IMPROVEMENT OF.CONVERGENCE IN
THE SIMULATION OF COMPLEX

CHEMICAL PLANTS.

By

STEPHEN MICHAEL LORD, B.Sc.

A Thesis
Submitted to the Faculty of CGraduate Studies
in Partial Fulfilment of the Requirements
fér the Degree

Master of Engineering

McMasfer University

September 1970,



IMPROVEMENT OF CONVERGENCE N
THE SIMULATION OF COMPLEX

CHEMICAL PLANTS



MASTER OF ENGINEERING (1970) McMASTER UNIVERSITY,

(Chemical Engineering) Hamilton, Ontario.

TiTLE: ‘ImprovemenT of Convergence in the Simulation of
Complex Chemical Plants.

AUTHOR: Stephen M. Lord,

B.Sc. (Aston University, Birmingham, England)
SUPERVISOR: Professor C.M. Crowe.

No. OF PAGES: Viii,Ie6 .

SCOPE AND CONTENTS:

The various criteria and methods suggested in the literature for
choosing the optimum sequence of calculation are compared. They are
Then analysed using the results of runs. on three different simulalions.
Two techniques of convcfgence are used, and it is found that Geometric
Convergence Promotion will improve the ralte of convergence compared to
Direct Substitution for any feasible sequence. |t is also shown That the
oplimal sequences of calculation are dificrent for the two techniques.

It is concluded that the Minimum Cut Streams criterion is the
best to use for Direct Substitulion, but thal The use of the Feasible Set
criterion and Convergence Promotion will yield better convergence. The
iterative improvement of convergence is discussed, and it is concluded
that the available Time is best spent on improving the starting point
and the Convergence Promolion technique rather than on changing the

sequence of calculation.

(ii)



ACKNOWLEDGEMENTS ,

I should like fTo express my grafifude To my research director,
Dr. C.M. Crowe, for his guidance and assistance.

I should also like to express my appreciation o all the people
who have worked on the Alkylation Plant éndIBayer Process Simulations,
which form the basis of this Thesis, and fto Dr. 0. Orbach for the use
of his geometric convergence prémo*ion routine and for his general
assistance, |

I must also thank my typist, Miss K. Thornton, who, together
with 0. Owsley, helped to sustain my dedicalion,

| am also indebted to McMaster University for their financial

and technical support.

(iii)



TABLE OF CONTENTS.

Page.
I. DISCUSSION OF THE CRITERIA AND METHODS USED [N
THE SELECTION OF THE SEQUENCES OF CALCULATION
l.l Infroduction I
.2 Information Flow and The Sequence of Calculation 4
.3 Methods of Finding the Calculation Sequence 9
I.3.1 Direct Method - PACER 9
l.3.2 Digraph and Adjacency Matrix Techniques 9
1.3.3 List Processing Il
[.3.4 Use of Cycle Matrix and Spanning Tree 12
.4 Sequence Within Recycle Set 15
l.4.1 Criteria for Optimum Calculation Sequence 5
l.4.2 Methods of Finding the Calculalion Sequence
within a Recycle Set 17
l.5 Discussion of Minimum Cut Streams as a Criterion
for Optimal Calculation Sequence . 20
2. DESCRIPTION OF THE SIMULATIONS AND CONVERGENCE
TECHNTQUES USED
2.1 Ains of Work 24
2.2 The Simulations Used _ 24
2.3 Description of the Hydrate Wash Section in the
Bayer Alumina Plant Simulation 26
2.3.1 Description of Plant Functions 26
2.3.2 The Equipment Modules 30
2.4 The Secondary Crystalliser Section 31
2.4.1 Module Description S 33

(iv)



2.5 Alkylation Plant
2.5.1 The Equipment Modules
2.6 Experimental Techniques
2.6.1 Convergence Tests and Error Norms
2.6.2 Direct Substitution
2.6.3 Convergence Promotion by Geometric Extrapolation
2.6.4 The Timing of the lterations
2.6.5 The Effecl of the Starting Point
RESULTS
3.1 Introduction
3.2 BAYER Process Wash Section
3.2.1 Direct Substitution
3.2.72 Convergence Fromotion
3.2.3 Starting Point and its Effect on Convergence
3.2.4 Cheice of Random Sequence
3.3 CrYSTalliser Section
3.4 Alkylation Process

CONCLUS [ONS

4,1

4.2

4,4

Introduction

Selection of the Optimal Sequence of Calculation

4.2.1 Number of Cycles in which each stream occurs

as the Optimum Critferion
.2 The Minimum Cu't Streams Criterion
3 The Minimisation of the Number of Non-Zero
Assumed Stream Variables

B
NN

4.2.4 The Feasible Set Criterion
4.2.5 Random Sequence of Calculation
4.2,6 The Optimal Criterion

Sequence of Calculation or Convergence Promotion?
An Engineering Decision

I'tferative Improvement of Convergence

(v)

Page.
36
39
44
44
45
45

46
46

47
49
51
54
60
65

66

72
72
74
76
79
8l

82
83

84



Page.

