2®0,5/FLOAT (NGe2)
ENQ1®0,5/FLOAT (NQ)
Eup-chRTSTcNQ.MTYP.2F¥EPs:noz
Es (PERTST(NQyMTYP 1) ®EPS) 82
EOWNS (PERTST(NQMTYP 3 ) #EPS) ##2
IF (EDWN.EQ.0) GO TO 78

‘IF (IRET.EQ.2) 60 TO TO

IF (IRET.EQ.3)
CONTINUE

RETURN

DO 24 JE2iK

DO 24 JlsJyK

J2rK=J]1+J=1

DO 24 1mNBVY1+NBY
Y(Jd2rI)mY{(J2eI)eY (J2¢]1e]1)
DO 25 I=ls+N

I1s1eNpV1=1 &
YY(I)=myY(1leIl)

‘CONTINUE " i

RETURN
CONTINUE

)
£

3

329

DIF
DIF

OIF

DIF
DIF
DIF
DIF
DIF
DIF
DIF

- DIF

DIF
DIF
DIF
DIF

OIF-

DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF

‘DIF

DIF

" DIF

DIF
DIF
DIF
DIF
DIF
DIF
DIF

OIF

DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

105
106
107

‘108

109
110
111
112
113
114
115
116
117
118
119
12¢
121
122
123
124
125 -
126 -
127

128 -

129 -
130

131
132 :
133
134
135
136 ;

137 .

138
139
140
141
142
143

i

AT S

144 . %

145
146
147
148
149
150
151
152 °

Faiei

: R R HEE S Br e dab S ) AR

Y




OO0

27

OO0

s NeNe]

29
30

31

32

33

34
35

k1.

37

CORRECTOR SECTION"

DG 27 I1=NBVYIW'NBY
ERROR(1)=0,0 -
CONTINUE -
IWEVAL=ISTIFF

A=)

CONTINUE . e
) -~
ITER=Q = DIRECT ITERATION|OF CORRECTOR
ITER®] « NEWTONeRAPHSON I ON OF CORRECTOR

IF (ITER.EQ.0.OR.ISTIFF.EQ.0) GO TO 36
R=xA(]l)aH .
IF (ITRI.EQ.1) GO TO 38

SIMULT OPTION

IF (IWEVAL.,EQ.=]1) GO TO 31
DO 30 J=leMC .

0O 29 t=lsN

PR (leJ)SPH{IsJ) R

IF (JCOL(IsJ) eEQel) PW(IsJ)=1,0+PW{Ied) -

PWSAVE (1o J)mPW{IvJ)} -

JCOLS(T1aJ)mJCOL (1)

CONTINUE '

CONTINUE

‘INEVAL==]

DO 32 I=NBV1.NBvV : -
IlmI=NBY1lel

DERY2(J1)=Y{2s1)=DERY1 (I)*H

CONTINUE .

CALL SIMULT (NOHRvHCothDERYE.JCOLvlQOE‘IODICC'IRCOIPIVOT)
DO 233 I=1»N
IIx1+NBV1=1

SAVE (9, I1)=Pw(I,])
CONTINUE :

DO 35 UmleMC

DO 34 1m]leN
PW(IvJ)mPUSAVE I v J}
JCOL (1,J)mICOLS(Ied)
CONTINUE

CONTINYE

GO TO 44

-2

DIRECT ITERATION OF CORRECTOR

CONTINUE

DO 37 t1=NBV]1.NBV
SAVE(9,1) =Y {2+]1)=DERY1 (])®H
CONTINUE

]

DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF

-DIF
DIF

DIF

DIF’

OIF

DIF -

OIF
OIF
DIF

DIF

OIF
DIF

_DIF

DIF
DIF
OIF
OIF
OIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF

" DIF
DIF

DIF
DIF
OIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF

157
158
159
160
161
162
163 ~
164
165
166
167
168
169
170
171
172
173
174
175
176
1717
178
179-.
180 .
181
182 °
183
184
185

‘186
187

188 -
189 .

190

191,

192
183,
194
195
196
197 .
198 ¢
199 ;

202

203
204
205
206
207
208

i et g e

R il
* - .



39

40

al

42’

43

Y

o5

46

nooo

AT

48

A9

WwOOo

~ DO a2 I=NBV]1+NBYV

)

GO TO as
TRIDIAGONAL OPTION

CONTINUE
IF (IWEVAL.EQe=1) GO TO &1

D0 39 I=1N

ASUB(l1=ASUB(]) #R
BDIAG(I)=BDIAG(]I)*R
CSUP (1) =CSUP(I)®R
CONTINUE

0O 40 I=1sN .
BOIAG(I)=1,0¢BDIAG(])
CONTINUE

INEVALE=]

CONTINUE

IlmI=NAV1e*l
DERYE(II)'Y(Z!I)-DERYI(I)’H
CONTINUE

DO 43 1=1:N
SAVE(9,l)=YY(])
CONTINUE

- ITRI=0

NT=N )
BND=EPS*ENQ3/FLOAT (N)

