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CHAPTER ONE. 

DISCUSSION OF THL CRITERIA PND METHODS USED IN 


THE SELECTION OF THE SEQUENCES OF CALCULATION.
--- "-------------------------­

I. I Introduction. 

Chemical Plant Simulation is the use of mathomotical techniques 

to model, or simulc:i-io, the behaviour of the chosen chemicc.11 plani. The 

usual purpose of i-he simulation is io evaluai·e the effoc-J-s of one or 

more proposed plant irnpr-ovements, ancl to pr·ovicln an on-going basis for­

furiher plant improvemer1t in an existing, uo,u21l ly complex, plant. It is 

a growing field of inierest in Canada and Canadian universiiies, where 

the nu111ber of faculty en~Jagr:d in thi<:, field incr-eased from nine to 

fiHGC.;n in the pa::;t year-.* lndustr·y has also iakon a groal interest, 

and several industry-university joint simulations have been undertaken.** 

This interest has been greatly aided by the devolopmcni and u~e of 

generalised process simulators C2, E I , LJ , F~ I , FI ) . 

One of these generalised process simulaior programs is Shannon's 

PACrn ( C2, M2, S2 which h21s bcr~n us8d <:d McMaster- Univer~;ity boi-h in 

its original form, and in a modified for-m called M/\CSIM ( McMasier 

Si mu Iat ion ) • PI ants which have been s i mu Iatcd using P/\C[F~ or M/\CS IM 

include a sulphuric acid plant, an alkylation plant, and the Bayer 

Process for ~lumina extraction. The last two simulations fonn the 

basis for His thesis. 

~------

* Chemistry in Canada. June 1970. Page 22. 

** The Chem. Eng. Depar-trrient at Mciv1asier· Uni vcrs ity .1ris heen very 
active in this field will1 several successful simulations to iis crndit. 

http:chemicc.11
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The underlying principle of Pf\CER, fv'iACSIM, and most other 

simulator programs is modularity. Modularity consists in describing 

the plant in terms of modules, or bui I ding blocks, which can be connected 

to one another so that it would be possible to simulate different plants 

with the same modules. An actual chemical plant has reactors, heat 

exchangers, pumps and disti 1 la-tion columns, separators, compressors, etc., 

connected together in some v1ay. Tho performance of eac_h piece of equip­

ment, or unit, can be described by a set of equations based eiihor on ihe 

fundamental laws of physics and chemistry, or on empirical data. These 

equations can then be solved in 6rder to simulate the unit. The compuiBr 

Each unit computa-Jion calculates ihe output sirearns from the unit, 

given al I input streams <:ind any other neces~;ar·y parameters. 

The precess s i rnu I a tor p r·ogr·am, sornet i rnE)S ca I Io the exectrl i ve 

program, contra Is the sequence of ca 11 i ng the unit ccimpui·at ions io ef teci 

the simuia·J·ion of Ho chemic::il plan-I. In order io simulate iho eniir·e 

plant, ever·y unii computation must be calcula-J-Ejd. In a given plant, every 

sequence may have a unit who 0 ;e Input sir-earns <::ir-e ihe output streams of 

some other unit, which has sti 11 to bo calculated; this is then a plant 

with recycle and must be calculated iteratively. 

One can see that if there is no recycle, one can star·J- at the feed 

sireams and calculaie directly every unit in the plant so that the plant 

can be simulated. However- most chernical plants involve recycle. This means 

that ihe recycle stream is requirod as an input before it has been calcul­

ated as an output. This situution is usually solved by cutting, or 

assuming, a sufficient number of streams, cal led cut, recycle, or assumed 
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streams. By using the downstream half as an inpu-1-, and tho other half as 

an· output, the two halves arc matched by somo iterative technique. 

The values of the variables in a cut stream must be initially 

provided for the downstream half in order to calculate that unit which 

this stream enters. In addition, in order for the executive to simulate 

the plant, it must be provided with a sequence of calculation of the unit 

computations. Each sequence of calculaiion imp I ies its own set of cut or 

assumed streams. A I Ihough each set of cut streams may imp I y rnor-e than 

one sequence of calculaiion, on examinal-ion they can be shown io be -the 

same. Cases whGre more than one sequence is·<::Jpparerd ly possible ar-e 

usually due to pads of the plant being in pan-ii lei. For example: ­

£j__g_~~I_:_!_ A F;ecyc Ie fJrocess wl th a Para I I e I Soquence of Ca I cu Iat ion. 

10 
............. 


4 
\ 

' 

2 
. 

6 ·. 43/ 

9 JI 
,· 7 ' 8 '. 

3 _) 5 _-. 6 7
5 

If vie choose str-eam 10 as a cut sirea'rn then we can have the fol lowing 

sequences of calculation: ­

I C 2, :5, 4 ) C 5, 6 ) 7, 8 

and 

I ( 5, 6 ) ( 2, 3, 4 ) 7, 8 

These sequences are really identical because the same information is used 

in an exactly similar way, and i·he resul-t-s musi be tile same. It is there­

fore the different sets of assumod stre~ms which distinguish sequences of 

calculation, and il1is is the basis of the work done in this thesis. 
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Information Flow and Calculation Sequence are closely I inked. 

The concept of infor·mai·ion flcM was first used by Steward (S4). Ho 

dealt with the problem of solving a large sparse matrix equation, or a 

set of simultaneous equations, v1ithout having to invert the matrix. He 

defined a matrix to be sparse where: ­

11 The number of variables in any equation is smal I com­
par·ed to tho total number of variables in the system." 

His approach was to solvy tho equation in such a sequence that the 

variables found previously wi 11 be sufficient to solve the next equation. 

He also defined an 'output sot' which is so con~;trucled that: ­

(I) Each equation has exactly one output variable. 

(2) Each variable appears as the output variable of exactly 

one equation. 

Frorn each solved equation there 'flo1·1s' a variable v1hich is then u:;ed in 

so Iv i ng the next equation. Stewcir-d I ookcd on this ac; 'in formai ion' which 

'flows' through the ma·lr·ix being modified by each equation. This process 

he termed 'information flrnv.' He then ii lusirated this by an information 

f Iow di agr·am. 

...If one takes the fol I OW i hg equations: 

( I ) a, c ) -· 0fl 

( 2) f2 a, b, c ) = 0 

( 3) ) 0f 3 b, c = 

one can generate an information flow diagram by a matrix composed of 

equations and variables where the presence of a variable in an equation 

is ma1~ked by ci ti ck 1n the row of the equation under the respective 
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variable. The information flow diagram derived from the above equations is 

f_!_g....:__J_2 Information Flow Diagram. 

a b c 

., / ! 
( I ) ,/ v" 

(2) ·•·/_ ,/
A 

\­

J. / 
. ( 

(3) \j '/ w• 

By fol low Ing the arrows, one can see the 1 information flow' through the 

system of equations. 

For example, at equaiion (I) one could assumo c; then one could 

solve equation (I) to give a: with a and cone could solve equation (2) 

to get b: with bone can solve equation (3) to get c. The sequence in 

wt1ich tho oquaiions were solved Is the 1calculaiion sequence' for this 

set of equa"lions. If the equations am represented by numbers, and tho 

variable solved in the preceding equaiion is represented in brackets, 

then the sequence of calculation is l(a) 2(b) 3(c). If the value of c 

found equals ihe assumed value of c, ihen -the system is solved; if it 

does not, then another value of c must be assumed. Usually the latest 

value of c found is used as the new assumed value. This is termed 

'Direct Substii"ution. 1 However·, this is not neces~,ciry, and any value 

could be substituted. The use of values other than ihe latest one cal­

·cu Iated Is i ntendod to decrease the number· of i ter·ati ans taken to 

converge, and is called 'Convergence Prorno·lion. 1 

Usually these techniques take advantage of some progression in 

the values of the variable. For instance, the sequence of numbers may 

involve geometric progr~ssion as in 

-'- I~ IJ.I1 J.' ;r., s , 

'
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This sequence contains a geJmelTic progression of which the I imit is 

ze.r-o and i tse If converges to two. If by direct subst i tu ti on, a sequence 

results which involves a converging geometrical progression, then one 

can use this information to predict the I imit after an infinity of 

iterations. This I imit wi 11 then be the apparent 'true' value, and 

would be an improved guess for restarting the calculation. By shortening 

the number of iterations required, one would have promoted the convergence. 

The simulation of a chemical plant involves writing a large number 

of equations, each with few variables relative to the total number. This 

obviously corresponds io the sparse mairix of Steward. Thus it is not 

surprising that il1e analogy between information flow through a system of 

equations and of material flow i·hrough tho units of a chemical plant, has 

beon utilised, especially in modular approad1os such as P1\CER or MACSIM. 

In such rnodular appr-oaches, iho information produced by one unit comput­

ation module must be comrnunica·-led io -1rie correct module. This is ver-y 

important since_the simulation of a particular plant depends on the way 

its modules are connected. Each connection bet-ween tho modules is tenned 

a stream and is identified by its own padicular number. Each module is 

also given iis peculiar number, and the streams which are needed as 

~~l:_u___'.s, and those which are produced as out~~,:~-~-' are def i necJ. Thereforn 

in PACt:.R and M/\CSIM ihe information flow diagram shows tl1e str-eams and 

the units. Because of the above analogy, the information flov-1 diagr-am is 

usually derived frorn the material flowsheet. However, uni Ike 1-he equations 

in Steward's paper CS4) which can have only one output, and need al I iho 

other variables in the equation as inputs in order to be solved, the models 

rnay have more than one output or input. 
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Tho information communicated by the streams consists of several 

stream y_ari_ab les which together· form the stream vector - a fur·ther 

deviation from the above paper where the variable considered as the 

outrut or input is scalar. 

A consequence of the derivation of the Information flow diagram 

from the material flowsheot is that the dir-ection of the information 

flow is usually taken io be the same as that of tho material flow. This 

loads to the design of unit computations in 1>1hlch tho information flow 

Is In ihe same direction as the materi~l flow in the corresponding unit 

of the chemical plant. Once the unit computations have been designed in 

this way, it becomes di ff i cu It to change the di red ion of -1 he i nfonnc:d ion 

flow without modifying the models. Therefore the information flow diagram 

wi 11 have IJeen fixed before anyone has considered which might be the 

easiost inforrnaiion flo1·1 diagr·arn to calculate. 

That the information flow diagrrnn so fixed rnay be less than tho 

optimal one, and so wil I pr·oduce a worse calculcition soquence, is easy to 

see. If the simulation could be calculai-c~d more quickly by a rever·sal of 

ihe assumed information flow between iwo units, then the information flow 

diagram is not optimal. 

In fact, tho mo1-o the information flow is detennined prior to the 

choice of the calculation sequence, the more likely it is that the calcul­

ation sequence found wi I not be the optima I. This can be shown more 

genera I ly as fol lows: ­

Let S be a set of equations, and Va set of variables which taken 

together can be used to describe the chemical plant. Let M ~ {Ml,M2,. ··} 

be the partition of S into subsets of S such that each subset describes a 
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module. The objeci- is to find the sequences of calculation, Cs and Cm 

for S which wi I I minimize some criterion such as total computation time 

T, (where Cs and Cm are the sequences of calculation of the unpartitioned 

set Sand of the partition M of set S respectively, and Ts and Tm their 

respective total computing times). It can be seen that generally 

Ts ~ - Tm 

because ihe pari-ltion M of S imposes a constraint on Cm which Is not 

imposed on Cs. If a fudher constraint is imposed by fixing the direction 

of calculation within each module Ml, M2, .. . , then it follows that 

where Tf is ihe iota! computing time for the optimal sequence when the 

direction of calculation within each module is fixed. 
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I .3 Methods of Finding tho Calculation Sequence. 

There are several ways of finding the calculation sequence: ­

(I) Direct- Mo-I-hod - PACff\. 

The method used by PACER is direct, but it is also very time-

consuming. The exocutivc scans the simulation to see if it can be 

calculated directly from the feed streams. If not, them are sorn2 

unknO\vn streams, and there is recycle. Then it wi 11 as.sums each unknown 

stream in iurn to be known, and will see if all the models can then be 

calculated. It no one stream is sufficient, then it wlll assume all 

possible pairs of assumed str-eams in turn. If no pair- is sufficient, 

then i l wi I I assum(:i <:1 I I poss i b I e comb i nati ans of throe st reams. 

If this does no! solve ·t-he prnblem, thEH1 PACEf~ cannot find a 

calculation sequence. If it succeeds, ii has found the ~~inimurn number-

of cut strea1ns -t-hai· wi 11 solve tho simulation. As the nurnbor of poss­

ible assumed strearns increc:iscs, tho time taken to find the calculation 

sequence i ncroases georneiT i ca I I y. 

One can show that an information flow diagram, such as the one 

used in MACSIM, can be reprnsentecJ by a dirocied gr-aph, or· di.grc1ph. (See 

overleaf for an example of a digraph), 

One of the prnpedi es of a di graph is the fact that it can be 

represented simply by· an adjacency matrix. 

The adjacency matrix of a label led digraph, D, is defined by 

Harary, (HI): ­

A= ACD) = [a·.] whore a·· if arc V·V· is in D, where
I j I J I J 


is a node of D, and a·· 0 other·w i se.
V·1 lj 
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i.e. aij == I if Vi is connecied to Vj, and aij = 0 o-t-henvise. 

Fig. 1.3. I Diagram and Digt-aph of the BAYlR Hydr·ate \'l'dsh Sedion. 

SJ~Pf\.02 -----)
l·lOJ)J::L, 

JUNCO'!( 
HODE::c. / "" ----->i ------ -)~ ,/> --->I 

\__~ --- > 

http:SJ~Pf\.02
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Fig_._1_·1:2 Example of a Digraph und its corresponding Adjacency Matrix. 

Di graph D. 
--­

Adj acenct__ Matrix A. 

( I ) (2) ( 3) ( 4) 

0_c --c+i--/D C I ) 0 0 0 

~ /
~--l_ ,,. 

(2) 

(3) 

0 0 

0 0 

0 

~j-
( 4) 0 0 0 

This iechnique is used by Sfowar-d (S4), Norman (NI), Himmelblau 

and Bischoff CH2), Hara~y CHI), and Dulmage and Mendelsohn (DI). 