- 4.5 Summary of Conclusions 87
BIBLIOGRAPHY 89
NOMENCLATURE _ 92
APPENDI X 93

(vi)



N

.3(a)

.3(b)

.2.2(a)

.2.2(b)

INDEX OF TABLES

Feed Streams to The Hydrate Wash Section
BAYER Process Stream List

Number of I|terations fo converge when
Direct Substitution is used

Nummber of Iferations to converge when
Convergence Promotion is used

Average Number of l|terations for Groups
b, 11, and |11

Number of lterations to converge for the
different Starting Points

The BAYER Wash Section

The BAYER Crystalliser Section

(vii)

Page.
28

29
53
56
56

60
73

z



INDEX OF FIGURES,

I.1 A Recycle Process with a Parallel Sequence of Calculation

1.2 Information Flow Diagram
1.3 .3.1 Diagram and Digraph of the BAYER Hydrate Wash
Section
|.3.2 Example of a Digraph and ils corresponding
Adjacency Matrix
1.3.3 Digraph of Rubin (R3) example :
|.3.4 Spanning Tree of the above digraph (Ist. cycle)
1.3.5 Spanning Tree of the above digraph (Ist. and
2nd. cycles)
1.3.6  Full Spanning Tree of the above digraph
2.4 2.4.1 Information Flow Diagram of the Crystalliser
Section
2.4.2 Digraph of the above section
2.5 2.5, Information Flow Diagram of the Alkylation Plant
2.5.,2 Digraph of the above plant
3.2 .3.2.1 Information Flow Diagram of BAYER Wash Section
3.2.2  Graph of A2l comparing Direct Substitution and
Convergence PromoTion
3.2.3  Graph of B2l comparing Direct Substitutlion and
Convergence PromoTion
3.2.4  Graph of C2Il comparing Direct Substitution and
Convergence Promotion
3.2.5  Graph of C20 using Convergence Promotion with
initial streams from loop 5, AZ0
3,2.6  Graph of C20 using Convergence Promotion with
initial streams from CI5
3.2.7 Graph of C4l using Convergence Promofion with

initial streams from Cl5

3.4  Graph of Alkylation Plant Assumed Stream !l

(viii)

Page.

32
32
38
38

52



CHAPTER ONE.

DISCUSSION OF THE CRITERIA AND METHODS USED IN
THE SELECTION OF THE SEQUENCES OF CALCULATION.

[.1 Introduction.

Chemical Plant Simulation is the use of mathematical techniques
to model, or simulate, the behaviour of the chosen chemical plant. The
usual purpose of the simulafion‘is‘To evaluale the effects of one or
more proposed plant impfovemenfs, and to provide an on-going basis for
further plant improvement in an existing, usually complex, plant. I+ is
a growing field of inferest in Canada and Canadian universities, where
the number of faculty engaged in This field increased from nine to
fifteen in The past year.* Industry has also taken a great inTeresi;
and several indusiry-university joint simulations have been undertaken.*¥
This interest has been greatly aided by the developmenT and use of
generalised process simulators ( C2, EI, LJ, RI, FI ).

One of these generalised process simulator programs is Shannon's
PACER ( C2, M2, SZ ) which has besn used at McMaster University both in
its original form, and in a modified form called MACSIM ( McMaster
Simulation ). Plants which have been simulated using PACER or MACSIM
include a sulphuric acid plant, an alkylation plant, and the Bayer
Process for alumina extraction. The last two simulations form the

basis for this thesis.

¥ Chemistry in Canada. June 1970, Page 22.

**  The Chem. Eng. Department at McMester University has been very
acTive in this field wilh several successful simulations To its credit.
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The underlying principle of PACER, MACSIM, and most other

simulator programs is modularity. Modularity consists in describing

the plant in terms of modules, or building blocks, which can be connected
to one another so that it would be possible fo simulate different plants
with the same modules. An actual chemical plant has reacTérs, heat
exchangers, pumps and distiltlation columhs, separators, compressors, elc.,
connected together in some way. The performance of each piece of equip-
ment, or unit, can be described by a set of equalions based either on the
fundamental laws of physics and chemistry, or on empirical data. These

equations can then be solved in order to simulate the unit., The compuler

program To solve these equations is defined as a unit computation.