DO 45 1=NBV]1.NBV
Y(1eI)uY{loI)oA{1)®SAVE(9s])

'Y(Eol)-Y(ZoI)-SAVE(9 I

ERROR (1) SERROR (]} *SAVE (s 1)

IF (ABS(SAVE(9|I)l-LE-(BND.YHAK(I))) NT=NT=]
'CONTINUE

DO .46 I=1sN
Ilml+NBV]=]

YY(I)my (1leII)
CONTINUE

IF (NT,LE.O0) GO TO S}
IF (L.EQ43) GO TO 49

RETURN TO MODULE TO GET NEW DERIVATIVE VALUES
1DERY®)

RETURN

IDERY=(

DO 48 I=mNBV1NBY
Il=I=NRY1e]l .
DERY1 (1)=DERY(II}
CONTINUE

Lape+l v
IF (L.LTe#) GO TO 28
CONTINLE

" CALL TRIDAG (NsASUB+BDIAGsCSUP+DERY2sYYsDERY)PWSAVE)

331

DIF
CIF
OIF
DIF
OIF
DIF
DIF
OIF
DIF
DIF
CIF

. DIF
.O1F

DIF
DIF
DIE
D1F
DIF

DIF

DIF
DIF
DIF
O1F

- DIF

DIF
DIF

DIF
OIF
DIF
OIF
DIF
DIF
DIF

D1F

DIF
OIF
DIF
DIF
DIF
OIF

. DIk

OIF
DIF
OIF
DIF
OIF

“OIF

DIF
CIF
GIF

209

210
211
2lée .
213
214
215
216
217
218
219
220
22l
222
223
224
225
226
227
228
229
230
231

233
234
235
236 -
237 -
238
239
240
241
ri{ Y4
243
204
245%
2‘6‘
247"
248| :

ZSOl
251
252 |
253 ¢
254
2551
256'
257
258 |
259

--v~———4DLF 2601



o000 n

s2

53
S4

55

S6

57

58

59

60

61

62

.

ICONV=]
RACUMERACUMS( , 25
IF (NOMES.EQ.0) PRINT 80¢ NBV1sNBY

IF (H.LE. IN®1,00001)) GO TO 50
GO 10 715 KTT .
PRINT 81+ NBVIWNBV

STOP !

CONTINUE

IF (NBV.NE,NBVMAX) .RETURN

ERROR SECTION

- Dmo,0

DO 82 .1s1l NBVMAX -
DmDe+ (ERROR (1) /YMAX (1)) ®®2
CONTINUE

IF (D«GT.E) 60 TO 56

IF (KeLT.3) 60 TO Sé

D0 53 um3dsK '
DO 53 I=1sNBVMAX VP

Y(J.I)-Y(J'IJOA(J)'ERROR
CONTINUE

" 1IF (IDOUBLLE.1) 60 TO 57

100uB=1D0UB=]

IF (I00UB.6T,1) GO TO 72
DO 55 1=]NBVYMAX '
SAVE{(l0sI)®ERROR(])
CONTINUE

80 70 712

KFLAGaKFLAG=2

_IF (NOMES,.EQ,0) PRINT 82

IF (H,LE+{(HMIN®1,00001)) GO TO T4

PR2= (D/E)*8ENQ2®]1,2 -
PR3x=1,0E+20 e ’

IF ({(NGQ.GE, IORDER).OR.(KFLAB LE--I)) GO TO 59

. Dmg,0.

DO 58 I=1yNBVMAX

D=D+ ( (ERROR({I)«SAVE(10+ I))/Y!AX(I))*'E
CONTINUE

PR3= (DYEUP) #@ENQI®] .4

PR1=1,0E*20

IF (NQ,LE.1) GO TO 6]

D-o 0

DO &0 1-1-Navuax :
o-p.(Y:K-I)/Ynax11))¢~a

CONTINUE

PR1=(D/EDWN)®*ENQLl®*],3

CONTINYE

IF {(PR2.LE.PR3) GO TO &7 o
IF {PR3.LT.PR1) GO TO 68 -
R®]1,0/7AMAX] (PR1,41,0E=04)

NEWQENQ«-]

3

332

DIF
DIF
. DIF
DIF
DIF
O1F

DIF
DIF
D1F:

DIF
DIF
OIF
OIF
DIF
DIF
OIF
DIF
OIF
DIF
DIF

DIF

DIF
. DIF
OIF
_DIF
DIF
OIF
DIF
oIF
DIF
DIF
DIF
DIF
DIF
DIF
pIF

293)

29‘|.
295
296
297 !,
298

299

Y- .

30l -+
21
303
304

305
306
307! -
3081

309

310
3l
32

PR




63

64
65

66

&7

68

69

71

T2

73

T4

7S

lbouB=10

IF ((KFLAG.EQsl)+AND,(R.LT4141)) GO TO 72

IF (NEWQ.LE.,NQ) GO TO 65

DO 64 I=]lsNBVYMAX

Y (NEWQels I)IERROR(I)‘A(K)/FLOAT(K)
CONTINUE

" KaNEWQe]l .