The advantasie of i·hc adjacency matrix Ii es in the use of powers 

of the matrix. If one r-a i sos matrix A i·o its nth Coo IE;an pmlG r, ii w i I I 

show as I 1 s a I I paths of I ongth n. This has been used to trace the pCJths 

of length I, 2, 3, 4, etc., in the information flow diagram by Norman. 

The other references do essentially the same thing but use more sophist­

icated iechniques for- generating the matrices. A very fast technique for 

partitioning info recycle blocks is u::;ing the pov1EH-s of [l+A] ~vhere [I] 

is an identity matrix of the same size as A. To find al I paths of length 

2n 
one raises [l+A] by continued squaring to [l+A]- and then treats 

it as in tho above techniques. 

This general heading refers fo tho use of list--type reprnsenl­

ation of iho informai·Jon flod diagrc.irn in the partitioning of the 

simulation. ThE1 approach is to trace a pa·rh or 'chain' backwa1-ds, as 

in Sargerd· and VJesterber-g (SI), or from borh ends, as in Christensen (Cl), 

along the streams or 'links' connecting the units, until a 'loop' is 
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found. Sargent and Westerberg then merge the units of this loop into a 

single unit which they term a 1 logically defined block.' This technique 

is then contlnuecl unti I al I loops ar-e parlitionod into blocks. 

Christensen detects and merges the cycles in a slml lar way to 

Sargent and Westerberg. However, he also deletes any 1 node 1 with no 

input 'edges.' This combination yields his firsi· algorithm, IR. 

Both Christensen and Sargent and Westerberg reduce ihe number of 

combinations by merging edges and nodes. Christenson also eliminates 

'ineligible edges' based on the respective number of input pararnotei-s to 

the various units or· nodes. For example, if node A has WA+ inpu·t· par·a­

meters, and node B has w8 _ total outpui pc:ir-.:irneter·s, then edge (f\8) is 

incl igible and need never be considered as a recycle stream if 

where It/AB is the tote:il nurnber of paramsier·s 

between A ar1 d B.and 

WAB ~ WB­

1 t should be noted that equal iiy in fact does not dlsqual ify odge AB 

and that therB is then no way of distinguishing which of the equal 

edges Is the better choice. This then, Is a problem of ellmlnai·lng 

_y,c;i_~-~~cholces, ancl it Is common to olhor iochniquos too, for example 

the cycle and adjacency matrix techniques. 

The cycle matrix Is defined as the 
= 

matrix C with elements cij 

where 

C·.
lj 

Cjj 

= 

= 

if stream j 

0 otherwise. 

appears in cycle i. 
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A very straightforward and convenient way of tracing the cyclos 

is one originally proposed by Steward. CS4), and used as the basis of an 

algorithm and computer- program by Longeway (L3), which makes use of the 

'Spanning Tree.' Consider Longeway's example which he takos from Rubin 

CR3) · ­

Fig. 1.3.3 Digr-aph of Rubin. 

One can slad, arbitrar-ily, at node I and pr-oceed round the digr<lph 

generating the spanning tree. As soon as a node is reached which has 

already appeared, thon a cycle has been located and this branch is 

terminated: ­

Fig. 1.3.4:_ Spanning Tree of iho above digraph. (Isl-. cycle). 

(1 
! 

(3 

4 

Then one returns to node 4 and looks for an output. This branch is then 

terminated: ­

~l.3.5_Spanning Tree of the abcive digraph Clst. and 2nd. cycles). 


! 

3 

-
/. 

l 
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This process is repeai·ed unti I the ful I tree is generated, which is 

for Rubin's example: ­

Fig. 1.3.6 Full Spanning Tree. 

i~-- . '·. 

. I •
\.._j 

1 

(3'
" / 

( 5 
I --: I i_ 

I I· ­---' ­ . ·~ ,../ 
.2 ·5 

"·......_ . ~3 _­ 3 

"-. _...l

3 

Each branch is a poiential loop although there may be duplicates. 

Beginning a-~ the end of each branch, aach cycle can be tr·aced, 

stopping wherever a node is ro··encounter·od. Once the noda I sequence of 

each cyclo is found, thon tho corresponding streams can be found, and 

the cycle matrix generatEd. 

This techn i que*has been used on the Bc:iye r \~0sh and Cr·ys ta I Ii ser 

Sections in Chapter· Four. It was not used.on the Alkylation Plant 

because, al·l·housih a lar·g1:; plant, il is rela-rively simple, and tho 

required cycles could be obtained by inspection of the plani" digraph. In 

I argo comp I ex p I an ts it v1ou l d be rnore cumbersome to use, bu·J -this could 

be reduced by the following techniques. Any purely sequential units 

could be grouped together, and the tree could be split up in asimilar 

manner to the splitting up of a large computer prograrn. 

An a I i·ernati vo approach is to use the powers of the adjacency 

matrix A (Harary, HI) to generate the cycle matrix. 

* N.B. Longoway, L3, has written a computer program to solve spanning 
tree problems, but It was not necessary to use it. 
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1.4 Sequence \\lithin Recycle Set. 

1.4.1 Criforia for Optimum C2Jlculation Se-9_l:!_i::_nce. 

In the previous section rt was shown how the various authors 

have partitioned the or-iginal incidence matrix, or digraph, which 

describes the whole simulation. They use different terminology for the 

same eye! ic part, Harary cal Is it a 'strongly connected subgraph' or 

strong component; Sargent and \\lesterberg 1 a logically defined block'; 

Christensen detects 'loops'; and Longeway traces 'cycles.' The tennin­

ology used within MACSIM is 'recycle set', and this, therefon:'!, will be 

tho term used henceforth. 

Once the recyc Ie se·ts have been found, there si i I I rerna ins tile 

problem of solving each of them. To do ihis, the calculation sequence 

within the recycle set must be found. By definition of a recycle set, 

some stream or streams mu~t be assumed i·o calculate it. 

Within any recycle set there are several possible calculation 

sequences and sets of ~ssumed streams. One therefore needs some 

criter-ia for- deciding which one to use. Most of the abovo-·men·tionod 

writers choose as their criteria minimum computing timo. Christensen 

seeks "tho sequence (LJ) of unit computations within each such block so 

as to minimise the time Tc, required to obtain convergence for the 

block." This timo, TC' is given as 

where Ni is the total numbor of iterations required to reach convergence, 

Tu is the time required to update al I the rocycle parameters at each 

iteration, N is the number of times that 'once through' computation
p 

of the units in tho block must be repeated at each itoration, and Tp 
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is the time required for one such computation. 

Longeway also has the samo approach: ­

"The ultimafe goal in tho selection of recycle streams is 
to select those streams such that the total computation 
time required to converge to the steady state is as smal I 
as possible. 11 

Both authors, then, are faced wi-t-h the problem of finding an a 

priori criterion. Christensen developed his argument by maintaining 

that only Tp is independent of the calculation sequence~ (LJ), and that 

Ni, though ~!_E?.cted by ( U), cannot be p red i ded ~ E.Cl~_r::l. This I eaves 

him with the factors Tu and Np, and he continues: ­

"for any iter-ative mGthod, thE: factors Tu and Np wi 11 be 
non-decreasing functions of a single parbrneter of U: ­
the 	number, k, of recycle pararncdors. 11 

Christensen notes ·rhe constrc.Jint that convergence mu,;t be attain­

able, but ·!he dif-ficulty in his ar·gument is th;::i-t N1 is dE~J?_(?~dcnI_ on (LJ). 

Longeway comes to i hi:.; cone I us ion that the we ighied sum of pararneter·s for 

the recycle streams must be minimised, and recommends that the weighting 

parameter, Pj• of each stream j, should depend on the conver·gence 

technique. This is in contrast tci Chris·Jensen's above staiemeni, and, ii 

should also be noted, no proof of this is given by Longew~iy. The assertion 

was only tested on cases with a single recycle strern. The recommended 

parameters are: -

(a) Df reci Substitution. 

Each parameter, Pj' should represent the number of cycles in 

which that stream is involved. 

(b) 	Wegsteln's Method. 

Each parameter, Pj• equals unity. 
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Each parameter, pj' should equal the number of variables in 

the corresponding stream. 

The third case is ident-ical to Christensents choice of k, the 

number of recycle parameters, although Christensen does not suggest 

using a Newton-Raphson technique. 

Sargent and h1ester-berg CS!) allow for minimising an arbitrary 

weighting of tho streams, and choose as their weighting factor the number 

of parameters in each stream. 

The direct approach of F)ACD~, or of Koppel £L~· Cl<!) which is 

very simi Jar to that of PACER, wi 11 find the calculation sequence within 

a recycle set, but this t~kes a long time if there are many choices of 

assumed s-ITeam~;. Lee and Rudd (l_2),assume ihe cycle matr~ix already 

exists, and then use iwo distinct algorithms, one for minimising the 

number of cui streams, and one for minimising tho number of cut parameiers. 

Thai those are both sub-problems of a larger problem is poiniDd 

out by Longeway CU). Their- algorithms effodivoly try al I possible 

combinations. The number of possible combinaiions is reduced, however, 

by -t-he use of i wo concepts. 

Those same concepts are also used by Longoway (L3), and are 

defined as: ­

(a) Deperiderrt- SiTeams. 

"If 	stream d... is a member of 'al I cycles in 1vhich stream f3 
appears, and if P.,1.. f: p12,, -J-hen stream f> is said to be 
dependor-rJ- upon stream t<.. 

Two s+r-oa-ms wi I I be said to be indep~nde~t if they are 
not dependent. 11 
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It must be pointed out that there are, in fact, three 

possibi I iiies: ­

( I ) p.). ( p f3 which should be termed strictly dep_endont. 

( 2) p = which should be termed equivalent.
cl.. p /3 

( 3) Al I othe1- cases, which should be termed ~-?epen9en-~ 

11 If tor every method of iearing cycle i:;;._, cycle p wi 11 
ther-eby also be torn, then cycle f> is said to be 
dependent upon eye I C-l .-A. 
Tvw cycles wi I! be said to be J_l}!!_eponcl_?n-~ if they are 
not dependent." 

Similarly there should also be three cases here: ­

( I) If, for every method of tea1- i ng eye Io .A, eye I e }'> w i I I thereby a I so 

be torn, and tho reverse is not tr-ue, then cycle pis ~ri_<::.!L'l 

(2) 1-f the reverse J.2 true, then the cycles.,.)._ and pare equivalent. 

(3) If neither- strictly dependent, nor equivaleni·, then they -ar-e 

Again this is the pr-oblem rm:d earlier in discussing Lisi 

Processing ( 1.3.3) of eliminating val id choices. 

Longoway uses a zero-one I [near programming technique to change 

the original cycle matrix into one in which every cycle contains only 

one sl-ream. Howover, the use of thG tvm above definitions grezi-1 I y 

simplifies the procedure. The dependont sti-eams and cycles are deleted 

in sequence unti I there are none remaining~ The resulting, greatly 

simplified, matrix is then tr-eated by the I inear progr·amming iechnique 

unii I a set of cut sh-earns with minimum parameters is derived. If val id 

choices are not eliminated -1·11en, of course, he would probably de1-ive more 
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than one set of cut streams with minimum parameiers. 

Sargent and \'Jesterberg use dynamic prograrnming to solve the 

calculation sequence within the recycle set, or 1 logically defined set. 1 

Unfortunately they do not shov1 any examples. Besides which, dynamic 

programming usually uses a large arnount of comruter storage, yet they 

reject matrix ropresentationa I techniques on the grounds of excessive 

storage. 

Christensen uses his algorithrn, ! IF<, for edge and I ine merging 

with the concept 'node indexing' to solve several problems. An index 

node is defined as: ­

"one [node] al l of whose inputs or- outputs or both, ar-e 
eligible to be recycle streams." 

He therefore selecis an index node, and then deletes the streams 

connected to it. The resultant sub-graph is treated by algorithm l IR. 

He claims optimal or- _!18a.!.::_ opiimal results, but as the number of possible 

index nodes increases, the number of combinations of nodes increases 

geomct r i ca I I y . 

He therefore describes algorithms IT and I IT, which 'tear' 

selected variables. In this approach, though, he goes away from the 

modular- situation and bcick to considering individual equa-lions. fie 

uses substitution and elimination as an aicl, then uses his c:1lgorithms to 

select ihe 'torn' variables. 

This approach requires al I but one of the variables of an 

equation as input, and only one as output. Thus it is not directly 

releveni to the modular situation. 
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1.5 	Discussion of Minimum Cut S~rcams as a Crit6rion for Optimal 

Calculation Sequence. 

Al I the papers which have dealt with finding the calculation 

sequence (Cl, L3, SI, S2, C2, Fl have made the assumtion that that 

calculation sequence which results in a minimum set of weighted parameters 

of the assumed streams, i~. the calculation sequence of the equipment 

within the block which minimises tho calculation time. Several authors 

have, in fact, noted that this approach might not lead to minimum 

computing time. As Orbach (01) states: ­

"However, there is neither a numerical nor a theoretical 
proof of this assumption]' 

Christensen CCI) be! ievos ihat minimum cut streams is a criterion 

related only to the time taken for one iteration, and not to the number 

of iterations needed for convergence. Sargent and \fos·Jerberg (SI) look 

to -the possibi I ity of some meihod of improving the initial calculation 

sequence, thereby implying ihat the initial is not optimal. 

Forcier CF!) states that the process designer may prefer certain 

streams to be cut, and even if ihis leads to an increase in the number 

of cut siTeams, it may sii 11 lead to faster convergence. Or·bach COi), 

also shows: ­

"that the same sequence can resu It from another- set of 
assumed streams, larger than, or equal to, ihe minimum 
set, by s imp Iy sta 1-ii ng the ca I cu I at ion f r-orn another 
equipment in the sequence, and therefore the rate of 
conver·gonce is the same." 

This can be illustrated by a case given by Lee and Rudd CL2): ­
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Case Assumed Sequence 
Streams of Calculation 

A S9, SI 0, S 11 I , 2, 3, 4, 5, 6, 7 

8 S3, S7 4, 5, 6, 7, I, 2, 3 

c S4, SS, S9 5, 6, 7, I ' 2 , 3, 4 

D S6, SS, S9, SIO 7, I, 2, 3, 4, 5, 6 

Case 8 is the one selected by Lee and Rudd because it has the 

mini mum set of assumed streams, but, in fact, a I I cases have the same 

calculation sequence with different starting points. 