Each unit computation calculates the output sitreams from the unit,
given all input streams and any other necessary péramefers.

The process simquTor program, sometimes calle the executlive
program, confrols the sequence of calling the unit computations to effect
the simulation of the chemical plant. In order to simulate the entire
plant, every unit computation must be calculated. In a given plant, every
sequence may have a unit whose InphT streams are the output streams of
some other unit, which has still to be calculated; This is then a plant
with recycle and must be calculated iTeraTive!yf'

One can see that if there is no recycle, one can start at the feed
-streams and calculate directly every unit in the plant so that the plant
can be simulated. Herver most chemical plants involve recycle. This means
that the recycle stream is required as an input before it has been calcul-
ated as an output. This situation is usually solved by cutting, or

assuming, a sufficient number of streams, called cut, recycle, or assumed



streams. By using Tﬁe downstream half as an input, and the other half as
an' output, the two halves are.mafched by some iterative fechnique.

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 1o simulate
the plant, it must be provided with a sequence of calculation of the unit
computations. Each sequence of calculation implies its own sect of cut or
assumed streams. AlThough each set of cul streams may imply more than
one sequence of calculation, on examinaltion They can be shown To be the
same. Cases where more Than one sequence is-apparently possible are
usually due 1o parts of the plant being in parallel. For example: -

Fig. 1.1 A Recycle Process with a Parallel Sequence of Calculation.

10 |

(%2}

I'f we choose stream 10 as a cut stream then we can have the following
sequences of calculation: -
(2, 3, 4) (5, 6)7
and
b5, 6) 02,3 4)7, 8
These sequences are really identical because the same information is used
in an exactly similar way, and the results must be the same. It is there-
fore the different sets of assumed streams which distinguish sequences of

calculation, and this is the basis of the work done in This Thesis.



1.2 Information Flow and Sequence of Calculatlion,

Information Flow and Calculation Sequence are closely [inked.
The concept of information flow was first used by Steward (S4). He
dealt with the problem of solving a large sparse matrix equation, or a
set of simulfaﬁeous equations, without having to invert the matrix. He
defined a matrix to be sparse where: -

" The number of variables in any equalion is small com-
pared to the fotal number of variables in The system."

His approach was to solve the equation in such a sequence That the
variables found previously will be sufficient to solve the next equation.
He also defined an ‘outpul set' which is so constructed that: -
(1Y Each equation has exacTly one output variable.
(2) Each variable appears as the output variable of exactly
one equation.
From éach solved equation there 'flows' a variable which is then used in
solving The next equation. Steward looked on this as ‘informéTion’ which
Yflows' through the malrix being modified by each equation. This process
he termed 'information flow.' He then illustrated this by an information
flow diagram.
If one takes the following equations:
() fl {a, c)=0
(2) f2 (a, b, c)=0
(3) f, (b, c)=0
one can generate an information flow diagrém by a matrix composed of
equations and variables where the presence of a variable in an equation

is marked by a tick in the row of the equation under the respective



variable. The information flow diagram derived from the above equations is

Fig. 1.2 Information Flow Diagram.

a b C
Gy |
(2) SNAN v
(3) i .

By following the arrows, one can see the 'information f{ow‘ through the
system of equations.

For example, at eﬁuaTion (1) one could assume c; Then one could
solve equation (1) to give a: with a and ¢ one could solve equation (2)
to get b: with b one can solve equaTioh (3) to get c. The sequence in
which the equalions were solved is the 'calculalion sequence! for this
seT of eqguations., |f The equations are represented by numbers, and the
variable solved in the preceding equatlion is represented in brackets,
then the sequence of calculation is I(a) 2(b) 3(c). [If the value of ¢
found equals the assumed value of c, then The system is solved; if it
does not, fthen another value of c¢ must be assumed. Usually the latest
value of ¢ found is used as the new assumed value. This is fermed
'Direct SubSTiTQTion.' However, this is not necessary, and any value
could be substituted. The use of values other than fhe latest one Cél-
‘culated is intfended to decrease the number of iterations taken to
converge, and is called 'Convergence Promotion.'