IF (KFLAG.EQ.1) GO TO 69
RACUMBRACUM®R

IRET1m3

60 TO 75

CONTINUE

IRET1=p

IF (NEwQ.EG,NQ@) RETURN
NQ=NEWQ )
IRET=3

G0 TO & _
1F (PR2.6T.,PR1) 60 TO 62° ~ °
NEWQ=NQ ‘
R=),0/AMAX] (PR2,1.0E=04)

GO TO 83 -
RE=],0/ANAX] (PR3, 1.0E=04)
NEWQENQe+]

v

" 60 TO &3

CONTINUE
R'ANINI(R'HH‘X/ABS(H),
H=HeR .
IF (NQ_EQ.,NEWQ) 60 TO TO
NQaNEWQ

IRET=2

GO0 TO ¢

Rl'l o0

DO Y1 y=m2.K

Rl1=xR1#R

00 71 1sml+NBVMAX
Y(JeI)luY(Js])®R])
10ouUB=K

CONTINUE

DO 713 I-IDNBVHAX

YHAX(I)-AHAXI(YMA!(I).ABS(Y(I.I)))

CONTINUE
JSTART=NQ -
RETURN . A
PRINT &) ';
STOP
CONTINUE
RACUHIAMAXI(ABS(HHIN/HOLD)oRACUH)
RACUMBAMIN] (RACUM ABS (HMAX/HOLD))
HIHOLDORACUM

Rim]l,.0

DO T8 Jm2eK

R1sR]1®RACUM

333

Tl

DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
oIF
DIF
OIF
DIF
OIf
OIF
DIF
DIF
OIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF

OIF

DIF
O1F

DIF.

DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
OIF
O1F
DIF
DIF

313
31e
315
316
317
318
319
320
321
322
323
324
325
326

327

328
329
330
331
332
333

aze

335 ¢

336

[}

‘

337 .

338
339
340
3sl
a2
Al

Jas

345

346

kL%
348

3Q9¥ [

350

351 |-
asz |

353
354
355

LN

as7! -,

ass
359

360
36l
362 |

363
J6s

PIPTEp—




.76

17

]8

78
89

a1

82

83

84

<)
s
[}
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DO 76 I=1sNBVMAX

. : DIF

Y(Jel)}aSAVE (Js & . DIF
DO 77 I=m)oNBVMAX ' OIF
Y(1el)mSAVE(1e]) D1F
CONTINUE & . _ "~ DIF
1DoUB=K : DIF
IF (IRET1.EQ, 3) GO TO 66 : . ' ‘ DIF
RETURN N ' : - DIF
PRINT 84 : Co- DIF
STOP o . - DIF
' B DIF

FORMAT (41H THE MAXIMUM ORDER SPECIFIED IS TOO LARGE-IS) ) DIF
FORMAT (49H THE CORRECTOR FAILED TO CONVERGE IN 3 ITERATIONS»/¢23HDIF
] DIFFERENTIAL EQUATIONSsI&¢3H TOsI4} DIF
FORMAT (58N CORRECTOR CONVERGENCE COULD NOT BE ACHIEYED FOR M,GT,HDIF
1MINy /423X DIFFERENTIAL EQUATIONS»I4+3M TOysIa) e D1IF
FORMAT (30H TRUNCATION ERROR IS TOO LARGE) "DIF
. FORMAT (72M THE STEP WAS TAKEN WITH HEMMIN BUT THE REQUESTED ERRORDIF
1 WAS NOT ACHIEVED) OIF
FORMAT (68H THE REQUESTED ERROR IS SMALLER THAN CAN BE WANDLED FOROIF
1 THIS PROBLEM} DIF

END - . DIF

365
366
367
368

369 .

370

3t

3re .

373
aTe

s -

376
317

318

379
380

381l -

382

383
384
k1.1

30&4
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SUBROUTINE SIMULT (NUsMReMCyAsPsICOLIZTESTHICCHIRCHIPIVOT)

ARGUMENTS

NU 1 NUMBER OF UNKNOWNS

MR t MAXIMUM ROW DINEﬂféﬂ§—OF MATRIX A IN CALLINB PROGRAM _
MC. ¢t MAXIMUM NUMBER OF-COLUMNS OF MATRIX A

A t MATRIX CONTAINING NONZERQ ELEHENTS

P - 1 RIGHT HAND SIDE VECTOR
ICOL ! RECORDS POSITION OF NONZERO ELEMENTS ..