From the previous argument ii has been shown that the criterion 

is not necessary because one can obtain the best calculation sequence 

without obtaining the minimum set of siroams. 

It is also possible io show that it is not sufficient by i 1 lus­

trating a case wl1ich has more than one minimum set. The example shown 

below is from a selection of the BAYER Process Simulation.* 

Case Ass urned Sequence 
St reams of Calculation 

A 100, 22, 25, 30 26, 58, 29, 28, 18, 

24, 25, 23, 17, 22. 


B 100, 26, 30, 31 26, 58, 29, 28, 17, 

18, 23, 24, 25, 22. 

c 100, 28, 2~5, 23 26, 58, 29, 28, 25, 

24, 23, I 7, 18, 22. 


D I 00, 22, 30, 31 26, 58, 29, 28, I8, 

23, 24, 25, 17, 22. 

There are, in fact, twelve possible sets of four assumed streams 

which may be represented as below: ­

¥-A diagr-am and digraph of this section aro shown on p. 10. 



22 

(26) 
( ) 

(22) 
( ) 

(24) 

+ 

(31, 
( 

(25, 
( 

(25, 
( 

( 31, 

30) 
) 

28) 
) + ( I 00) 

30) 
) 

28) 

The sets may be constructed by selecting any stream from the first 

bracket, plus any pair from the second, iogether with stream 100 in 

the last bracket. 

Is there an Empirical Justification for the Minimum Cut St!~eams griterion? 

Although there is not a numerical, nor a theoretical, justification 

for the above criterion, the possibility exists of an empirical justifi­

caiion of the assumption. 

The number of papers, algor·ithms, and compute1- progr-ams on this 

area of research has pointed to the imporlance of finding a satisfactory 

calculaiion order. Since the minimum cut st~eams criterion has been the 

basis of al I the approaches up to the present day, it seems impor-Jant to 

dei·errnine whether or not it is justified. · 

All the approaches are essentially sear-ch techniques, and as a 

result, as the size of simulations increases, the number of necessary 

searches wi 11 be proportional fo the number- of possible ponm!tations 

which increases geometrically with size. This reasoning also includes 

matrix techniques: a 20 x 20 matrix is four times the size of a 10 x 10 

matrix. 

Therefore, if the minimum cut streans criterion is not justified, 

it would be desirable to select another criterion which would be easier 

to apply. 



23 

Orbach 1s def initlon of a feasible set could point to an 

appropriate substitute: ­

11 A set of assumed s-t-reams of size m is El teas i b I e set if, 
and only if, this set is sufficient to render the cycle 
problem acyclic but no proper sub·-set of this set is 
sufficient to do so. 11 

The adoption of this feasible set criterion would greatly shorten 

computation time and decrease storage space. Sti 11 more important, as 

the algorithm would not require searches, the time take~ by the computer 

would only increase I inearly with the sizA of the problem, and not 

geomet r· i ca I I y • 
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DESCRIPTION OF THE SIMULATIONS AND COl~VEf\GF:'NCE TECHNIQUES USED. 
------------------·---·-----------···----------­

2~ I Aims of Work. 

Tho aims arc to test the suggesiod ~priori criteria~- for 

obtaining the optimum sequence of cal~ulation by comparing tho times 

taken to converge the same simulation fr-om the some star-ting point for-

different sequences of calculation. Three different simulations wil I 

be used, cllld thr-oo differ-en! starting points wi 11 be used on one of tho 

simulaticrns.H 

In c:1dcJii"ion, the effect of tho use of convergence pr·omotion by 

geometric exlTapolc:rt·ion a~; derived by Orbach <01) wi 11 be investigatud. 

The aims in il1is area are to see if tho opiimum sequence of calculation 

is the same for both [)i nx·i- Substi·I ution and Conver~gonce Promotion, and 

to compare the rolative improvement in computer time~ achieved by finding 

the optimal sequence comp~rod to that obtained by using a Convergence 

Promotion technique. 

2.2 The Simula-t-ions Used. 

It was only possible to undertake ihis work because several chemical 

plant simulc:i-tions had already boon developed at Mcf'1asfor· University. All 

of these simulations have been based on la1·ge amount::; of data collected 

from the plants being simulated, and have been ox-te11sively verified. The 

\ 

-------------------------------. 

*~'p. 16 and 22 give the four criter-ia 


** The BAYER Wash Section. 


(24) 
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results for the 1base case' simulation matched the plant data very well, 

so that these 'base case 1 simulations have been used for most of the work. 

The prngrams were written using the MACSIM executive program, 

the rnodels themselves are written in FORTRAN II, and the whole system 

used the McMaster I .B.M. 7040. The programs are being transferred to 

the more-recently acquired C.D.C. 6400, but the transfer was not 

completed at the time of research. 
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2.3 	Description of the Hydrate Wash Section in the BAYER Alumina 

Plant Simulation. 

The simulation of the BAYER Alumina Extraction Plant was done as 

a graduate study in 1967-68, and as a 4th. year project in 1968-69. The 

convergence characteristics of this plant were studied in 1968-69 by 

0. Orbach (OJ). The purpose o·f the Hydrate Wash section is to wash soluble 

impurities from alumina hydrate, and then to filter off_ the excess 

moisture before the hydrate is calcined in the ki Ins to give alumina, the 

desired product. 

Tho feod streams** 19 and 21 join the recycle stream 26 at 

Equipment 17, and enter, as stream 22, the pr-ima1-y classifier (Equipment 

18) whore a sp Ii t in the so Ii ds occurs. The underf Iov1 stream ( 24) enters 

the three-stage counter-c0rrent washer (Equipments 23, 24, 25). After 

washing, the concentrated hydrate is fl ltered out (Equipment 26), washed 

again (Equipments 29 and 58), and then sent (as Stream 34) to a rotary 

kl In (not shown) where it is dehydrated and culcined fo give tho desired 

product of alumina .. The feed stream 23 is pure water only. 

The overflow from the primary classifier (stream 42) passes to 

the. Crystal I iser Section (see 2.4). 

*The diagram·and digraph for this plant are on p. 10 

**The composition of feed streams 19 and 21 and 23 are given in 
tables 2.3(a) and 2.3(b). 
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·The three-st_age counter-current washer uses a SEPf\02 model for 

each stage; this model ~I lows a few percent of ihe sol ids to be carried 

over in the overflow stream as happens in the plant itself. The filter 

is a rotary drum type (Equipment 26) and is al.so represented by a SEPA02 

model, which reduces the moisture in the sol id to 15% by weight, and 

returns the I iquor (stream 35) to the counter-current wash. 

The concentrated hydrate (stream 108) is washed with clean water 

(stream 23) in Equipment 58, then fi lfored on another rofory dr-urn filter 

(Equipment 29), also represented by a SEPA02 model. This I lquor ls also 

returned to the counter-current wash section, 
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TAB LE 2. 3 C a) 

Feed Streams to the Hydrate Wash Section. 

Component Location Stream Stream Stream 
Number in Stream No. 19 No. 21 No. 23 

Vector [lb.mole/hr] [lb.mole/hr] [ I b .. mo I e . h r] 

6 87989.7969 84277. 1416 6125.0 

2 7 862.7023 887.8482 

3 8 3516.6652 3500.5645 

4 9 .0043 0.0036 

5 10 1166.6548 2846.943 

6 II 0.2870 0.287 

7 12 .3011 .2994 

8 13 .0001 o.o 

9 14 .0004 0.0003 

10 15 .0117 0.0099 

11 16 .0017 0.0014 

12 17 .0019 .0016 

13 18 .0022 .0018 

14 19 2065.8810 2100.5155 

15 20 5.7058 5. 1675 

16 21 0.0 0.0 

17 22 3.9451 3.5907 

18 23 o.o o.o 

19 24 60.3192 41.o175 

20 25 35.4092 27,8576 
I 

21 26 1580.4762 1438.4926 

22 27 , o.o o.o 
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TAE3LE 2.3(b) 

BAYEI~ Pr-ocess Stream List. 

Component Location in The Component Flow Mo Iecu I ar 
Number Stream Vector lb.mole/hr Wei gh-t­

6 WATER 18.020 

2 7 105.993 

3 8 NaOH (as Free Caustic) 40.001 

4 9 3(Na20.Al203.2Si02 .0.6Na 20. 

.A I20~-s. 0. 22Na2SO 4. 0. 23Na2C03) I 006. 3602 

5 10 Al 203 .3H2o (SOLID) 156.020 

6 11 Al l)3 .2S io2 .211p CSOUD) 25B.180 

7 12 Fe/J3 .H20 (SOLID) 177.720 

8 13 (SOLID) 141.950 

9 14 CaO (SOLID) 56.080 

10 15 Ti02 <SOLID) 79.900 

I I 16 (SOLID} 100.091 

12 17 Carbon Compounds (SOLID) 44.011 

13 18 Unknown ineri sol id (SOL I D) I I 9 • 9 80 

14 19 NaAI02 (DISSOLVED> 81 .971 

15 20 A 1203' 2S io2 . 2H 20 (DISSOLVED) 258. 180 

16 21 Fe 2o3 (DI SSOL.VED) !59.700 

17 22 P205 (DISSOLVED) 141 .950 

18 23 (3Ca0.Al 203 >.Si02 (DISSOLVED) 600.490 

19 24 Ti02 (DISSOLVED) 79.900 

20 25 Na2S0 4 (DISSOLVED) 142.048 

21 26 Carbon Compounds (DISSOLVED) 4'1. O I I 

22 27 Na2CiJ4 DISSOLVED) 134.0CO 
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2.3.2 The Equipment Module~. 

The SEPA02 module calculates the split of one or more feeds 

according to parameters sion~d in i-he equipment parameter (EN) vector, 

which specify the weight fraction of the ihlet s6l ids that pass in the 

overflow, and the weight fraction of sol ids in the underflO\v stream. It 

is assumed that tho particle size distribution is constant, and that the 

only split occurs between the sol id and the l 1qu1d components, (dissolved 

components are considered as part of the liquid flow). 

Therefore the program calculates the weight of solids (lb/hr) and 

the weight of liquid (lb/hi-) in the feed fr-om the known molar- flovvr-ates 

and respective molecular weights (Table 2.3(b)). The weight of solids in 

the feed ls then rnultipl iod by the above specified fradlon to glvo the 

weight of solids in the overflow. The underflow of solids can then be 

found by sub1ract1on. Knowing the above speciflod weight fraction of 

solids .i_r:__!!_'.~---~!2__~!?_1=-!_l_cM, and the weigh! of tho solids in the underflow, 

the total weight of i·he under-flow may be found, and hence, by difference, 

the weight of liquid in the underflow. lhe weight of ihe I iquid passing 

ovedlrn-1 can be calcula·fed as i·he difference between the weight of the 

input liquid and the I lquid passing overflow. 

The other models (17, 22, 28, 58) am JUl~COI modules. This is a 

simple mixer-splitter module which combines al I the inputs, then splits 

them into the output streams according to the splii~ specified in the 

equipment, EN, vector. 
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2.4 _?econdar:_y Crys_tal_l_iser Seciion. 

The overflow (stream 42) from the primary tlassifier (Equipment 

18 in the Hydrate \I/ash Section) serves as feed for this whole section. 

The feed enters the secondary classlf ier (Equipment 45) where it is 

split Into two streams; the underflow (stream 67) is used as coarse seed 

for the regular precipitators,· the overflow (stream 43) is pumped to a 

holding tank (Equipment 46), In this tank, stream 43 is mixed with the 

underflow (stream 50) from the tray thickener ([quipmont 49) and with 

some of the overflow from the fine seed tank (Equipment 51). This 

mixture (stream 44) ~pesto a number of crystal l iser·s ([quipment 47l to· 

give a six-to-eight hour residence time, and a concentration of about 

100 gm./litre solids. The slurry fr-om these crystallisers (stream 45) 

goes to a continuous tr-ay H1ickene1- (Equipment 49) where ii· is concen­

trated io about 250 gm./litre. The underflo1'1 (stream 48) is splii, some 

(stream 50) going back to ihe holding iank (Equipment 46), tho rest, 

(sfrearn 51) going io the fine seed holding tank (Equipment 51). The 

overflow (stream 72) from the tray thickeners becomes recycle spent· 

liquor. The underflow (siream 68) from this tank is mixed with advance 

wash to give a 20% sol ids by weight, and used as seed slurry for the 

special precipliators. Some of the overf-lovJ (stream 49) from ihe fine 

seed tank is removed as a purge stream to bo calcined 1o remove organic 

material; some (strea~ 54) is returned to the holding tank (Equipment 

46); and some (stream 53) is sent as a bypass to tho continuous tray 

thickeners (Equipment- 49). Stream 53 is usually empiy except when stream 

54 Is too large for the second stage crystallisers. (See decrlptlon of 

SETRO I mo du I e be I owl . 
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Fig. 2.4. I lnfo1mation Flow Diagram of the Crystalliser Section. 
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The SEPA02 modules (Equipmccints 45, 49, and 51) and the JUNCO! 

modules (Equipments 46, 48, and ~0) are the same as described above 

(2.3.2). 

The Second Stage Precipitator Module, CRYSOI, simulates the 

continuous precipitation of hydrate using a rate constant, KcA. The 

module first calculates the total mass flowrate ( lb./hr.) from inlet 

stre21m composition (lb. moles./hr) and component molecular 1·wights. 

The density of the input stream liquor is calculated as a funciion 

of io·hil ti-lrable soda CTTS) and sodium aluminate (/\Ll, and frnm it, 

tho total volumetric f lowrate is found: ­

Volumetric Flow = Moss Flowrate 
-5-e11s- riy------

Thon tho averi:lgc~ molar conceni-rd-lion (AUG) is found: -­

/\UG =Total Molar Flowrate 
YoTa1-v0·rumefiTc-rr0v11-a i'e 

Next, one needs the required volumetric flovn-ate (T[)T) to give the 

residence time (TOW) specified in the EN vector. 

TOT~ Volume of precipitators (from EN vector)----------TcWT _______ ..__ 

A required toial molar· flowrafo CREQD) can i-hen bo calculated und stornd 

in the rn vector for· SETROI (Equiprnm1t 52) to conrrol the recycle in 

streams 53 and 54. 