Usual ly these techniques take advantage of some progression in

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

involve geometric progression as in

L3 1
P O



This sequence contains a geometric progression of which the timit is
zero and itself converges to two. |If by direct substitution, a sequence
results which involves a converging geomefrical progression, then one
can use this information to predict the limit after an infinity of
iterations. This limit will then be the apparent 'true' value, and
would be an improved guess for restarting the calculation. By shortening
Thé number of itferations 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 to the sparsé malrix of Steward. Thus it is not
surprising that the analogy between information flow through a system of
equations and of material flow through The units of a chemical pIaAT, has
been utilised, especially in modular approaches such as PACER or MACSIM.
In such modular approaches, the information produced by one unit comput-
ation module must be communicated fo the correct module. This is very
important since the simulalion of a particular plant depends on the way
iTs modules are connected. Each connection between the modules is termed
a stream and is identified by ifs own particular number. F[Cach module is

also given i1s peculiar number, and the streams which are neceded as

inputs, and those which are produced as outpuls, are defined. Therefore

in PACER and MACSIM the information flowldiagram shows The streams and

the units. Beéause of the above analogy, the information flow diagram is
usually derived from The material flowsheet. However, unlike The equations
in Steward's paper (S4) which can have only one output, and need all the
other variables in the equation as inputs in order to be solved, The models

may have more than one oufput or input.



The information communicated by the streams consists of several

stream variables which TogeTher form the stream vector - a further

deviation from the above paper where the variable considered as the
output or input is scalar.

A consequence cf the derivation of the information flow diagram
from The material flowsheet is thal the direction of the information
flow is usually faken to be The same as thal of the material flow. This
leads to the design of unit compuTaTions in which the iﬁformaTion flow
is in the same direction as the materisal flow in The corresponding unit
of the chemical plant., Once The unit computations have becen designed in
this way, it becomes difficult to change the direction of the information
flow without modifying The models. Therefore the information flow diagram
will have been fixed before anyone has considered which might be the
easiest informalion flow diagram To calculate.

That the information flow diagram so fixed may be less than the
optimal one, and so will produce a worse calculation sequencé, is easy To
see. If the simulalion could be calculated more quickly by a reversal of
The assumed information flow between two units, then the information {low
diagram is nol optimal.

In fact, the more the information flow is determined prior to the
choice of the calculation sequence, the more likely it is that the calcul-
ation sequence found will nol be the optimal. This can be shown more
generally as follows: -

Let S be a sel of equations, and V a set of variables which taken
together can be used to describe the chemical plant. Llet M = {MI,MZ,..Q}

be the partition of S info subsets of S such that each subset describes a



module. The object is to find the sequences of calculation, Cg and C
for S which will minimize some criterion such as fota! computation time
T, (where Cg and C, are the sequences of calculation of the unpartitioned
set S and of the partition M of set S respectively, and T and Ty their

respective fTotal computing times). [t can be seen that generally

because the partition M of S imposes a consitraint on Cp which is not
imposed on Cg. If a further constraint is imposed by fixing the direction
of calculation within each module MI, M2, ..., then it follows that

T % Tf
where T¢ is the total computing Ttime for the optimal sequence when the

direction of calculation within each module is {ixed.



.3 Methods of Finding the Calculation Sequence.

There are several ways of finding the calculation sequence: -

(1) Direct Method - PACER.

The method used by PACER is direct, but it is also very time-
consuming. The executive scans the simulation to see if it can be
calculated directly from the feed Sfreaﬁs. 'f not, there are some
unknown streams, and there is recYcle. Then it will assume each unknown
stream in turn to be known, and will see if all the models can Then be
calculated. |f no one stream is sufficien', then it will assume all
possible pairs of assumed streams in turn. If no paif is sufficient,
then it will assume all possible combinations of three streams.

If this does not solve the problem, then PACER cannot find a
calculation sequence. [f it succeeds, iT has found the minimum number
of cut streams that will solve the simulation. As the number of poss-

ible assumed streams increases, the Time Taken to find the calculation

sequence increases geometrical ly.

(2) Digraph and Adjacency Matrix Techniques.

One can show that an information flow diagram, such as the one
used in MACSIM, can be represented by a directed graph, or digraph. (See
overleaf for an example of a digraph).

One of the properties bf a digraph is the fact that it can be
represented simply by an adjacency malrix.

The adjacency matrix of a labelled digraph, D, is defined by
Harary, (H1): -

A= A(D) = [aij] where ajj = 1 if arc V;V; isvin ﬁ, where
0 otherwise.

Vi

is a node of D, and ajj



i.e. ‘aij = | if Vi is connected 1o VJ, and aij = 0 otherwise,.

Fig. |.3.1 Diagram and Digraph of the BAYLR Hydrate Wash Section.
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Fig. 1.3.2 Example of a Digraph and its Correspbndjng Adjacency Matrix.

Digraph D. , Adjacency Matrix A.