I1CC+IRC 1t DIMENSIONED IN CALLING PROGRAM AND USED ONLY IN

" SUBROUTINE SIMULT
IPIVOT t PIVOT OPTION 1-7
d 1 SIMPLE GAUSS=JORDAN ELIMINATION

GAUSS=JORDAN PARTIAL® PiVOTING
GAUSS=JORDAN FULL PIVOTING
MINIMUM ROWeMINIMUM COLUMN
MINIMUM COLUMN=MINIMUM ROW
MAXIMUM COLUMN=MINIMUM ROW_

~>n W
- sy Ty " By =

-

SOLUTION VECTOR RETURNED IN FIRST COLUMN OF A 1 At(lsl)

INTEGER PIVROWsPIVCOL +OPROW

DIMENSIGN IRC(NU)s ICC(NU)y A(MRIMC) ICOL (MRsMC) s P(NU)

INITIALIZE ROW ENTRY COUNTER
DO 1 ImlsNU

IRC(I)=m0

CONTINUE

COUNT ROW AND COLUMN ENTRIES
JELE®Q

00 3 I=alsNU

DO, 2 JwlsMC

IC=ICOL{(Le0)

IF (IC,EQ,0} GO YO 3 v
JELEWJELE+]

1cc(Iay

IRC(ICYmIRC{ICY]l -

CONTINUE

CONTINUE

JeoLw=o

JEL IM=g

DO 800 Is)l.NU .

800 IF(ICC{I),BT,JCOL) JCOLsICC(I) n
LKJy=l

80 TO 26

CONTINUE

NORMALIZE PIVROW

XmA(PIVROW.1Y)

ICaPCC(PIVROW) !
DO S\JmlslC .

HINIHUH of ROH ENTRIES TIMES COLUMN ENTRIES

335

SImM
SIM
SIM
SIM
SIM
SIM
SIiM
o SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SImM

SIM
SIM

SIM

SIM .

SIM
SIM
SIM
_SIM
SIM
SIM
SIM
ST
SIM

SIM

SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
S
SIM
SIM

- 5IM

‘SIM

el JENN . T IR O U




10
11

ATEST=ABS (X)=ZTEST

e m e e — W

336

SIM 104 |

A(PIVROWeJ) A (PIVRON s J) /X SIM 83
CONTINUE — - SIM 54,
A{PIVROWs1Y)=®1,0 ' SIM 55 .
P{PIVROW)SP (PIVROW) /X 2 SIM 86 . -
SELECT ROWS THAT CAN BE OPERATED ON ) ‘SIM 57!
DO 21 I=mlaNU SIM 58
iF (IRC(PIVCOL),EQ,1) GO TO 22 SIM S9
IF (1.EQ.PIVROW) GO TO 21 ' B SIM 60 .
ICalABS{ICC(I)) . T SIM 61
DO 20 JmlsIC ‘ o " SIM 62 |
IF (ICOL(I+J}=PIVCOL) 20.6.21 SIM 63 -
1F YOU CAN GET TO THIS POINT OPROW conrnxns PIVOTAL ELEMENT SIM 64
OPROWRY . ° SIM 65
JKOP=] . B SIM 66
- JKkP1=) | . oS SIN 67
Cmad (OPRON+J) ' - SIM 68
‘P(OPROW)®P (PIVROW) #C+P (OPROW) SIM 69
CONTINUE SIM  70.-
IF (I1COL(PIVRONsJKPI)EQ.0) 80 TO 21 . SIM 71 .
1rF (ICOL(OPROH-JKOP).EQ.O) GO TO .8 SIM 712"
IF (ICOL(PIVROW,JKPI)=ICOL (OPROWIJKOP)) 8412¢19 SIM 73
OPROW DOES NOTY CONTAIN THIS ELEMENT»ADD ELEMENT TO OPROW SIM T4
ICC(I)=ICC(I)e] SIM 75,
IF (ICC(I).LELO) ICC(I)=ICC(l)=2 SIM 76 :
I1I=1ABS{ICC(I}) SIM ' TT
IF(1I.68T«JCOL} JCOL®]I SIN T8 °
IF (II.GT.MC) GO TO 9 SIM 719
60 TO 10 SIMN 80
CONTINUE - SIM 8l
PRINT 47 I1 SIM 82
SToP SIM a3
CONTINUE SIM 84 -
JKL=sJKQP+1 SIM 85"
IXal=) SIM 86!
A({OPROW+I1)=A(OPROW1IX) SIM BT .
1COL (OPROWs I11)»ICOL (OPROWs1IX) SIM 88! ..
1l=IX SIN 89! .
IF (11,6E.JKL) GO TO 11 . SIM 90
A (OPROWsJKOP ) mA (PIVROWJKPI) ®C SIe 91 1:
ICOL (OPROW» JKOP)YSICOL (PIVRON s JKPI) SIM 92
IX=mICOL (OPROW s JKOP) SIM 93
IRC(1X)=IRC{IX) o] SIM 94
GO TO 18 . SIM- 95
PIVROW AND OPROW CONTAIN THIS ELEMENT eSMIFT BOTH AND OPERATE ON SIM 96
OPR SIM 97
IXe1COL (OPROW s JKOP) ] SIM 98
IF (IX.,EQ.PIVCOL) GO TO 13 SIM 99
XuA (PIVROWyJKPI)®CeA (OPRQOW s JKOP) SIM 100
A (OPROW s JKOP) X SIN 101
TEST OPROW TO SEE IF ANY ELEMENTS WERE ELIMINATED OTHER THAN SIM 102
THOSE IN THE PIVOTAL COLUMN SIM 103:.