REQD = TDT x AUG 

The driving force for crystal I isati_on is the supersaturation of 

the inlet I iquor as NaAI02 compared to the equi I ibrium value for opera­

ting conditions. The inlet concentration of Na/\102 as Al203 is calculated 

CCAU and the equilibrium value of Al203 is found from the correlation 
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with tumporaiure and caustic concentra·tion CEQUI LM). The outlei· 

concentration of AJ 2o3 is given as C: ­

C == CAL + KL\__ x -1~\1 x E2_~~~-!~_._=~ 3/454 

( I + K A x TOW )
c 

(where 28.313/454 is a units conversion) 

The precipitation reaction is: ­

The AJ 2o3 procipitaiod is the volumefric flo\'nate multiplied by 

the difference in concentration between inloi· and outlet, (CAL - C). 

Using the stoichiometry of tho above, a final mass balance is 

done for- each cornponent -1-0 correct for ihe proci pii·uti on reaction. 

The FI CM CordTo I I er Modu Io, Sr:Tf\O I, is use-d to fix i he ·rota I 

flow (stream 49) -1-0 the calciner, then to dir·ect -the rorimining flow 

accordin9 io the de~~irod flow, REQO, in tho crys-Jallisers. If the 

remaining flow is so largo th<:it it would redu~u tho rnsidence time too 

much if ii· a 11 went in stream 54 and -!hence i o the cr·ysta I Ii sers, then 

some is sent to stream 53. (Stream 53 is zoro under normal plani operations). 

To calculate iho flow in s+reum 54, ii is necessary to make a 

mass balance arnund Hie holding tank (Equipment 46). Sireams 43 and 50 

are kno1,1r1, and the desired value of stream 44 is given as REQCl in the EN 

vector· of Cf~YSOI. If no or negative flow is required in strnarn 5'1, -11wn 

it is soi to zern, and u! I tho flow is sent io the bypass, slream 53. 

If ma-1-erial is needed, then it is noces~~ar-y to see if the 

remaining flow is gn;ater or smaller -than the desired flow in stream 54. 

If it is greater, then the difference is sent to stream 53; if ]-!- is 

smal !er, then al I the flow is sent to siream 54. 
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The module sets the output temperatures and pressures equal to 

the input temperatures and pressures, and calculates the total, and 

componcnt, flows. 
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The p I ant pr·oduces b1-anchod chain hydrocarbons for uso in up­

grading high octane motor fuels. The use of these compounds wi I I become 

of greaicr importance as the ethyl-lead additions are eliminated. 

The main reactions are as fol lows: ­

CH3 
·1 

CH 2 = CH - + Cll 3 - CH - CH3 ----- -> CH3 -

propylene isobutane 

2,2 dimethyl pentane 

CH 3I 
CH3I -

CH
3 

C 
I 

-­ CH 
2 

-­ CH -· 

isobutylene CH 
3 

2,2,4 tr irnelhyl pentane 

Both these reaciions are cai~lysed by high sirengih, aboui 95wt.% 

sulphuric acid. 

The alkylation is can-iod out in the S·lra·tco reactor (Equipment 

3). Tho sulphui-ic acid in which the re<Jction has occur-red (siream II) 

goes i·o the acid se·lller· (Eouipment 4). The1·e) the acid settles and goes 

(stream 19) to the acid make-up (Equipment I I) where the spent acid is 

added to give the acid feed (stream 10) to the reactor. 

The product stream (12) is mixed with the isobutane foed (stream 

30), then the mixture is passed -1-hrough a reducing valve to drnp the 

pressure from 70 psig to about 27 psia, and then is flashed in coils 

immersed in the reactor I iquid. The vapour-I iquid mixture goes to tho 

produci separator v1hcre ii' is split inio a vapour stream ( 14) composed 

mainly of c3 and c4 hydrocarbons, and a liquid stream (15) containing 
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alkylute and n-butane and iso-butano. Tho product separator has an 

intornul heating coi I through which the bottoms (stream 27) from the 

dcpropaniser (Equipment 12) pass. The flashing coi Is and the product 

sep21rator are repr-eseni-od by Equirment 5. 

The varour stream ( 14) is compressed CEquipmeni 8) to 60 psig 

and 155°F, then washed in tho caustic wash unit, (Equipment 16) and in 

the water settler (Equipment 17), then rassed to the coalescer (Equip­

ment 25). After washing, the stream is heated (equipment 29), then 

separated in tho depropaniser (Equipment 12) into an overhead propane 

product (stream 6) and a c4 bottoms stream (7) which is recycled to the 

Str·atco reacto1~. 

The I iquicJ siTeam ( 15) is similarly v1asheci in Equipments 19, 20, 

and 21, then separated in the do-isobutaniser into an overhead isobutano 

stream (2), a side-draw of n-butano (stream 3), and a bottoms of alkylate 

( strecnn 4). Tho i sobutane is recyc I ed b21ck to tho Stralco readors. 

The olefin teed (stream 22) is mixed with this recycle, then 'the mixiure 

(strnam 23) is cooled (Equipment 30), and mixed with lhe c recycle4 

stream, then passed through the feed cocilescer CEquiprncni 14) -to give ihe 

hydrocarbon food sirearn (9). 
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2.5. I The Equipment Modules. 

The reactor modulo used is REAC 23, which is a comprehensive 

statistical modol based on a set of simplifying assumptions~ and on 

I inear regressions on al J the independent variables for each dependent 

variable. The assumption that no alkylate ls present in the intake feed 

becomes irnporiant if any alkylate returns from the depropaniser botforns, 

i.e. there must be no alkyl ate in the vapour phase at the product 

separator. 

The acid used is obtained from the plant factor for bbl. of 

acid per bbl. of olefin input. 

The total heai loacl is calculated fr-01n enthalpy dwnge, heai of 

reaction, and impeller hea-1, and tr·ansferred to Equipment 5, the prnduci 

separator. 

One of lhe problems of using statistical modules is one of 

correla-t-ion limits. So a check is· made of inputs -to see if they are 

ou-lside the limiis, and a 1varning is printed if necossa1-y. If the 

outputs an:; obviously wrong, for- example if H1ey are negative, Hwy are 

set to a reasonable level on the assumption thai in the next i-1-era"tlon 

the inputs wl 11 be within range. 

The iwo disi-i I lat ion column modules, DEF)ROP2 and DISOBI, are 

quite similar-. They bo-lh assume the disti I late consis·J-s only of a light 

and heavy key. lhe number of minimum stages can then be found, and if 

the split of one of the keys is known, then the composition of disti I late 

*Seep. 2.9, Section C of Comprehensive Repor-r- on a Digital 
Computer s i mu I at ion of an A I kyJ_at ion_~ I un_!_:_ McMas-:Fer. DnTver_:-sltY,-196-9. 
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can 	 be found, and by difference, the bottoms can also be found. The 

heat balance is done by finding the reflux ratio from a linearised 

Gi 11 i land_ graph. 

Three of the models, \.YASHOI, WASH07., and COALOI, are concerned 

with water remova I, and a I I use the same sub-routine, FSOL, to cal cu I ate 

the 	water solubi I ity as a function of temperature in a hydrocarbon stream. 

WASHOI is used to calculate the neutralisation of sulphuric acid 

by 	 sodium hydrnxide for H1ree different cases which give: -­

(a) 	A perfectly neutral solution with no acid or base left. 

(b) 	A caustic solution in which the Cau~;tic Molar Flov1rate is twice the 


Acid Molar Flowrate. 


(c) 	An acid solution in which the Acid Molar· Flowrate is h.fice the 


Caustic Molar· Flowrate. 


The 	 wa·rer that exists in the hydn.xarbon strnam consists of dis­

solved water and entrained wa1er. The dissolved water is calculated by 

FSOL; the umount of erdr a i ned water is fou;1d by rnu 1-1 i ply i n~J ·J-J1e to-J-a I 

feed flowrate by an ad>ifrur·y entr·.ainmerrt factor which is reud into the 

EN 	 vector. 

The 	water Hash module, VIASl102, trcJnsfers the hydrncar~bons di r-ecJ- ly 

to 	the hycfrocarbon outprrt strnam. Ii then di I utes ihe o·!·her components 

with the water input stream, and calculates the dissolved and entrained 

water as above. The salts and acid, or caustic, are split according to 

·fh2 	water· sp I it, and acid, or caustic,
·; •..'\ 	 ... 

· .. 
e-;3rr- through the sewer strearn. 

An energy balance is also perfonned by both models to find the 

temperatures of the exi1 streams. 
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·The coa I escer rnode I, COALO I, knocks oui pa 1-·1 of the input 1·1ater 

aq::or·ding to a given water removal efficiency stored in the EN vector, 

and sends the hydrocarbon stream overhead. 

The acid make-up module, ML\KEUP, represents tho bai·ch removal 

of spent acid, and the addition of fresh. Tho composition and f lowrate 

desired as feed to the reactor, and the concen·t-ration of fr-esh acid, is 

stored in the EN vector. The inco1ning stream f1-orn the decanter is kn01m, 

so an acid and an overall mate1-ial .balance wi II give i·he fresh and the 

spent acid f lowratcs. A heat balance is also carried out over the four 

The acid seitler module, SETLOI, transfers the hydrocarbons and 

the acid carr-yover specified in the EN vector·, to the overhead siTeam, 

and the acid and the degradation products io the bot·t-oms. Tho waiBr, 

sodium sulphates, and alkyl sulphaies, are spilt into the exit streams 

in tho same raiio as tho acid. 

The product- ~;epcir-a-lor- and the heat exchanger· inside the Stratco 

reactor- are both rr:odcllcd by th8 EXCHl4 module. The module calculates 

the input enthalpy by summing tho enthalpy of the incoming stream, which 

is assumod to be liquid, the r·eaclor hoat input, which is stored in ·1·he 

EN vector, and the hea-t input from the pr-oduci :;opar-ator- heat exchango1-. 

The output enihalpy is the enthalpy of the I iquid and vapour streams, 

plus ihe enthalpy of the output from tho heat exchangers. Tho enthalpy 

of the liquid and vapour streams depends on the flashing iBmperature 

which is found by a Reguli-Falsi search for- tho iemper·ature whern input 

and output onihalpies are equal. The acid in the feed to this module is 

dealt with by destroying half of the input in order to simulate the acid 
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which has collected in the acid leg, and by assuming 10% of ihe remainder 

is entrained in the vapour stream. 

The compressor model, COM~)F6, is a comprehensive model which also 

incfudes the throttling valve and condensers. The product separator 

pressure and compros~;or outlet pressure are I inked, and a search procedure 

is needed to find the right product separator pressure in order to 

compress the vapour stream for that particular volumetric flow. First the 

pr-oduct separator pressurn is taken from the input stream, then the press­

ure drop be·t-ween the product separ-ator and compressor, and the compressor 

compression rai lo, are calculated. Now the operating pressure of the 

condenser must equa I the pressure drop from the compressor to the conclcrn­

ser, plus tho outlei pressure of the compressor. If it does not, the 

control module, COi~TO/, is used to per-form a Ruguli-·Falsi search to alter 

the pn:i:;sure in Hie product sopar-ator unti I J-t does. This is done by 

placing the new value of tho pressur-e in the CN vector of EXCHl'1, and 

forcing the recalculation of this module. 

MSTEMI is a module used to break the heat rncycle iteration round 

the product separ-ator·-corr.pre:;sor-depr·opaniser- section of the plant. It 

picks up the flows from stream 27 and ihe temperaiure from stream 20, 

passing the corr~inod information Into stream 49. 

The EXCl-lll module is a comprehensive heat exchanger model wiih a 

choice of eight difteront typos of exchanger: ­

(I) Countercurrent. 

( 2) Para I I e I . 

(3) Crossflow, both streams unmixed. 

(4) Crosstlow, both streams mixed. 
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(5) Crossflow, stream CMIN unmixed where CMIN sma 11 or of -Jhe therma I 

capacitances. 

(6) Crossflow, stream CMAX unmixed v1here CMAX larger of the thermal 

capacitances. 

(7) Para I lei - counter flow with N she I I passes. 

(8) Liquid or gas on one side and a condensing or evaporating fluid on 

-the other side. 

The iype desired can be selocied by placing the appropriate number in the 

third place of the EN vector, Equipment 29 was simulated by means of the 

countercurrent model. 

The mode of calculation uses ihe offeciivenoss factor concept to 

give the outlet temperature~; of both s-treams di r-ectly. The UA, the numbGr 

of she I I passes, and tho location of the hot fluid, tube or- she! I side, 

must be specified. 

The JUNCO/ modulec; are slmilc:;r- to the JUNCO! modules except that 

the JUNC02 modules have tho ability to s~'t temperaturns and pressures of 

output streams, and thus may be used to simulate I iquid pumps. 

The SETST2 modules set the temperaiure of tho outlet stream. 

•,-...._ 
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2.6 Experimental Techniques. 

In order fo satisfy any of the aims of the work (see 2.1), it is 

necessary to have some criteria, or tests, to determine when a solution 

has been obtained, or when the simulation has converged. In addition, it 

is necessary to define an error norm so that the progression of the 

simulation towards tho converged solution may be studied. 

2.6. I Convergence Tests and Error Norms. (Orbach, 01) 

In any iterative procedure that converges, the vector Xn afior n 

iierations, wi 11 approach the solution vector Xe asymptoticz:Jl ly so that_, 

when n goc's ·Jo infinity, Xn wi 11 equal X • U~>ual Jy one vJishes io find
5 

some converged vector, Xe, which wi I I be in the neighbourhood of Xs af1-er 

a finite number of iterations. 

The iest of convorgonce used in MACSIM is to examine the fractional 

change of each e Iomen-I in over·y streum between two successive i torat-i ons. 

If the modulus of this fractional change is less than somE; small ·foler·ance, 

then tho iterate is said to have converged, This can be written as: ­

•...... . 2 .6. I 

where 	D xn) is a diagonal matrix with elements xi. 