() (2) (3) (4)

@( u@~ —C) () 0 ! 0 0
/ | (2) 0 0 | 0

N N ,/ (3) | 0 0 |

(4) 0 ! 0 0

This technique is used by Steward (S4), Norman (N1), Himmelblau
and Bischoff (H2), Harary (HIl), and Dulmage and Mendelsohn (DI).

The advantage of The adjacency matrix lies in the use of powers
of the matrix. If one raises matrix A to its nth Boolean power, it will
show as I's all paths of length n. This has been used to trace the paths
of length |, 2, 3, 4, etc., in the information flow diagram by Norman.
The other references do essentially The same thing but use more sophist-
icaTed techniques for generating the matrices. A very fasT technique for
partitioning into recycle blocks is using the powers of [I+A] where [1]
is an identity malrix of the same size as A. To find all paths of length
£ 2" one raises [[I+A] by continued squaring to [l+A]2n and then treats

it as in the above fechniques.

I.3.3 List Processing.

This general heading refers to the use of list-type represent-
ation of the information flow diagram in The partitioning of the
simulation. The approach is fo trace a path or 'chain' backwards, as
in Sargent and Westerberg (S1), or from both ends, as in Christensen (Cl),

along the streams or 'links' connecting the units, until a Vloop' is
g s



found. Sargent and Westerberg then merge the unifs of this loop into a
single unit which they term a 'logically defined block.,' This fechnique
is then continued until all loops are parlitioned into blocks.

Christensen detecls and merges the cycles in a similar way To

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

input 'edges.' This combination yields his first algorithm, IR.

Both Christensen and Sargent and Westerberg reduce the number of
combinations by merging edges and nodes. Christensen also eliminates
'ineligible edges! based on the respective number of input parameters to
the various units or nodes. For example, if node A has Way input para-
meters, and node B has Wg_ total outpul parameters, then edge (AB) is
ineligible and need never be considered as a recycle stream if

Wag 2 Was where WAB is the total number of parameters
and befween A and B,

Wpg = Vg q |

}T should be noted ThaT'equaliTy in.faCT does not disqualify edge AB
and that there is then no way of diSTinguiéhing which of the equal
edges is The better choice. This then, is a problem of eliminating
valid choices, and it is common to other techniques too, for example

e ———

the cycle and adjacency matrix techniques.

l.3.4 Use of Cycle Malrix and Spanning Tree.

The cycle matrix is defined as the matrix C with elements Cij

where :

(@]
1

I if stream j appears in cycle i.

0 otherwise.
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A very straightforward and convenient way of tracing the cycles
is one originally proposed by Steward (S4), and used as the basis of an
algorithm and computer program by Longeway (L3), which makes use of the
‘Spénning Tree.' Consider Longeway's example which he takes from Rubin
(R3) : =~

Fig. 1.3.3 Digraph of Rubin.

'j’\ . - e - et E\‘?/' R

s
i

Ie R - i ,
kz/[“;{ . P PPN B . 4 ;
- N ?
. P

N . :

One can start, arbitrarily, at node | and proceed round the digraph
~generating the spanning tree. As soon as a node is reached which has
already appeared, then a cycle has been located and this branch is
terminated: -

Fig. 1.3.4 Spanning Tree of the above digraph. (lst. cycle).

(1
- i ~
‘.'\3 K

Then one refurns to node 4 and looks for an oufpuft. This branch is then

terminated: -

- Fig. 1.3.5 Spanning Tree of the above digraph (lst. and Znd. cycles).

s

L N I
;



This process is repeaféd until the full tree is generated, which is
for Rubin's example: -

Fig. 1.3.6 Full Spanning Tree.

U
i3,
\_!__z
e ! —
R I e A l_‘,,a
‘ 3 ‘. RS ‘\: I /:\Li ' [. 3 /7‘ . '

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

Beginning at the end of each branch, each cycle can be traced,
stopping wherever a node is re-encountered. Once the nodal sequence of
each cycle is found, then the corresponding streams can be found, and
the cycle matrix generaTed.

This technique*has been used on the Bayer Wash and Crystalliser
Sections in Chapter Four. It was not used.on the Alkylation Planf
because, although a large plant, it is relatively simple, and The
required cycies could be obtained by inspection of the plant digraph. |In
farge complex plants it would be more cumbersome Yo use, but dhis could
be reduced by the following techniques. Any pu}e!y sequential units
~could be grouped together, and the tree could be split up in a similar
manner to the SpliTTihg up of a large computer program.

An alternative approach is to use the powers of the adjacency

matrix A (Harary, HI) fo generate the cycle malrix.

¥ N.B. Longeway, L3, has written a computer program to solve spanning
tree problems, but it was not necessary fo use if.



I.4 Sequence Within Recycle Seft.

|.4.1 Criteria for Optimum Calculation Sequence.