14
15

16

17

19
20
22

23

24

25

26
27

18

—

IF (ATESTlGTQOQI GO TO 18
IRi(IX1-IRC(IXJ-1

JEFIM= JELIMe]

1Cc (OPROW)=ICC (OPROW) =]
IF (ICC(OPROW)) 15+14916
60 TO 24

CONTINUE

1CC(OPROW) sICC(OPROMW) +2
1Xun]ABS (ICC(CPROW))

D0 17 NXKmJKOPsIX
A(TeNK)mA{(I gNKe])

ICOL (I JNKIRICOL (IeNKe])
CONTINUE

. IXmlKe)

ICOL(I,IX)®D
JKPIwJKPIel -
GO TG 7 o
JKPIBJKPI+1

PIVROW DOES NOT CONTAIN THIS ELEMENTSHIFT OPROW AND CONTINUE

JKOPRJKOP ]

G0 TO 7 ’

CONTINUE

CONTINUE

CONTINUE i X :
ELIMINATES PIVROW AND PIVCOL FROM BEING6 CONSIDERED AGAIN
ICC(PIVROW)==ICC(PIVROW) ‘
IRC(PIVCOL)w=]RC(PIVCOL)

LK ulLKJ» 1

IF (LKJJLEJNU) 680 TO 26 _

UNSCRAMBLE AND STORE SOLUTION IN FIRST COLUMN OF A
DO 23 1mlsNU '
IIaICOL{Is 1)

A(II HeP (DD

- CONTINUE
- RETURN

CONTINUE .
SURBROUTINE SINGLR
18.) '

DG 25 MmloNU

11=1CC (N)

IF (11,6T,IB) IB=Il
CONTINUE

'WRITE (6+48) LKJyPIVROWPIVCOL»OPROW

WRITE (6949) (Mg IRC(M) +ICC{M) oMm]lsNU)
WRITE (6¢50) ,

CALL RITE (19NUyIBosMRsMCeA+ICOL}
WRITE (6+51) 7

CALL RITE (29NU,IBoMRyMCsA»ICOL)

sSToP

CONTINUE

60 TO (27+28+30433936940044) IPIVOT
CONTINUYE ’
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SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
_SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM

SIM

SIM

SIM

SIM
SIM
SIM
SIM
SIM
SIin
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
'4?1"

105

106 .

107

108

109

110

111

112 -

113

114 ¢

115
116

117

118
119

120

12)

122

123
124
125
126
127
128
129
130
131

1325

133
134
1358

136

137
138
139
140
141
la2
143
led

145 |-
146 (-

147

148

149
150
151
i52
153
154
155
156
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RIVOT OPTION 1 t SIMPLE GAUSS=JORDAN ELIMINATION

SURRQUTINE PIVSEL
GAUSS ELIMINATION.
PIVROwW=!LKJ '
PIVCOL=LKJ

Iv=) ' L
END GAUSS ELIMINATION
RETURN

GO TO &

. CONTINUE

PIVOT OPTION 2 t GAUSS~JORDAN PARTIAL PIVOTING

SUBROUTINE PIVSEL :
GAUSS JORDAN=PARTIAL PIVOJING
PIVCOL=LKJ

‘TEST-O. .

DO 29 I=1sNU

ICaICC(I1) o

IF (IC,LE.Q) GO TO 29
IIaICOL(Is])

IF {I1,6T.PIVCOL) GO YO 29
AA=ABS (A(Is1))

IF (AA_LELATEST) GO TO 29
ATEST=AA

PIVROW=]

CONTINUE

Ivy=]

. END GAUSS JORDAN=PARTIAL PIVOTING
~RETURN '

. GO TO &

CONTINUE

PIVOT OPTION 3 t GAUSS-JORDAN FULL PIVOTING

SURROUTINE PIVSEL

GAUSS JORDAN FULL PIVOTING
ATEST=Q,

DO 32 I=m]lsNU

IC=ICC(I} ' '
IF (IC.LE+0) GO TO 32

DO 31 umly»IC

I11=ICOL(1vJ)

IR=IRC(II)

IF (IR ,LE.O0) GO TO 31
AAmABS (A{lJ))

IF (AALE.ATEST) GO 70 31
ATEST=AA

PIvROW=1

PIvCcOL=Il

Gy

SIM
SIM
SiM
SIM
SIM
SIM
SIM
SIM
SIM
SIM

SIM

SInM
SIM
SIM
SIM
SIM
SIM
SIimM
SIM
SIM
SIM

SIM

SIM
SIM
SIM
SIM
SIM
SIm

SIM

SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM

SIM-203T]