One can take the norm of this test vector, En' 

........ 2 .6.2 


which 1vl 11 give a measure of the devia-Jion frorn the true solution. The 

ratio of tv10 successive error~ norms, u, is asympto·J-ically the value of 

the dominant eigenvalve at the nth iteration. 

un = llf~n II 2 

II En_il! 	 2 ........ 2. 6. 3 
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However, though uncan bG calculated at each iteration, it is not 

unti I it remains approximately constant for at least three iterations 

that it can bo said to be the value of the dominant cigenvalve of the 

system. 

2.6.2 Direct Subsiituiion. 

Since most of the work in simulation has either been done using 

Di rcci· Substitution or· is based on this method, al i of tho cases which 

have been used in this work have been iested in this mode. 

This technique can be used whGnever the iterate has approached a 

geometric pr·osir·ession, and can be cxpr·essed thus: ­

(where ~~ is an estimate of ~5 ) .... 2.6.4 

This expression can be wriiten for any component i: ­

x = U· u11 + x' .
11, i I S, I 

= I, 2, 3, ... m. .. .. 2.6.5 

Thornfore, by eliminating Ui over the last three iteration points, 

.... 2.6.6 

Then::Jfore, tho appar-ontly 1 iTue' value x' . can now be substiiuted as the 
S, I 

improved estimate. 

However, the equation which is actually used in the CONV40 program 

-------------·-----------·--------------------------­

* For convergence iests and error norms, and convergence promotion 

by geometric extrapolation, see pp. 24 and 55 respec·tively of 0. Orbach's 

thesis, A Study of the Pr-on1otion of Converge~_C?_~_.!!l__!_h_c Calculation of 

Comr I ex CilGrnlcalP I c.rnf:~-.----McMa~;ier University, 1969. 
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is derived from the above ono, and is: ­

- u ...... 2 ,6. 7 

The program used for geometric extrapolation is one wriiten by 

Orbach, cal Jed CONV40. This was originally wriHen for the BAYEH process. 

There is a choice of up to eight assumed streams which must be specified 

within tho program. Tho nor·mal mode of operc:ition is to use as assumed 

streams in the promotion technique, the same ones that have been specified 

as 'cut' stn;;ams in tho 'sequence of calculation. However, some cases have 

been run in which tho si-roc:im:3 assumed by the p rornoti on techn i quo were 

different from the cut str-eams specified by the sequence of calcule:ition. 

Modifications had to be made to the CmV40 p ro~jrcHT\ to run it on 

the Alkylation Plant. These consisted of changing tho COMM:)N stor-0ge, and 

changing cer·tain symbols v.rhich clashed with ihe Alkylation COMi-10i~ storage. 

In order to test the tim3 taken for one itorai ion of various 

sequences of calculation, a smal I dummy module was put into the sequence 

of calculai·ion. Every time it is cal led, this module prints the value of 

the execution time at that momcrn.-t. 

Certain of the cases were run for five iterations, then the 

streams were printed out and used as initial values of the streams for 

different sequences of calculation. This technique ls known as changing 

one's sequence in mid-calculation. 



CHAPTER THREE . 

.RESULTS. 

3. I lnir-oduciion. 

In this chapter, the results of the analysis of the three plants 

described in Chapter Two are presented. Each plant is divided into 

'Groups' such that a stream, or pair of streams, from each group is 

present in every teas i b I e set of assumed streams. Then it is shmm how 

to generate every feasible set and hence every feasible sequence of 

calculation, for each planL The number of iterations taken to conver-go 

are given f6r two techniques of convergence, Direct Substiiution, and 

Geometric Convergence Promoiion, for each feasible sequ8nce which is run 

in each planL 

Original iy it was hopecl to cornparo direci ly the processing time 

and cost beh1een the sequences of calculation. Hov1evor it soon appeared 

that there were lar-go differences in cornpi ration time. It v1as thorefor-e 

decided to use a libr-ar-y funciion, TIM\jQ\'I, which obtains tho rnachine time 

directly from ihe machine clock. A model, TIMNOI, was written, which 

cal Is TIMNOl/I and prints the machino time. This model is usuai ly pui- at 

the end of the sequence of calcula-rion and prini-s the machine tirnc over-y 

iteration. It is therefore possible io obtain time per iteraiion and iho 

overal I time. The time taken for any large anounts of printing can also 

be decided, and al lowed for. 

When the runs wer-e made, it wus apparent that for some r-uns the 

time for the runs corr-esponded to the number- of iterations taken, i.e. 

that ti me rer i terut ion was constant; but this v1as no-J true for othe1­

47 
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runs, i.e. tho time per iteration differed by 10% - 20% within tho run 

itself. Ono run had a time pet' iter-ation of one second up to the six-ry­

sixth iteration which took 140 seconds. The subsequent iterations also 

took one second each. Therefore several runs were repeated, and variat­

ions of 10% were found. This variation can be attributed to several 

factors, some of them dala dependent, and others operator dependent. The 

multi pl icaiion and division of numbers can vary by a factor of fivo, 

depending on whether the number in the accumulator is one or zero. 

However, with a large number of operations this should average out. The 

othcr datci dependent fador- is the presence of IF statements and DO 

loops. If the computer' suddenly goes into a new part of the prngram not 

normally used, then this could be refleded in a chan~JO in time. The 

models used, JUNCOI and S[PA02, are vor·y simple, and the time differences 

cannot be accounted for in this \~ay, particulcirly since ihe indial 

star·ting point is the sarn~), and the conver·~1cd results are very close 

together indeed. 

The other factors are dependent on the operator. On the I .B.M. 

7040 ·them are two modes of operation, on spool and off spool. On spool 

uses disc storage between ihe computer and i·he prinier, and off spool 

uses the computer linked di redly to the prln·ter. Off spool is slower 

because It is printer I imited. In addition, the machine clock used by 

TIMNOY{ can be turned on and off by the operator. Because of the 

var-iabi I ity, and these randorn factors, it was docided that the number of 

iterations taken to converge would be a bet~er measure of convergence 

than the time taken. 
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3.2 BAYER Process Wash Soc1ion. 

An exarnp I e shown at the end of Chapte1- Ono i I I ustrates how 

the collection of al I the feasible sets of fourth-order assumed streams 

may _be generated. This co I I od ion is a subset of a I I the feas i b I e 

choices of assumed streams, and hence of sequences of calculation. The 

plant is divided into throe groups, each of which must contribute to the 

feasiblp sot in order for ihe calculation to be possible. It should be 

emphcisised that these three sections are not independent of each other, 

and, in fact, form one recycle. The division into three parts is, like 

Caesar's division of Gaul, for convenience only. 

Code Stream No. Code Stream Nos. Code Stream Nos. 

A 22 31, 30 0 100 

B 24 2 2s, ~so 32, 36 

c 26 3 31' 28 2 35, 108 

4 	 2:5 J 2 8 3 35, I 09 

4 35 I 110 

5 36, 37 

Therefore to generate a feasible set of siroams, a stream, or pair of 

streams, is selected frnrn each group. This prncedur-e also gives tho run 

coding for the set, e.g. P.20 is coding for- 22, 25, 30, 100. Once the 

feasible set is generated, then a sequ~nco of calculation can be found 

in a siini lar way; ­
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Gr?_u_p_l_ Gr_s::_~ 

A [ 18 ( ) 17 J 23, 24, 25 

B [ ( ) I 7, 18 J 2 24, 23, 25 

c [ I 7, 18 ( ) J 3 23, 25, 24 

4 25' 24, 2:3 

GrouJ_)_l_l_I 

0 26, 58, 29, 28, [ ], 22 

22, 26, 58, 29, 28, [ J 

2 58, 29, 28, [ ], 22, 26 

3 29, 28, [ ], 22, 26, 58 

4 28, [ ], 22, 26, 58, 29 

5 [ ], 22, 26, 58, 29, 28 

Using tho coding for· the pc.1dicular set, e.g. A20, the square br·ackot 

from Group I corre~;ponding to A, 18 ( ) 17 is taken and fi I led with the 

round br·ack0t from Group 11 corTesponding ·lo 2, ( 24, 23, 25 ) to givo 

A2 18 ( 24, 23, 24 ) 17. This i~ then placed in the appropriate pl_ace 

marked by the square br·acket in 21 sequence from Group II, in thio; case 0, 

to give: .. 

A20 = 26, 58, 29, 28, [ 18 C 2-1, 23, 25 ), 17 ], 22.*· 

Using this technique, it is possible to gener·aie all 72 feasible 

sets of assumed streams and their associated sequences of calculation. 

It is usually possible to obtain an equivalent sequence of calculation 

which is apparently** but not essentially, different from a given one. 

* N.B. The brackets are for i I lustrction purposes only 

** See back to page 3. 
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For example, in A20 one could calculate Equipment 25 before Equipment 23. 

However, as long as Equipment 24 is calculated before either of them, 

and Equipment 17 is calculated after Equipment 23, there is no difference 

at al I in the convergence. This has been verified experimentally, in 

that tho rate of convergence was the same in the iv10 cases, and the f i na I 

and inter·medlate values of the stream variables were identiv:al for -Jhe two 

equivalent sequences of calculation. However, the resu·Jts w0re not 

identical when two different, non-equivalent, sequences of calculation 

were compared, nor when the same sequence was calculated by Direct 

Substitutio;1 and by Convergr.rnco Pr-emotion. 

3.2. I Direct Subs·~itution. 

The number of iterations that each sequence of c~lculation takes 

to converge is tabula·led in Table 3.2. I. The minimum number of iter--.. 

ations is 76, and there are six diHer-ent sequences of calculalion which 

yield this result. Thr-ee of thcrn are fourth-order, and three fifth-order; 

hovwver, there are hwlve fourih·-ordfw cases and 60 fifth-·or-der·, so that 

the fourth-order- sequence~; ure proporlionaiely better. The choice of 

streams rnay be expres~;ed fjS belrn~: ­
cGroup A ~ B c 


Group 11 4 < 3 2 < I 


LGroup 11 I 0 ~2 I < 3 4 - 5 

Therefore A40, B40, C40, A42, B42, A41, are the optimal sequences, and 

Cl3, C\4, and Cl5, ar-e the worst sequences with the other sequences 

graded in between. 

If one Iooks at the choices of siTeams from Group I I necessary 

to obtain the optimal sequences of calculation, and then refers to it1e 
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diagr-211n on the fol lov1ing page, one can make the fol lowi_ng observations: ­

(I.) Strnarn 100, v1hich I inl~s unit 22 to unit 26, is tho best choice 

because it produces three optimal soquences. 

(2) 	Streams 35 and I 08, which are the outpul- ~:d reams of unit 26, are 

the second best choices, producing tvJO optima I sequences. 

( 3) Streams 3~ and 36, which are the input streams to unit 22, are the 

third best choices, producing one optimal sequence. 

Yi~.2._J_ lnfo1-maiion Flow Diagi-am of BAYER vfosh Section. 

37 

110 

/
'-...... 

Therefore tho th1-ee besi choices are Ii nked -togc)thoi- by stream I 00, 

which is the best choice. 

Simi lar-ly for- Group 11 one may make the fol lmiing observations: ­

(I) 	Streams 25 and 28 ar-e the best choices. 

(2) 	Streams 30 and 31 are the worst choices. 

(3) 	 Stroams 25 and 30, and s·lreams 31 and 28, are equivalent· to each o-t-her-, 
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and midway between the othor two cases. There is only one example 

where this is not completely true: C30 converges In 77 iterations, 

whereas 820 converges in 80. 

TAGLE 3.2.1 	 Number of lter-a-tions taken to convGrge when Direct 

Substitution is Used . 
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5 
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80 
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82 
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80 76 76 77 
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The use of Orbach 1 s Geometric Convergence Promotion (01) gives 

an approximat~ly 50% reduction in the number of iterations taken to 

converge. The optimal sequence is C21 which converges in 38 iterations. 

The two worst sequences were* A21 and 821 needing 58 and 63 iterations 

respectively. The reason for the poor convergence in both the above 

cases is thai the second convergence promotion step was in the wrong 

direction, and approximately 18 iterations were needed to reduce the 

error norm to below the ·value at which the wrong promotion occurr-ed. Tho 

simi lariiy in iho sequence of calculation between the best case and the 

t1vo wo1,st cases i 1 lustrates the necessary compromise bet·ween rapid con­

vergonco and accurate convergence promotion. The beneficial effect of a 

constr'iJint on prorno·J-ion for -J·ho two wor·st cases substaniia-res the sensit­

i vi ty of i·he~;e sequences. The graphs of erTor nonn against number of 

iterations i I lustrafo ·Jhis point. 

When Convergence Promotion is used, it is difficult to staie any 

order of preference for choosing assumed streams, uni ike the case where 

Direct Substitution was used. It is pos~; I b I e to use a game theor,y 

*These cases were for a minirnum KOUNT of 5, and promoted after a 
KOUNT of 6, when the minimum r(OLJNT was incr,eased to 8 promotion occu1-red 
after a KOUNT of I I and convergence 1vas atJ-a i ned in 4'.J iterai·i ons for 
bo-fh cases. Seo Tab I e 3. 2. 2. 

The KOUNT facility in tho convergence promotion routine counts 
the number of iterations after the previous convergence promotion jump. 
Normally the jump occurs when the iterate approaches a geometric progress­
ion, i .e.: ­

II\ nl f; 1r whore/\ n ::.: ( Un - Un- I ) I un-1 

andy Is a smal I toloranco which was chosen to be 0.005. 
However, it is possible t·o use i·he KOUNT faclliiy to ensure -i-hat 

the jump does not occur befor-e a fixed number of iterations have occuri-ed. 
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approach and -trea-r the choices of assumed strnarns as straiog_ios. In 

this approach one wishes to find ihe best straiogy~ or choice of stream, 

within a grnup whatever the choice within the oiher groups. This can be 

done easily frorn Table 3.2.2(a) by summing tho rm,1s and columns and 

-t-aking the averages. This generates dir-ectly the average time for the 

Group I I choices, the averages obtained from summing and averaging the 

rows, and thus the bes-t- strategy from Grour 111 can be picked, ( Table 

3.2.2(b)i ) . The summing of the columns gives the averages for each 

choice in Group I combined with each choice in Group 11, and so is 

represented in Table 3.2.2(b) ii. Because of bad promo-I-ion in A21 and 

821, ihe runs were made again and are ~oprosonted as A21* and 821*. 

This leads to ox-fTa strategics, A* and B* in Group I, 2* in Group I I, 

and I ¥. i n Group II I . 