In The previous section it was shown how the various authors

- have partitioned the original incidence matrix, or digraph, which
describes the whole simulation. They use different terminology for the
same cyclic part, Harary calls it a 'strongly connected subgraph' or
strong component; Sargent and Westerberg 'a logically defined block!';
Christensen detects 'loops'; and Longeway traces 'cycles.' The termin-
ology used within MACSIM is 'recycle set', and This? therefore, will be
the term used henceforth.

Once the recycle sets have been found, there still remains the
problem of solving each of them. To do this, the calculation sequence
within the recycle sel must be found. By definition of a recycle set,
some stream or streams must be assumed to calculate it.

Within any recycle set there are seve}al possible calculation
sequences and sets of assumed streams. One therefore needs some
criteria for deciding which one to use. Most of the above-mentioned
writers choose as their criteria minimum computing time. Christensen
secks "the sequence (U) of unit computations within each such block so
as to minimise the time T, required to obTain'convergence for the

block." This time, T is given as

C)

Te = Ny (T, +N

plp )

where N; is the total number of iterations required to reach convergence,

T, is the Time required to update all the recycle parameters at each

u

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

of the units in the block must be repealed at each iteration, and Tp



is the time required for one such computation.
Longeway also has the same approach: -
" The ulTima%Q goal in the selection of recycle streams is
to select those streams such that the total computation
time required to converge to the steady state is as small
as possible."
Both authors, then, are faced with the problem of finding an &
priori criterion. Christensen developed his argument by maintaining
that only Tp is independent of the calculation sequence, (U), and that

him with the factors T, and Ny, and he continues: -

p?
"for any iterative method, the factors Tu and N_ will be
non-decreasing functions of a single parameter of U: -
the number, k, of recycle parameters."
Christensen notes the constraint that convergence must be attain-
able, but the difficulty in his argument is that N, is dependent on (U).
Longeway comes to the conélusion that the weighted sum of paramefers for
the recycle streams must be minimiéed, and recommends that the weighting
parameter, Pjs of each stream j, should depend on the convergence
technique. This is in contrast to Christensen's above statement, and, it
should also be noted, no proof of this is given by lLongeway. The assertion
was only tested on cases with a single recycle strem. The recommended

parameters are: -

{a) Direct Substitution.

Each parameter, P should represent the number of cycles in
which that stream is involved.

(b) Wegstein's Method.

Each parameter, Pjs equais unity.



“(c) Newton-Raphson's Method.

Each parameter, pj, should equal The number of variables in
the corresponding stream.
The third case is identical o Christensen's choice of k, the
number of recycle parameters, although Christensen does not suggest
using a NewTon-Raphson technique.
Sargent and Westerberg (S1) allow for minimising an arbitrary
weighting of the streams, and choose as their weighting factor the number

of parameters in each stream.

1.4.2 Methods of Finding the Calculation Sequence within a Recycle Sef,.

The direct apprbach of PACER, or of Koppel et al. (KI) which is
very similar to that of PACER, will find the calculation sequence within
a recycle set, bul this takes a long time if there are many choices of
assumad streams. Llee and Rudd (1.2),assume the cycle matrix already
exists, and then use 1wo distinct algorithms, one for minimising the
number of cut streams, and one for minimising the number of cut parametlers.

Thatl these are both sub-~problems of a larger problem is pointed
out by Longeway (L3). Their‘algorifhms effectively try all possibie
combinations. The number of possible combinations is reduced, however,
by the use of two concepts.

These same concepts are also used by lLongeway (L3), and are
defined as: -

(a) Dependent Streams.

"if stream K is a member of 'all cycles in which stream £
appears, and if py € Prss then stream p is said to be
dependent upon streamet,

not dependent.”
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It must be pointed out that there are, in fact, three

possibilities: -

(n pd‘< Pp which should be termed sirictly dependent,
(2) P, = p}3 which should be termed equivalent.

(3) All other cases, which should be fermed independent.

(b) Dependent Cycles.

"11 for every method of tearing cycle =, cycle s will
thereby also be torn, then cycle @ is said tTo be
dependent upon cyc!Ocﬂ
Two cycles wil] be said to be independent if they are
not dependent.”

Similarly Thére should also be Three cases here: -

(1) 11, for every method of tearing cycle <k, cycle pwill thereby also
be torn, and the reverse is not True, Then cycle pis sirictly
dependent on cycle &

(2) If the reverse is True, Then the cycles and/? are equivalent.

(3) If neither strictly dependent, nor equivalent, then they .are
independent.