SIM
SIM
SIM
SIM
SIM

200

157
158
159
160
161
162
163 -
164
165
166 .
167
168
169
170
171
172
173
174

178 -

176
177

178 -
179 -

180

181
182
183"
184
185
186
187
188 -
189 ¢
190 °

192 .
193
194 °
1954
196 "1
197 4 »
198 | "«
199 |

201
aoe

204
205
206
2074 -
208




31
32

0OO000OW

37

S IY=y -

CONTINUE

CONTINUE

END GAUSS JORDAN FULL PIVOTING
RETURN

GO TO &

CONTINUE

PIVOT OPTION & 1 MINIMUM ROW=MINIMUM COLUMN

SURROUTINE -PIVSEL

SELECT FIRST MIN ROW THEN FIRST MIN COL
SELECT ROW WITH MINIMUM ENTRIES
IKe100000

DO 34 I=1sNU
IC=ICC(]1) :
IF (1C.GE.IK.OR, IC LE.O) GO T0 3‘
PIVROwWm]1
IK=]C
CONTINUE

2

SELECT SMALLEST. AVAILABLE COLUMN FROM PIVROW

IK=x100000

ICmICCAPIVROW)

DO 35 'ImleIC

II=ICOL (PIVROW,I)

IR=IRC(II)

IF (IR.,GE.IK,OR,IR.LE.O) GO TO 35
PIvCOL=Il

IK-IR

Ivyal

CONTINUE

END FIRST MIN ROW THEN FIRST MIN CcoL
RETURN -

"GO0 TO A

’

CONTINUE
PIVOT OPTION S5 1 MINIMUM COLUMN=MINIMUM ROW

SUBROUTINE PIVSEL

SELECT FIRST MIN COL THEN FIRST MIN ROwW
IK=100000 -

D0 37 I=1+NU

IR=IRC(I)

‘IF (IR,GE+IK.OR,IR.LE+0}) GO TO 37

PIVCOLaI

IK=IR

CONTINUE

IK=a100000

DO 39 I=lsNU .
1CaI1CC(I) &

1F (ICc,LE.0) GO TO 39
DO 38 uUslIC

339

SIM

‘SIM
SIM.

SIM
SiM
SIM
SIM
SImM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SgM
SIM
SIM
SIM
SIM
SIM
SIM
SIM

- SIM

SIM
SIM
SIM
SIM
SIM
SIM
SIM

209

210

211

212 °

213
214
215
216
217

218
219 -

220
221

222

223

224

225 .-

226 .
227 .';‘

228
229

230

231
23¢’

233
234
235
236

—— e remme o fmy ke = - .

237
238 ;

239

240
241

242 |

2431

2;‘; i.
2‘51‘“&

246§ °

248
249
250
251
252
253
254
255
256

258
259
260

| it o o

2a1i. -




3
3
c

8
9 .

¢

‘0000,

'Y

4
4
c
c

OO0 &

0

1

2
3

'y

IF (ICOL(IsJ}eLT4PIVCOL) GO TO 38

IF (ICOL(I+d)+GT«PIVCOL,OR.IC.GE.IK) \GO TO 39

IK=]IC

PIVROW=1]

Ivsd

CONTINUE

CONTINUE '

END SELECT FIRST MIN COL THEN FIRST MIN ROW
RETURN

GOTO ‘ ) ' A,

CONTINUE ¢

PIlVvOT OPTION 6 t MAXIMUM.COLUMN=MINIMUM ROW

SUBROUTINE PIVSEL ' . ,5

- SELECT FIRST MAX COL THEN FIRST MIN ROW

-

/,‘

2

Ia=] _ . ~
DO 41. III'NU .
IRaIRG(I) "

IF (IR,LE. fx.on IR.LE.O) GO TO 41

PIVCOL=I VN

IK=]R N , .
CONTINUE - .

00 43 I=]NU

ICIICC(I) - T

“IF (IC.LE.0) GO TO 43

DO 42 JmlsIC

IF (I€OL(I+J)oLT4PIVEOL) GO TO 42 -

IF (1COL(I+J) oGToPIVCOL sOR.IC,GE 1K) 80 TO 43-

IKIIC . ’4//
"PIVROW=]. : —
Ivyay L T\\i
'CONTINUE _ S
CONTINUE ' )

END SELECT FIRST MAX COL THEN FIRST HIN ROW
RETURN

GO TO & ' g .
CO%TINUE ' - X N

PIVOT OPTION T 1 MINIMUM OF ROW ENTRIEﬁxTIMES COLUMN ENTRIES

SURROUTINE PIVSEL 2
SELECT FIRST MIN(ROH'COL)
IK=100000

DO 46 Im]lsNU

ICaICC(I) . - .

IF (IC.LE«O) GO TO 46 2
DO 45 yu=l,yIC - -
II=ICOL(IsJ)

&

IR=IRC(ID)
IF (IR,LE.O) GO TO 45
III-ICOIR ’ o

340

| Sln

SIM
SIM

© SIM

SINM

SIM

SIM
SIM
SIM
SIM

SIM,

SIM

. SIM

SIM

SIM
SIM
SIM
SIM

SIM
SIm

SIM
SIM
SIM
SIM
SIM
SIM

SIM

SIM
SIM
SIM
SIM
SIM

. SIM

SIM
SIM
SIM
SIM

an;
SIM

SIM
SIM
SIM

© SIM

SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM
SIM

261 .
262

263

264
265
266
267
268
269
270
271

are -

273
274
275
276
er?