.,lFo1- Group I the order of preference is: - c <A* ., B" { A I f3
"'­

I I IFo1- Group 11 tho order of preference is: ·- 4 3 /_ 2* "-., I .._ 2
'" 

I 
I I IFor Group 11 I tho order of p refer-ence is: - I :X <2 4 !._ 

I 
3 ., 0 5"--. ' 

One would conclude from this that the optimal sequence should be C4 I* 

However this sequence ulthough above average, is noi the opiimal one. 

Since the optimal sequence cannot be chosen in -this way even ~1hen al! the 

iechn i quo based on a same_!~ of the foas i b I e soquc~nces wi ! I choose the 

optimum. 

It acts as a constraint on the technique, but it can improve the 
convergence dramatically in aµpropriato cases such as A21 and 821. 
N.B. un is defined in Chapter Two, p. 44. 
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TABLE 3.2.2(a) 	 Number of lterat ions taken to conver·ge when Convergence 
Promotion is used. 

GROUF) IIG R 
0 u p 2 3 4 

GROUP 11 I A B c A A* B B* c A B c A B c 

0 47 48 49 44 47 48 49 48 44 47 46 44 

47 47 46 58 63 38 43 43 44 47 51 45 

Ix­ 45 45 

2 47 48 47 46 . 46 47 46 46 44 44 44 47 

3 47 47 45 49 50 48. 46 47 45 43 43 49 

4 <­4 47 46 44 48 48 47 46 48 :J 43 44 49 

5 48 48 4El 48 50 47 48 48 48 44 44 49 

TAUL[ 3.2.2(b) i Average Nurnber· of Iterations for- Grnup 111 choices 
-----·---·~--

0 	 I* 2 3 4 5 

46.666 47.666 45. 08~5 46 46.583 46.25 47.5 

TA!:3LE 3.2.2(b) ii Average ~fornbcr of I ter·at ions for· Groups and I I. 
--·----~-----··---"----

Group 
Average

Group 11 A B c Grnup 11 

47. 17 47.33 46.5 	 47 

2 48.83 50.67 45.83 	 48.44 

2* 46.67 47.67 	 46. 72 

3 46.33 46.67 45 	 46 

4 44.67 46.67 47. 17 	 45.76 

Average 
Group I 46. 75 47.5 46. 125 

Average 
Group I* 46.21 46.75 
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Fig.3.2.2 Gr'<iph of f\21 comparing Di reel Subsiihd ion 

and Convorgonco Pr·omot ion 
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Al I tho previous runs wore mado with al I streams, except feed 

sir(:ams, initially zero. 

In order to examine ihe effect of starting point on the number 

of iterai-Jons taken to converge, several runs were made where the values 

of the initial siroams were obtained by running a case for five itera­

tions, and then punching out the values of the streams. 

Two rnns ~1ere chosen to produce the initial s·1reams, A20, a 

four·th·-or-dor cci~;e, and C/5, a fif·Jh···or·der case. Four- runs were chosen 


to tes·1 tho effect of the different star·t-Jng points, A'/..O, C20, C41, and 


Cl5. 


TABLE 3.2.3. 

--------··-~-----

Convor·gence Promoi ion. Di red Substi iui ion. 

Zr::-ro A20 CIS Zero A20 CIS 

A20 44 39 42 77 72 

C20 48 39 42 80 72 

CIS 48 41 43 83 72 Tl 

C4 I 44 40 62 77 

As can be seen for- C20, the use of initial si-r-oams from A?.O 

improves convergence appreciably and makes this case as good as A20. 

The uso of initial streams from CIS improves C20 less, but i·r sti 11 

converges as Ive 11 as A20 and bettor than i·he o-fher· two. Thero fore i-t­

wou Id seem that for Group I the difference in overa 11 convergence 

between A, B, and C is caused by difforonces in convergence in the 

first five iterations only. Run CIS converges beiier using as its 

initial streams those from run A20 ·/he.in i-t- does using iis own values. 
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Run C41 does not converge bei1-or using as its initial streams those 

from A20 than It does using Its ovm values, and using the values from 

run Cl5 it converges very badly due to a convergence promotion step In 

the wrong direction. The graph of the error norm for this run is very 

interesting as the convergence promotion step in the wrong direction 

also causes the subsequent Direct Substitution_ calculations to osci I l­

ate. The error norrn increases, deer-eases, Increases again, then decreases 

steadily, and eventually convorgence is achieved. This could prnbably be 

prevented by increasing the number of Iterations, KOUNT, needed before 

~ir-0111otion is al lmrnd in asimilar way fo the A21 and 021 cases earl ler. 

Usually, the1efo1-e, -the choice of initial values does no-t influence thG 

rate of geometric conver-gonce, the straight I ine portion after the turning 

point on the graph of tho error norm versus the number- of iterations, but 

docs change the point at wl1lch this convergence occurs. 
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Fig. 3.2.5 
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3.2.4 Choice of Rr'\NDCW~equenc'?_. 

Tho question of tho correct choice of assumed s-trecims and of 

calculation sequence becomes pointless if a sequence chosen at random is 

as good as any other sequence. Therefore three random sequences were 

generated by picking equipment numbers out of a well-shaken bag and 

noting down the sequence, The ihree sequences were: ­

RAND. I. 

Sequence of Calculation: - 28, 24, 26, 58, 22, 25, 23, 17, 18, 29 

Assumed Streams: - 110, 35, 25, 30, 100, 32, 26, 24 

W\ND. 11. 

Sequence o-f Cc:ilculation: - 17, 18, 26, 22, 28, 25, 24, 29, 23, SB 

Assum("d Streams: -- 26, 100, 32, 36, 110, 28, 75, 109 

f~Al~D. 11 l. 

Sequence of Calculation: ·- 29,· 2:5, 28, 5Cl, 24, 26, 17, 22, 25, !Cl 

Assumed Streams: - 109, 24, 31, 3'), 108, 30, 100, 32 

Norw of the al)ove sequences convor-gocl either using ConvorgoricG 

Pr-ornoiion or- Dir·cct Subs-Ji-tution, v1i-lhin H1ci 100 iterations for 1·1hich 

they V/Gr-e run. 
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3.3 	f:_'.ys·i~__l l_i~_?r· Section.*· 

The crystal I iser section Is connected iogother in a slmpler way 

than the wash section, but It uses more complex models. One of tho 

models, the SETROI, equipment number 52, has three output streams, 49, 

53, and 54. Hovwver 53 is an overflov1 stream and is usually ernpty, 

thernfore it has not been used as an assum:Jd stream, which simplifies 

the problem of designc1ting the feasible sets of assumed slro<::ims. The 

sequences of calculation and associated assum2d streams arc given belo1<1: 

Assumod 	St reams~~-g_u_~]_f~-~~~'- -~--------.-~,·----·-~··---

46, 47, 48, 49, '..JO, 5 I, 52 50, 54 

2 47, 48, 49, 50, 51' 52, ![6 44 

3 48, 49, 50, 5 I, ~52' 46, 47 4"_) 

4 49, 50, 5 I, '.')2, 4Ci' ti 7' 4El 46 

5 50, 5 I, 52, 46, 47, 48, 49 48 

6 51 , 52, 46, 47, 48, 49, 50 50, 51 

7 52, 46, 47, 4(l, 49, 50, 51 50, 52 

Direct Substitution 

N.F3. 47 N.D. 74 

2 41 75 

3 41 75 

4 41 75 

5 41 75 

6 41 75 

7 41 75 

* See diagram and digraph on p.32. 
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In this plani· there are many possible sequences of calculation 

and feasible sets of assumed str-eam;. From iho Alkylation Plan·t- dic:igr-am 

on page 38 it is possible to show the nocessar·y structure of these 

feasible scds. Thero aro two cycles, one of v1hich contains a sub-cycle. 

However, the easies-J- way to find ihe s-J-ruci-ure of all tho pos,-;ible 

feasible sots of cut str·oams is to divide the streams info four groups: -­

Assumed Equip Ass urned Equip Assumed Equip A~;s urned Equip 

St reams --mont Streams ···mon t St n;am:~ ·-ment St roams --merit 


I I 4 - --·-> 12 
(a) 


19 II 
 __,. - _... ..,,., ... 'L .............. "''"
13 --) 14 
I 8 ' 

._J, I 
10 3w I 'J 26l 24 10 ! 

(\' I 
\ 45 31 1 K. 46 3or 16 16 

\ 
\ l· ' I 
\ 54 14 \ ) ~5 I 331 38 17 l 

( b) 
I I

\ 26 36 52 19 ( 41 25 
\ l I 

9 3,v l 31 20! 43 29 
I I 
I 34 21 ! 48 23 
I I 
I 36 22 i 5 12 
I I 
I 2l 7 29 f 
I 
I 2 13! 50 28 

f 
\ 
[ 

I I
23 30 I 27 32 !I 

I f
24-'' 49 24 '~·r 
'1i~ ~3- - --- .......,,.. -!­

~· 

A I I tho foas i b I e sets rnay be const r-ucfod by using one of the to I I owing 

formulae, where SN rotors to stream, e.g. SNI I is Strnam 11. 
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(I) FirstOrder: SNll 

(2) Second Order: (SN19 or SNIO) +(Any SN from Group II) 


(3)· Third Order: (SNl9 or SNIOl + (Any SN from I I la) + (Any SN from I I lb) 


Once a feasible set has been chosen, it is possible to find the 

appropriate sequence of calculation by using the above table and tho 

digraph of the plant on page 3B. 

In er.:1ch group tho stream number- level with an e~1uipmonl number- is 

the number of an input strnam to that equ i pmeri-1. The stream number i rnrns­

diately below the input stream number is tho number of tho output stream 

of -1-hat equipmc"nt. Thus by fol lowing the arrov1s downwanJ:;, tho oquiprnards 

are in tho correct sequcrncc vdthin each gr·oup. For- example, in Grot1p II lb, 

Stream 14 is the ~-~~t- to Equipm0;nt 8, and Stream 2!l is the o~_!l?__l~~ from 

Equipment 8 and iho J_.!2r._L:._!_ to [quipmenl 10; <:1ncl so it continuos to Stream 44 

which is ~~- _0:'..e.~_! i o Equ i prnr;nt 24. The conrwd ions be1 ween grnups 21 re 

provided by oquipnionts which have two inpu-ls,.Equip1nunt~; :'> c:1ncl 24, or two 

outputs, Equipments 4 ancl 5. For equipments vlilh two inputs, ~-c?_!_h_ must 

be known befor-e the equipment can be calculatecl. The dashed lines indic-­

ate the conneclion~; betv1ecn groups, and the arrmvs indicate tile direction. 

A simple example is the firs·t order· case where the assurnod strernn 

is Si-r-earn 11. 

Assuming Stream I I, one can calculate fquipmont 4, and after 

calculating Equipment 4, one can then calcula1e Equipment 11, which qivcs 

Stn)cirn 10. However, in Ot'cler to calculat-e Equipment 5, ancl thereby obtain 

the now value of assumed Stream I I, one a I so n8eds SiTcarn 9. But Stream 9 

cannot be ca I cu I afod uni i I a 11 tho 0H1er equ i pmen-ts have been ca I cu I aied. 

There-for-e it is necessar·y to fol low the dashed I inc ·to Group I lei, then to 
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Groups 11 lu und I I lb v1hich urc ca\cule:ited in para! !el, both of ihem 

terminating in the calculation of Equipment 24, then to Group I lb, 

finally terminating in the calculation of Equipment 3 to give Stream 11. 

This sequence of calculation is as fol lows: ­

4, I I ) , ( 18, 5 ), C 26, 30, 33, I 9, 20, ? I , 22, 2, I 3, 30 ) 
Group I Group 11 a Group 11 I a 

( 8, 10, 16, 17, 25, 
Group 

29, 
lllb 

23, 12, 29, 
(link to 

28, 32 
lib 

) 24 ( 
from 

31, 14, 
lllb) llb 

36 ) 3 
(link 
Group 

-to 
I) 

The sequence of calculation for the as~,umod streams 9 and 10 is the same 

as tho above, but Equip~oni 3 is at the begfnning and not at the end. 

For other sequences ii is nocessar·y to siart at other points 

within tho group'.;, i.e. at tho equipments v1hose input stre0rns have been 

assumed. 

One of the prnblcrns of using this plan-\- is thai ihe time per-

iteration can vary appreciably because there is a search routine in one 

of ihe models (CONT02). Thi~; model sec:irchos for the corrnct operating 

preso:;ure of tho condenser~ and the tirne taken for- this can vary apprecicibly. 

However, because of the limitations on the timing device on the I ,B,M.7040, 

it is difficult -Jo measure ihis variation accurately. For this reason, 

and tho I ength of ti mo needed to run one case, on I t1,/o sequence:; have been 

examinod; one is first order, SN! I, e:md one second order, SN9, 10. Severcil 

tests were done v1ith ilie iolEir-crnces used in earlier \'torkl< which are rather 

large. Convergence was attained in al I runs in 16 i·tera-tions whether or 

not Convergence Pronntion was w;ed.*""' Other runs \<tere rnade v1ith lower 

--------------·-----------· 

*I , D. Sh aw ( S 3) . 

** The convergence criterion of goomotric progression was never 
met, so a convergence promotion step w~s never made. 
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tolerances, .001, but these did noi converge within the ti mo al lowed 

(30 mlns.), with or without Convergence Promotion. From the graph 

shown of one of these sequences, SNI l, one can see thai ihere is bad 

promotion ai sevo1-al steps: the er-ror- norm either does not decrease, or 

even increases, after the promotion. The bad jumps come in both cases 

after the Direct Subs-tituiion pa1·r of -!he iterative technique has boon 

working for only a fev1 lie1-a·rions. 
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[:.Ls_~_.3.4 Graph of Alkyla-1-ion Pld11"!-!1ssurned Siream II. 
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CHAPTER FOUi\ 

CONCLUS l ONS. 

4. I I n-troduci ion. 

It is now possible to evaluate the vc_n-ious appr-oaches for 

reducing ilio computation time of a given nl()dular situe:1tion. Each 

modular simulation has a sequence cf calculation and a convergence techr1­

ique. Reductions in comp1rl<rtion tirn2 should be possible by choosing a11 

optimal ::.cquonce of calcul;:1tion and an ortirnal convergence -1-ochnique. 