Again this is the problem met éarlier in discussing List
Processing (1.3.3) of eliminating valid choices.

Longeway uses a zero-one linear programming fechnique to change
the original cycle matrix infto one in which every cycle contains only
one stream. However, The use of the two above definitions greatly
simplifies the procedure.r The dependent streams and cycles are deleted
in sequence unTij there are none remaining. The resulting, greatly
simplified, matrix is then freated by the linear programming Technique
until a set of cut streams with minimum parameters is derived. If valid

choices are not eliminated then, of course, he would probébly derive more



than one set of cut streams with minimum parameters.

Sargent and Westerberg use dynamic programming fo solve the
calculafion sequence within the recycle set, or 'logically defined set.'
Unfortunately they do not show any examples. Besides which, dynamic
programming usually uses a large amount of computer storage, yet they
reject matrix rcpresentational techniques on the grounds of excessive
storage.

Christensen uses his algorithm, IR, for edge and line merging
with fhe concept 'node indexing' to solve several problems. An index
node is defined as: - .

"one [node] all of whose inputs or outputs or both, are
eligible 1o be recycle streams."

He therefore selects an index node, and then deletes the streams
connected to it. The resultant sub-graph is Treated by algorithm 1R,
He claims optimal or near optimal results, but as the number of possible
index nodes increases, the number df combinations of hodes increases
geometrically.

He therefore describes algorithms IT and [T, which 'tear!
selected variables. In This approach, though, he goes away from the
modular situation and back 1o considering individual equatlions. He
uses substitution and elimination as an aid, then uses his algorithms to
select the '"torn' variables.

This approach requires all but one of the variables of an
equation as inputf, and only one as output. _Thus it is not directly

relevent To the modular situation.
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1.5 Discussion of Minimum Cut Streams as a Criterion for Optimal

Calculalion Sequerice.

All the papers which have dealt with finding the calculation
sequence ( Ct, L3, SI, 82, CZ, F1 ) have made the assumtion that That
calculation sequence which results in a minimum set of weighted parameters
of the assumed streams, is the calculation sequence of the equipment
within the block which minimises the calculation time. Several authors
have, in fact, noted tThat this approach mfgh+ not lead to minimum
computing time. As Orbach (01) states: -

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

Christensen (Cl) believes that minimun cut streams is a criterion
related only to the time taken for one iteration, and not to the number
of tterations needed for convergonce; Sargent and Westerberg (S1) look
to the possibility of some method of improving the initial calculation
sequence, thereby implying that the initial is not optimal.

Forder (Fl) states that the process designer may prefer certain
streams to be cut, and even if this leads to an Increase in the number
of cut streams, it may still lead fto faster convergence. Orbach (01),
also shows: -

"that the same sequence‘can result from another set of

assumed streams, larger than, or equal to, the minimum
set, by simply starting the calculation from another
equipment in the sequence, and therefore tThe rate of
convergence is the same."

This can be illustrated by a case given by Lee and Rudd (12): -
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Case Assumed | Sequence
Streams ‘ of Calculation
A $9, S10, St | t, 2, 3, 4, 5, 6, 7
B S$3, S7 4, 5, 6, 7, 1, 2, 3
C S4, S8, S9 5, 6, 7, I; 2, 3, 4
D S6, $8, §9, SI0 7, 1, 2, 3, 4, 5, 6

Case B is the one selected by Lee and Rudd because it has the
minimum set of assumed streams, but, in fact, all cases have the same
calculation sequence with different starting points.

[s the criterion of Minimum Cut Streams necessary and sufficient?

From the previous argument i1 has been shown that the criterion
is not necessary because one can obtain the best calculation sequence
without obtaining the minimﬁm seT of streams.

It is also possible to show that it is not sufficient by illus-
trating a case which has more than one minimum set. The example shown

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

Case Assumed Sequence
Streams of Calculation
A 100, 22, 25, 30 26, 58, 29, 28, 18,

24, 25, 23, 17, 22.

B 100, 26, 30, 3| 26, 58, 29, 28, 17,
~ 18, 23, 24, 25, 27.

C 100, 28, 25, 23 26, 58, 29, 28, 25,
24, 73, 17, 18, 22.

D 100, 22, 30, 3| 26, 58, 29, 28, 18,
23, 24, 25, 17, 22.

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

which may be represented as below: -

*¥ A diagram and digraph of this section are shown on p. 0.
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(31, 30)
(26) «. .
€ (25, 28)
(22) + « ) + (100)
() (25, 30)
(24) ( )
(31, 28)

- The sets may be constructed by selecting any stream from the first
bracket, plus any pair from the sccond, together with stream 100 in

the tast bracket.