2718 .

2T9
280
281

282

283

284 |

285
286

287 !
288

§
1

289 -
290

291
292
293
294

! :

295 |

296 | .

297
298
299

300 ¢

301
303

304

305
306
307
308
309
310
31l
312

3024

I
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d ‘ )
IF (I11.GE.IK) GO TO 45 . . : - - SIM 313
PIVROW=] : \ - SIM 314
PIvCcOL=Il ' . : ‘SIM 315
IK=III o _ . . - - SIM 316
- 1YY=y S o ' . SIM 317
45 CONTINUE _ _ : SIM 338 °
46 CONTINUE T , ) SIM 319
C  END SELECT FIRST MIN(ROWeCOL) - : - SIM 320
o RETURN . , o ' ‘ SIm 321
GO TO & . h SIM 322
c : . : ' ' : - . SIMm 323
47 FORMAT (22H MC SHOULD BE AT LEAST»13) s SIM 324
48 FORMAT (®#1 MATRIX SINGULAR®,//+® NO« CYCLES COMPLETED=®yI5s® pISIM 325
. 1VROWS#,15s¢ PIVCOLu#[Sy® OPROWR®IS) o ' o SIM 326
© 49  FORMAT (%0 COL:/ROW NO.sNO, COL. ENTRIESyNO, ROW ENTRIES®*/(6(17,2ISIM 327
151)) . : , SIM 328 |
50 FORMAT {®*1 COEFFICIENT MATRIX®) SIM 329 |
51 FORMAT (®1 COLUMN IDENTIFICATION®) ) . SIM 330
END ' . : ’ SIM 331~ »
‘
. . ¢ !




SUBROUTINE RITE (IDUH.NRcNC’HRoHCvoICOL)
.DIMENSTON"A (MRsMC) s ICOL(MRyMC)

IPRINT=12

IF (IDuM, NE.I)
IPR=IPRINT=]

00 & KllnNCulpRINT
MAXx=Ke+IPR

IF (MAXoBTNC) MAKENGC

IF (KoNEoI) WRITE (647)
IF (IDUM.EQ.1) B8O TO 2
(IvImKoMAX) .

WRITE

WRIYE

WRITE

(65)
DO 1] J=lsNR -
{648)
CONTINUE

TO & ‘
(616)

DO 3 JslsNR
WRITE (649) Jr(A(Js I)!I-KoﬂlX)
CONTINUE -

RETURN

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
END

- CONTINUE

{(6X93014)
(6XoX2I10}
(1H1) E
{1XeX543016)

(1XeI5+12G10,2)

IPRINT'3O

(I.I-K.thl

Jo (ICOL (Jv1) o ImK9MAX)

342

CRIT

-RIT
RIT

RIT.

RIT
RET
/ RIT
RIT
RIT
RIT
RIT

RIT, -
RIT ™

RIT
RIT

RIT
RIT

S RIT
l. \!‘ RIT
o - RIT

RIT
RIT
RIT
RIT
RIT

RIT

W~V WD~
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- SURROUTINE TYPE10- . - _ . T )
7 _ ‘ T10 2
SUBROUTINE REAC] AR : | . Tio 3
o A S . - . Ti0 4
TH1S MODULE REPRESENTS A CSTR WITH A FIRST ORDER REVERSIBLE .. Ti0 - 5
_REACTIONs 1 INPUT STREAM, .1 OUTPUT SFREAM. CONSTANT TEMPERATURES T10 6
- : - B _ ' _ Tl0 7
. EQUIPMENT PARAMETERS ' - Ti10- 8
L : 1 : : TI0 9
\*1 = REACTOR VOLUME = FTes3 C o 710 10
.2 & KI' = FORWARD REACTION RATE CONSTANT - MIN®®-l S Ti0 11
'3 = K2 = BACKWARD REACTION RATE CONSTANT = MIN®®-] _ T10 12 -
&Q - ITER -~ JTER®0 .= USE.DIRECT ITERATION WITH STIFF OPTION Ti0 13
A ITE = USE NEWTON=RAPHSON ITERATION WITH STIFF QPTIONTIO 14
/ FOR NONSTIFF OPTION ITER IS .NOT USED T10 15
o | : Ti0 16 -
COMMON /MAT/ MP (1515)sEP (15:5)¢S(291647)+EX(1} . T10 17
COMMON"/CON/ 16 JNCOMP ¢NC5 ¢ HoNE ¢ NS9NPRINPOL ¢ TMAX y IGROER s NORAPH T10 18 -
COMMON /PTAB/ I1GFLAGPP(10+10)} o T10 19
COMMON /ZUNIT/ IM - - ' Ti0 20 |
COMMON /COLUMN/ JCOL (10+10) - T10 21 -
_COMMON /JACOB/ XJACOB(10410) o o _ Tio 22
7 COMMON /MODULE/ IDERY»ITERsITRIsMCsIPIVOT 710 23 1.
DIMENSION Y(2}s DERY(2) - | T10 24
REAL K1lsK2 o : S : S TI0 25
\ - ' Y10 26
CALCULATE MODULE PARAMETERS, .. N T10 27°
S ‘ Tio 28 -
GET VOLUME OF REACTOR FROM EP = VOL Ti0 29 ..
vOLmEP (IM¥1) ' - \ - T10 30
GET REACTION RATE CONSTANTS FROM EP = Kl.K2 : Ti0 31'°
K1mEP (IMs2) . ' . Tio -32
K2sEP (1M 3) . L T10 33}.
GET ITERATION OPTION FROM EP L T10  23é
ITERSEP (IMs#) ‘ - : Ti0 35 °
GET STREAM NUMBER OF INPUT STREAM FROM MP - IN : T10 36/|.
INuMP(IMe3) .~ : : : T10 37
'GEY STREAM NUMBER OF OUTPUT STREAM FROM MP - IOUT Ti0 38
IOUTHIABS (MP (IM44)) Ti0 39
GET DENSITY OF INPUT STREAM FROM PP = DENS . N Ti0 &0
DENS=PP (142} e T10 &L
CALCULATE REACTOR TIME CONSTANT = TAU - T10 &2
TAURVOL/(S(IGsIN+3) /DENS) ' : T10 431 -
GET INITIAL REACTOR CONCENTRATIONS FROM OUTPUT STREAM .. . T10 44
Y(1)8S(18sT0UTy6) . © T10 45|’
‘Y (2)mS (I8 10UTy 1} ° S " T10- 46
: , _ T10 &7
CALGULATE JACOBIAN MATRIX ON CORRECTOR PASS , T10 48
- ‘ : - T10 49
IF (I6,EQ.2) GO TO 1 Ti0 50
MCm? ' Y : Tio 51
IPIVOT=) L S ) _ Ti0 S2
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JCOL (141) =]
JCoL (241)=]
JCOL (1.2)m2
JCOL (2,2) =2