Howovor-, tho sequence of cc_•lcu lat ion and convorgenco tochniqLw rnay not 

be i nclcponclc11i of each olher. I ndood ihoi r depenc!once is -rho s i ~-(-:_ __q_~u 

selecting an optimal ::;equcncc c:f c<ilculi:Jlion wl 11 be exc-irninccJ in con­

evalualE:d -to find ·Jhe opli1:1,JI ti;:K!-;niquc. Thus i-i can be found if tho 

optimal sequence of calculaiion is dependen-1- 011 -Jhe tcchniqucc: of con­

vc1-gence. In addiiio11, since: in t:;nginccring one is noi so much concerned 

wiih ihe une:1!tairwble per-foci as with ihe practical so1u-tior1, the 

cng i neer--i ng dee is ion who-Jhor to seek i rnp1--ovcmcnt by a bctte1- sequence of 

calculation, cw by a better- conver-gence -technique, v1i 11 be discussed. 

There are iv10 pos.:,ible appr·o::.icho~; io -the above problem; one is to 

use some properiy of ii1c sirn11lc1-i io11 <-JS an 2 J~C~__ij_ criterion, and tho 

other is to use convergence characierisiics of ~he simulatibn to improve 

the initial choice of sequence. 

(72) 
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The firsi approach has beon doalt with at leng·!h in the selecied 

readings, and in Chapter One, and the suggested criter·ia comprise four 

diffor·ent properties of the simulation. Each one of the first three has 

been associated by Longeway (L3) with a different means of convergence 

prornoiion, but as o·J-r1er authoi-s have sug~iesfod these criteria, they have 

TABLE 4.2. I Tho BAYER ~vash Section. 

Nurnbe r of 

( b) Tab IE; Stn;.cirn Cyc Ies Non-.Zero 
Vari ab I es 

/' - .."',, 

\I 7 '. 
' .. __/ 

22 21 

22 24 20 

24 

·1s>\!../ 26 18 

--· ...1· .

12) \ 
\.;./ 

26 
2i:::> 20 

25 ' 17 2B 20 
,. ·......_~ .. 

:24 
•.. .. / 

31 
3l 17 

28 ,23 ~ 
/ 

:2::> 30 30 12 
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a I I beon comp a n:d f cw o-ffecl i venc-)ss using both convergence tech1·1 i ques. 

They al I operate by seeking a set of streams such -!hat the surn ::,pj of 

the parameters Pj is a minimum, where Pj has the fol lowing chosen values: 

(a) 	Direct Subsiitution. 

Pj = Number of cycles in which the stream participates. 

(b) Wegstoin 1 s Method. 

P·J 

(c) Nov~-~_5_apl~:>_~· 

p. 	 Number of variables in ihe sircam. 

j 


The nurnbe1~ of eye I cs in which oach str-eam tal:es pad can be fou11cl 

quite easily from a 'spanning tree.'* 

The nuniber of variables in a stream of tho BAY[f\ \'lash is a 

constant of the simulation bocauso each simulation ha:; a fixed Strnam 

List size. However, a variable whose value is zero throughout tho whole 

compu"t-ation is al1vays convcTged, and ·Jr·un'.::;miis no lnfor-mation to other 

streams. Ther·ofor-e the number of non---zoro v<1ri ab los is found for each 

stream 	f r·o1n the convo1-ged va I ues of Jhe s"l-reamc;. 

The cr-iter-iCJ vii 11 be checked by seeing if thoy differentiCJte 

cor1-oct-ly within each group into v;hich trr considered plant is diviclecl, 

and by SOE)i ng if they make the corTect choice of over a I I op·! i rnum. Tho 

values of the'" critor-ia for tho besi and worst case vii I I bo checked, and 

the caso or cases selected by tho critor-ia as being the bost vii I I be 

checked to find the number of iterations iakon to conver-ge. 

------·---------· - ------ --·,-----------------------------­

*See Tables 4.2.1 and 4.2.2. 
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TABLE 4.2.2 The BAYER Crystalliser Section. 

Number of 
,~--,---

(b) Table Str-eam 	. Cyc I es : Non-Zero(a) Spanning Troe 
· ~Vatiables 

----·-··---------·---~ 

43 

44 11 20 

4'.:5 11 20 

46 11 O 20 

48 I JO 20 
46 


;51' 

. ' 

50 0 20 

20' \ 	 51 0
50 L 50

".... ~ , ../ -..... ~--~ 

51 ··~ 
2046 	 52 0 

53 0 


54 // 52. 
 2054 
46 	 48 

* ihe I signifies the s·ITeam ·takes 
part in a cycle, tho 0 signifies 
pc:ir· I i c i p 2l ti on i n the cy c I e i n ­
valving Strnam 53 which doe~; not 
convey infonnQtion. 

The mini rnum v21 I ue of /,P j mus·t be eq ua I -1 o tlie t ul a I n urnb(; r- of 

cycles in the simulation, and ihis number is an lnvarian·t of ihe partic­

ular simulation. By definition, a !.~~~le_ sei· rnust cu·t al I cycles; 

therefore ant set of assumed s-rreams which meets the above crl tori on mus1· 

also be a feasible set. The r-everse is not necessar-i ly true, but for- the 

three plants belo1v, every feasible so·/· studied does mc)ej· -the above 

criterion. 

(a) 	BAYER Wash Section. 

7 for al I feasible sots.L Pj 
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2 	 for al I feasiblo sets if stream 53 is 
neglecied, or 

I.'.~ 

2,pj = 3 	 for all feasible sets if strea1n 53 is 
included as a recycle stream 

:~:p j 	 3 for- a I I foas i b Io seis 

( d ) 	 ~umn'.9..C'l · 

The predicted sequences for this criterion arc idontical io 

those predicted for the feasible sot cri1orion for these three plants. 

Therefore both criieria are dealt wi·th in the discussion of ihe feasible 

sot criterion, 4.2.4. 

4.2.2 The Mi11irnum Cut Stro~Jms Crito1-ion. 

In -Jflis 2rnd -1he follm1ing seciions, the rneclicled op-Jimal 

choices made by the respc~c1ive criteria am indicaiod as follows: -­

e.g. c 

who1-e A is chosen in pn~fernnui to 8 or to C, and that no differnntiation 

is modo bet1·wen [)and C. 

(a) 	 BAYER Wash Section. 

The prefer-red or-de1- within each gr·oup is as fol low~;: 

Group I Group I I Group I I I 

Only in Grnup Ill is any differentiation made, and therefore 

iwelve sequences are chosen out of the seventy-two feasible ones. 

If one considers the use of 0Direct Substitution, then the chosen 

cases converge as fol lows: ­



Tl 

Group I I 

42 3 

Group A B c A B c A B c A B c 

Group 11 I 0 80 80 81 77 77 80 77 77 n 76 76 76 

Thero is, then, quite a variailon in the cases chosen. However, 

this var-iation is less than in-the whole of ·Jhe feasible set, and the 

twelve predicted choices are better ihan average choice$. This can be 

i 11 usiralcd by Tab lo 3.2.1 whore it can be seen that for- Group 111, 

choices 0, I, 2, are approximately equal and better than choices 3, 4, 5. 

The Minimum Cl)t Stroa1ns c1~iter-ion does not make any distinction bcd-v1e0n 

choices I, 2, 3, 4, 5 in Group Ill, but it does choose 0, thereby 

improving the chance of selecting ci good cr-iter·ion. 

If one nrn'I' considers the Convc1·gr:~r1ce l'rornoiion u1~;e, one finds 

the re~;ulis for the predicied opi· i mum choices f rorn Table 3, 2. 2: -­

Group 11 

2 3 4 

Group A [3 c A B c A B c A B c 

Grnup 11 I 0 47 48 49 44 47 48 49 48 44 47 46 4'1 

Although appreciably betler- than -!he r-esulis for-~-~ Di reel Suhsiitu-l·ion 

case, they are no better than the average case using Convor-gence Pr-orno--· 

tion. This can be i I lustratecl by Tables 3.2.2(a) and 3.2.2(b), and if one 

looks at ihe emplrical preferred order in Group I I! (from pogc 55): ­

l"l<-/_2!__ 4/,3/0/5/ I .... -~.. ...... 

1 0 1one finds ihe predicted optimum choice, , is, in tact, worso than 

average. 
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This plzJnt hds four sequence~;, 2, 3, 4, and 5, ec:ich with one 

assumed stream, c:ind ·Jhree sequences, I, 6, and 7, with two assumed 

si-rei.mis, (see Tablo 3.'l.I). The four· with one assurned stream are the 

ones chosen by the Minimum Cut Streams Cri·IE:n-ion as fol lows: ­

I ( 2 = 3 = 4 = 5 / ~ 6 = 7 

Tho results for i·he above sequences for both Direct Subs1itution and 

Conve::r-~1ence Promotion are in Table 3.4.2. 

1 11It can be seen ·l:hc:d a 11 sequences except converge in the 

~;arnc number· of itor·2rl i ons 1 taking 75 i tera·I i ans using Direct Sub:=-~ti tut-­

ion, and 41 itor·aiioris u~;ing Conver·gonco Prorrotion. Sequence I takes 

74 and !J7 i-i-cr·a·Jion:; respeciivcly. Therefore the Minimum Cut Sirearns 

Criterion did not choose tho optimum for Direct Substitution, bui did 

avoid the v1orst case for· Convergence ~'rornotion. 

Thi::; plant has rn;__iny possiblo fea::;iblo :,equonces, but only one 

which rnGots tho Minimum Cui Strearns Criter-ion. This is the sequence 

which has s·1r-eZlrn 11 as its a~;surnod sir·eam. A second or·der· case with 

Str·eams 9 and 10 as as~;u111sd str·oarns wa~; chosen for com;)arison. 

Sl'-1 I I .(__ SN 9, I 0 

Both n1ns corwGrgod in 16 itercdions (c;oo page 69), therefor-a the 

criter·ion is of no b1.:-;nefit in this plani. 

( d) ~urmr~a ry__. 

Tho Minimum Cut Streams Criterion i~ shown io bo neither 

necessary nor sufficient. However, it m21y be advCJntageous to use a 

Minirnurn Cut St-r-carn sequence when Dinx-t- Substiiuiion is USE)d. \'/hen 
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Convergence Promotion is used, there is no advantage to be gained by 
...,,_ 

it is easier to choose any feasible sequence, which, of coLir-se, includes 

al I the Minimum Cu·I Stream sequenct:)s, and thus.not needlessly olimim1te 

val id choices. It is assumed trw·I finding _'.'l_ i_~_c::~i_t~_L_~ sequence "!-dkes loss 

effort than finding the Minimum Cut Stream sequence or scquoncos. 

4.2.3 The Minimization of the Number of Non-Zaro Variables as the
Cr i fer i c),:;-:-·-----------~---··--------·----·-------·-··---·----------·-·----

This cri-tor ion diffcr·entiaies be·t-vwen strec:Hris far more than any 

of the other::;, The below predicted onk;rs are based 0:1 the number of 

non-zero variables in each stream given in Tabios 4.2. I and 4.2.2. 

(a) The B/\Yl:P Wash Sod ion. 

Group I Group I I Group I I I 

C.:,'E3· A .I 2 3 4 0 4 := 5 -:'. I •.. 2 3 

Optimal Case CIO 

Wor·st Ccise A4/ or AtL'J 

In ·!he f3AY[f~ \'/a'.;h Sec-lion the _predicted choices a1-e very interest-· 

ing, particularly v1hen Direct Substilution is usnd. Frnrn tho resulis it 

is possible -to de-termine a bes·t- order of pr·ofer~ence wit·hin each gr·oup ('.:;ee 

section 3.2.1). 

Group A ~ B 
, c 

Group 11 4 '· 3 2 /
·-.... I 

Group 111 0 - 2 -
, 

.. 3 - 4 5= 

Thus i-t can bo seen tha-t for Gro~ps I and I I, tho predic-ted order 

is the reverse of the best order of preference obtained from the results. 

For Group ii I, an ini8resting result emerges if 011e treats the 

fourih order cc-ise, 0, and the {if-lh order cas0s I, 2, 3, 4, 5, separately. 
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For ihc: fiHh ardor cc:i~;es, the pr-edicted order- for Group 111 is then: ­

4 = 5 ~'. I .< 2 = 3 

This is very nearly -1-he reverse of tho fifth or·dor cases' bes·r orclc;r in 

Group I I I: ­

2 -;:; I .' 3 == 4 = 5
" 

vJhon Convergence fJromo1-ion is used, iherc is a best preferTed 

order- (soe seciion 3.2.2) calculated from il10 results: ­

Group c ,:, A /.._ B 

Group I I 4 
I 

'­ ' 3 I 
.._ 2 .,... 

Group I II I 
/ 
-. 2 

I 

' .,, 4 .,_ 3 
I 

0 
' 

«_) 

The correlation v1ith the ptedictod or-dEff is mixed. 111 Crnup I 

tho opiirnc:il siTe<:Hn, C, is prodicied co1-r-ectly, but the o·tlier- two o:dTcarn~; 

are reversed. In Gr·oup 11 the prcdiciccl or-dor is ihe rever-se of the best 

order-. In Group I I I thorn is no oliv i ous co1-rn I aJ- ion at- a I I. It shou Id 

be pointed ou-i- -!l-1at ihn aciur-11 ernpi.r·ical optimum 9;;-f using Corwergence 

f'romotion, C21, ccinnot be picked using -i-heso best or·dors. Ii is also 

true thzit tho crite1-ion used wi 11 not .predict- this op-I irnurn oithcr. 

For- ihis section, the prediclud order is:-· 

= 2 = 3 = 4 = 5 = 6 7 

The results are given in section 3.4, and are essenlially the 

1 11sarne. Only is differen·r from the rest, taking 0110 iteration less 

for Direct Substitution, and six iiora1lons more for Convergence 

Promotion. 
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For this section the predicted order is: ­

SN I I ( SN 9, I 0 

This ls not the caso as both runs converge In 16 iterations. 