KJACOB(1+l)mei(K]+], OITAU)

*

- KJACOB (29 1)aK]

CONTINUE

C XJACOB (192)2K2
XJACOB (292) ma=(K241,0/TAUT

CALCULATE DERIVATIVES

MASS BALANCE FQR COMPONENT A
RATE OF CHANGE OF MASS FRACTION.OF COMPONENT A

= RATE OF INPUT OF A .
«RATF OF OUTPUT OF A °
+RATE AT WHICH B REACTS INTO A
~RATE AT WHICH A REACTS INTO B

DERY (1) W= (K1+1,0/TAU)SY (1) eK20Y(2)+S{IBVINY6)/TAU
MASS BALANCE FOR COMPONENT 8 (UNITS=MIN®#se]) '
RATE OF CHANGE OF 'MASS FRACTION OF COMPONENT B

a RATE OF INPUT:OF B-

-RATE OF_QUTPUT OF @
ICH A REACTS INTO B
=RATE AT WHICH B REACTS INTO A

+RATE AT

DERY(Ziti;;Y(13-(K201.0/TAU)'Y(2)0SIIG|IN07I/TAU
FS

CALL DIF
CALL DIFSUB

TO SOLVE ODES FOR MODULE  *

{2¢Y+DERY)

IF- (IDERYJNE.O) 8O YO 1

" CALCULATE STREAM QUTPUT

(UNITS=MIN®s=))

Sy

NORMALIZE CONCENTRATIONS OF A AND B
SUMeY (1}+Y(2)

Y1) WY (1) /SUM . L

Y(2)®Y(2)/SUM
PUT MASS FRACTIONS INTO QUTPUT STREAMS
S{1+10UTe8)mY (])

RETURN
END

S{1+I0UT»T)mY ()

[
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T10
T10
T10
T10
T10

-T10

T10
T10

" Tio
. T10

Tlo0
T10
T10
T10
Ti0
T10
T10
T10
T10
T10
13,
Ti10~
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..‘i‘iilfiﬂ..Q...0lQ.Q.‘.Q.l.'."...l...'.".’l.‘i...l........'.Q'..........0.!
REACTOR SIMULATION = 2 CSTRS -

..i!..O.Q...|0..QQG....i.....Q.b..‘Q..l....’l...............Q..........0.0..01

TNBEGIN s - | ¥
TIME T 140 S - o &
—~_HMAX v Ye0 ' .
COMPS 2.0 . - : G
LIBRARY 140 : _ : : : : ' |
REAC) 1040
PROCESS
1-0 . ’ ‘2.0 - ) s
1040 - &, 90909 4,09091 1.0 : :
REACY 240
2'0 “3.0 -
10.0 486,81 3l2.19 1.0
END : . -
STREAMS 1,0
EXPLICIT.
s T 1.0 140 624,40 60,0 S 14T
1.0 040 ) , ‘ .
240 1.0 62440 70.0 - 14,7 o
100 040 ) . .
' - 3.0 1.0 624,0 120.0 14,7 ) .
S 1.0 © 040 | %5 i
END - ' (
PROPERTIES =140 i
|
!

-y

U
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