( d) Su mrnaQ'..:_ 

If one ·lakes -J·he sot of all feasible scds of assumocl streams as a 

base, then divides ii" into ·fv10 grnups of fourth and fiHh order feusible 

sets, then one can predict the optimal sots ln each group more accurately 

by ~1axJ__~_l_~_L!.:1..8- the number· on non-zern assumEJd stream varlcJbles, ihan by 

any other· method. For tho fourth order· grnup, the predicted set 1·1i I I be 

A40, and for tlw fif·lh or··d<:r se·I, the pn,;dlclcd ~;ets vii! l be A42 and M3. 

A40 and Al'r2 conv·er·ge in 72 i ter·ati ons, and are op ti ma l; however·, A43 

converges in 78 liora!lons and ls not optimal. Ther·e seem:o, to be no 

theor·etlcal reasor1 for this fochniquo, and unfor·tunaiely the Crystalliser 

Section and the /\!kyluiion rlani do not support or con-tTCJdld "1110 

technique app r-eci ably. It does f i -1- tho rosu 1-ts bolter tha11 ar1y other 

appr·oach, and l;f- is the only approach which cor-rectly predicts the best 

choice in Grnup 11 for· both Dl reel Subsiitution and Convergence F)romotlon. 

4.2.4 The Feasible Sot Criterion. 

Ii was shovm ln secl·ion 4.3. I that the rninimisatlon of the number 

of cut cycles produced ·lho same scds of as~;umed stroarn::.; as the fecislble 

set criterion. Therefore the fol lowing comments apply to both cr·i-J·eria. 

Al I the cases tested have satisfied the Feasible Set Criterion. 

Because of ihe variation in results, ·the cr·itorion cannot be considered 

sufficient to produce the optimal result-. Howevet·, it may sti 11 be 
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necoss2wy. This seems I i ke I y from a theoret i ca I point of view as it is 

difficult to posiulale reasons for an improverr~nt in convergence which 

would result from using a non-feasible set. 

If one considers iwo examples from the 	BAY[R Process: ­

820 	 C20 

Ass urnedAssumed. 	 30 10024, 25, 30, 100 	 : 26, 25,
Stremns St reams 

Sequence of 26, 58, 29, 28, 24, Sequence of 26, -58, 29, 28, I 7, 
Calcu!a·!ion 

: 
23, 25, I 7, I 8, 22. Ca I cu I c:1tion 

: 
18, 2tl, 2:), 25, 22. 

Let us consider tho case BC20, with assumed streams 24, 26, 25, 

30, and 100, and tho sequence of calculation being 26, 58, 29, 28, 17, 

24, 25, 23, 18, 22. This is a c21se whc:ro 011ly one of 24 and 26 is needed 

to make a feasible so-J. 

Convergence Promotion Direct Sub~,ti-i-u·i ion 

l.:120 47 	 Tl 

C20 48 	 80 

BC20 47 	 Tl 

The C:::mvergonce Pr·omotion case for· BC20 was pr·crnoled on only four stn;c;rns, 

but thGse worn the streams of C20, i.e. 26, 25, 30, 100. Those result~; 

show that the feasible set criterion also is neither· necessary nor 

sufficient. 

One way out oJ the difficulty of choosing a sequence of calculation 

could be by using a Monte Carlo, or random, approach. For the smal I 

simulation a simple raffle, or pulling ·1he sequence ou1 of a hat, might 

sufficP, while for the more complex simulation, ono of the many random 

numbor generators might bo more appropriate. 
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Urdoduna·loly nono of the three random ccises tes·tecl converged in 

less than one hundred iterations. 

4. 2. 6 Tho O~~~_ma !__~r::_i te r i__?_r_i_. 

None of the crileria are necessary or sufficient-· i.e. none of the 

criteria tested can select- tho optimum :;equence alone when either Direct 

Substitution or Conver·gence Promotion is used. Hovwver, some ar·e less 

equal than 0H1ers. The Random Cri·ler·ion produces very bacl convergence and 

should not be used. The Feasible Sot Criterion can be used to generate al I 

the sequences which the other crieria select, but this is not necessary and 

a 2.)!_i_g_I_~__i:~as.!.~_e_ SE)quonce can be found very eas i I y frorn ·Hie f I o\v~;hoct. The 

Minirmnn Cut S·lr-eoms Criterion could be used advantagoouc;ly v1ith Dir-ect Sub­

stitution, but the extra effort is not worthwhl lo if Convergence Promotion 

is used. 

Minirnisal ion of Pj v1her-e p j 1s the number· of non-zero var i ab I c~; 

was shown to be of no use for either Direct Substitution or Convergence 

Prornoti on. There is a po:5s i bi I ity of i"'~-~i_r.r1_~E__!_nll_ p. within a feasible 
j 

set, which might be useful, but it has no theorntical backing, and tho 

supporiing results may be mere coincidence. 

Minimisation of p. whore pi is the nurnber of eye I os in \'th i ch ec1ch 
j v 

stream takos pad, produces fea~,ible sots, but it is rnor·e dif-ficult io u~;e 

since all the sets must be produced, whcr·eas. using the feasible criierion, 

only one sequence need be produced. 
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For the cases investigated, the ti mo di fferonces between the 

various soquonces of calculation were four or five times less than the 

differences between the same sequences using Direct Substitution and 

Convergence Promoiion. The optimum case in the BAYEF~ \'lash Section for 

Dinxt Substitution ·took ·16 ite1-ations, while tho optimum case for 

Convergence Pr·omoi·ion·X took 38 iterzrl ions. Even al lowing for the extra 

calculation involved in Convergence Promotion, this is an appreciable 

sciving. 

In ciddition, a case vther·o ·ther·c,l v-1C1s bad Convcr·gence Prorno·tion,*" 

A21x and B21x, could be improved appreciably and easily by a sl is1h·t 

modification of ilio Conve1-gerice F)romotion tochniqu0. In controst, where 

there is a bad soquonce o{ calcul2.iiion, either 1r1hen Direct Subs-iitution 

or ConvergetlCO r_)rornotion is used, it is har·der to find Cl better· sequence, 

and the possible improvement is also loss. 

It therefore soerns that tho best way to r·euuce compu-lation tirno 

is by impr-oving the Convt;r-grnco F,rornotion ·techniquu rather than by trying 

to choose a beitor sequence of calculaiion. 

This conclusion ls supported by the graph of the Alkylation Plant 

on Page 71. Hore it should be possible to obtain quite drastic improvo-­

rnonts in conver·gence by i ncr-oac; i ng the f(OLJi--.JT, tho mini rnurn n umbor of 

iterations before a Convergence Promotion jump, as WdS done for the two 

badly-promofod exam~"lles in the B!\YER VJash Sec-t-ion. 

----------·-·-­
* Not the sci1nn,.__, soc1uc1r1ce a~ i-he t- - op imum for Direct Substutution. 

*x See Chapter Throo, page 54. 

http:f(OLJi--.JT
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After a simulation run has been made with the chosen sequence of 

calculation, several now things are known. One knows the converged* 

solution, tho number of iterations used to providG the solution, and the 

change in error norm at every iterution. One can thereforn use this 

information io try and improve the starting point, tho convergence 

promotion technique, and the sequence of calculation. 

Improving tho starting point is relatively easy: one can either 

use the ~L converged values, or, if o-Jl10r inform<:Jtion is avai I able, a 

more complex approuch such as an average, or weighted average, of several 

runs with simi Jar feed streams or ope~aiing condiiions. 

As stated ear-Jior-, 10< the convergence pr-omo-J-ion technique can be 

easily imrroved by using tile' gr-Clph o{ tho cr-ror- nonn io dcteci any points 

of bacJ pr-omotion. This graph wi 11 also shov1 when vor"/ goocl prnn101ion is 

obtained, thus eliminating the need to attempt improvement. 

In contrast, when one tries to impt'ove -rho sequence of calculation 

the 1 ne1"1 1 results do not really give a pointer io the way of impr-overncn-J-. 

It is more thG case that one has eliminatocl onG of several· possil1le 

sequences (depending on tho cr-i-Jor-ion used). There is aJ~;o the inherent 

possibi I ity that the change may be for tho worse, which is compounded if 

. the changes rnado to tho corwergencE; p r-omoi ion technique are deponden-1 on 

the sequence of calculation. This is not to say that the use of differeni 

Even if -lhE: so I uti on has not converged to the desired* 
to Iorcrnce, it may sii 11 provide an irnprovecl stariing point. 

Soct- i on 4 . 3.** 
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sequences of ca I cu I at ion may not be ~i::'.!_'._o__fJ_c-;_~c:_I_, on I y th2r~ it is di ff i cu It 

to say ihat any given uni-ried sequence of calcu!ai ion wi 11 be an improve­

ment. For oxamplo, i-1 might be desirable to check a converged solution by 

repecrling the run with a different sequence of calculation. Or-, if there 

were only a fe\'J possible sequences and a large number of runs to be made, 

one might try a I I He sequences and ihen use the best for- the majority of 

the runs. 
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4.5 Summary of Conclusions. 

sufficient to obtain the 'optimal' sequence of calculation. In fad 

the 'optimal' sequence cannot generally be found~ p~~o_r_i_, although when 

Direct Substitution is used as the convergence technique, the choice of 

a sequence which has the minimum number of cut streams wi I I yield good 

convergence. 

The compar-ison of convergence techniques sho':IS that Convergence 

Promotion a lvrnys irnpr-ovos the rate of conver·s3ence comp<:ir-cd to that 

obtained by the use of Direct Substitulion only. It 1;1as also found that 

the empirical optimal sequE:~nce varied according to the convc)r-genco 

technique, and il10t when the) technique is Convergence Pr-ornotion, a 

sequence with tho minimum number of cut str·cams does not, in gener-al, 

give botter conver-gcr1ce than a feasib le.1<* sequence. 

Tho uso of an ~--~-C:.Lci_!~.!_criJcrion ofien gives more than one 

prcdicled optimum, so one rnu::.;t sti 11 make a choice of sequence at r-andom 

from il1osc sc-;lectcd. Since-; it is easier- to choose a feasible sequence 

by definition ihan one which has a minirnurn number of cut siTcarnc:;, then a 

feasible sequonc0 is a mor-e practical choice unleo;s it is E)xpected to 

converge at a slower rate. As Cbnvergence Promoiion is the faster 

convergence technique, then the practical choice is its use, together 

with a feasible sequence. 

*These criieria are defined in Section I .4.f, p. 16, and below. 

**The Feasible Sequence Criterion is defined in Section 1.5, 
p. 23. 
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Information gathered from previous simulaiions is botier used 

in improving tho starting point and the convergerice promo-lion technique 

than in trying to obiain a bettor sequence of calculation. Thero may, 

howevEJr, be timos when it is desirable to uso scworal, or al I, of the 

sequences which meet the chosen criterion. 
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c S U fl R 0 U T I r~ E J UN CCl 1 <~IXER - ~ASS 8ALANCFl 
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(. 
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C ? • FLM3 
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1 STRt!Q(f\!OUTdl= STR~'O(NOlJT,Jl+STf<r}J(J,Jl 
C (OUTPUT) 

DO? I==J.,NOUT 
S T I< ~ 1\ 0 ( I , 11 l == ~ N ( N F , ? i 
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'i 7 E N { !·ff , 6 l ::c: l • 0 
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ltl_ 1F(KCLJNT-2l 50,60,70 
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50 51 CV!NTINUE 
53 G£T0 79 

c 
c 

5 1t 60 C0NTINUE 

55 SFO=-O~O 

56 00 61 f::::l,NN

57 II=f\S(Il

60 00 61 J:::: l, N0C\-'.~;p 

61 K= ( I -1 ) 0:=r\J VCYH~ P -1-J 

62 X{K)-=SN{II,J+5)

63 FO(K)=O.O
61t IF(ABS(XO(K)).LT.(l.OE-10)} G0r0 61 

67 F 0 { f( ) == ( X ( r\ l _ .. X 0 ( l\ l ) IX 0 ( I( ) 

-, 0 SF 0 =S F 0 ~- F 0 ( I( ) q 0 ( K ) 

71 61 C0NTP~UF 

7'1 SFO:::::SCRT(SFO)
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c 
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76 -70 C0NTHJUE 
Tl SF:::O.O 
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lF9c'1) 
c 

121 IF(Leer.GE.LP.hNO.KOUNT.GT.LK) G010 BO 
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l /(, 90 CONTINUE
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132 00 75 J=l 1 N0CG~P 
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lA 3 RETURN 
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c 
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c 
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1 7 11 s t'i ( 1 l , J +'> 1 == x1!( > ~- r en~ 
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201 RETURN 
202 END 
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c ~). TOT/\L f.,H.1\f< fU'> r; 
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c 7 • ( PL/:: f' l 

c f). T\IT r L. f'I. C!".' l r, 1 () ~)(,>[- c I 3 
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c 
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( 

c .c) ·1 ; ~- :. ·i 1 t 1\ c; 
..,

( ') . T <1T /\ L r~ L CY.·: T11 1.. 1 " e: L [ / r: ~ 


c 't• i:·::·:1Udt'r:1 1\: rrc;'d-' 

c 

c G • 

c 7. 
 ' ' ' ' c c~ • ' ' ' ' c [ 1 c. 
( 

c 
.c. ~I'' ' \ ll r T I ; ; L '", ,- l r.' •· 1 
;;-~~-:; :'.--~~·-~.--;'.-~~/...''-_( :· r; (,-~-I f.~('1 '< L~~(< ~ f u;-~ ~,;\Yt. '~~ t-)1--·::_)(_[~,~-:.;.o T • T • 

:) T I<:"' C.. ; ( '.; ~ 1 ; ) ' . , Ti<'. ( u ( '.) ' l '·. I ' : . ' I :.. ( : .. : } ~ J. (' J ' ;., l :": ( .'.> (' ~ j C) ) 
cu, ·;·u:: ~~ i ( ( L} " ' ::; I; ) ' .') ; . c ( ] t'. " • J ' ) j ' - ( !. : '.' ' "i . ) ' ' ! 1 ? () ) ' i y ,'; ( :; ).': ( 

I',.. ~I ' ''I'''' •I'''' >I ,·-,.::-,--,,( -;,:--,. -, ,, r' ,;-,· 

r: r: r r: T ( f-- \ ( \I! , ? i i 
k: l. ~: I '·' T ( E '': ( '. ' , () l 

( "1 = I r: T r L 1.; ( ,'~, , 1 1 : ) l 
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