Is there an Empirical Justification fof the Minimum Cut Streams Criterion?

Although there ié not a numerical, nor a theoretical, justification
for the above criterion, the possibility exists of an empirical justifi-
cation of The assumption.

The number of papers, algorithms, and computer programs on this
area of research has pointed to Tthe importance of finding a satisfactory
calculation corder, Since'fhe minimqm cut streams criterion has been the
basis of all The approaches up to the present day, it seems important to
determine whether or not it is justified. -

All the approaches are eséenfially search techniques, and as a
result, as the size of simulations increases, the number of necessary
searches will be proportional to the number of'possible permutations
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

fo apply.
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Orbach's definition of a feasible set could point fo an

appropriate substitute: -

"A set of assumed streams of size m is a feasible 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."

The adoption of this feasible set criterion would greatiy shorfen -

computation time and decrease storage space. STill more important, as
the algorithm would not require searches, the Time taken by The computer

would only increase linearly with the size of the problem, and not

geometrically.



CHAPTER TWO,

DESCRIPTION OF THE SIMULATIONS AND CONVERGENCE TECHNIQUES USED.

2.1 Aims of Work.

The aims are to Test the suggested a priori criteria* for
obtaining the optimum sequence of calculation by comparing the Times
taken 1o converge the same simulation from the same STarTing<pbinT for
different sequences of calculation. THree different simulations will
be used, and three differenl starting points will be used on one of the
simulations, *¥*

In addition, the effeéT'of the use of convergence promotion by
geometric extrapolation as derived by Orbach (01) will be investigated.
The aims in this arca are To see if the optimum sequence of calculation
is The same for both Direct Substifution and Convergence Promotion, and
to compare The relative improvémenT in computer time achieved by finding
the optimal sequence compared to that obtained by using a Convergence

Promotion technique.

2.2 The SimulaTiops Use(b

IT was only possible to Qnderfake this work because several chemical
plant simulations had already becen developed at McMaster University. Alll
of These simulations have been based on large amounts of data collected
from The plants being simulated, and have been extensively verified. The

t

*Pp. 16 and 22 give the four criteria

*% The BAYER Wash Section.

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

so that these 'base case' simulations héve been used for most of the work.
The programs were written using the MACSIM executive program,

the models themselves are written in FORTRAN ||, and the whole system

used the McMaster |.B.M., 7040. The programs are being fransferred to

the more-recently acquired C.D.C. 64c0, 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 Simutation.

The simulation of the BAYER Alumina Extraction Plant was done as
@ 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 (0l), The purpose of the Hydréfe Wash section is fo wash soluble
impurities from alumina BydraTe, and then to filter off the excess

moisture before the hydrate is calcined in the kilns to give alumina, the

desired product.

2.3.1 Description of Plant Functions, X

The feed streams** |9 and 21 join the recycle stream 26 at
Equipment 17, and enter, as stream 22, the primary classifier (Equipment
I8) where a split in the solids occurs. The underflow stream (24) enters
the three-stage counter-current washer (Equipments 23, 24, 25). After
washing, the concentrated hydrate is fi!Tered'ouT (Equipment 26), washed
again (Equipments 29 and 58), and then sent (as Stream 34) to a rotary
kiln (not shown) where it is dehydrated and calcined to give the desired
pfoducT of alumina.. The feed stream 23 is pure water only.

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

the Crystalliser Section (see 2.4).

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

X*¥ The composition of feed sireams 19 and 21 and 23 are given in
tables 2.3(a) and 2.3(b).
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"The three-stage counter-current washer uses a SEPAOZ model for
each stage; This model allows a few percent of The solids fo be carried
over in the overflow stream as happens in the plant itself. The filter
is a rotary drum type (Equipment 26) and fs also represented by a SEPAQZ
model, which reduces the moisture in the solid to 15% by weight, and
refurns the liquor (stream 35) to the Counfef—currenf Wash.

The concentrated hydrate (stream 108) is washed with clean water
(stream 23) in Equipment 58, then filfefed on another rotary drum filter
(Equipment 29), also represented by a SEPAO2 model. This liquor is also

returned to the counter-current wash section,



"TABLE 2.3(a)

Feed Streams to the Hydrate Wash Section.

Component Location Stream Stream Stream
Number in Stream No. 19 No. 21 No. 23
' Vector Cib.mote/hr] Cib.mole/hr] [lb.mole.hr]
l 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 o . 1166.6548 2846.943
6 H 0.2870 0.287
7 |2 L3011 .2994
8 13 .0001 0.0
9 14 . 0004 0.0003
10 15 - .on7 0.0099
0o 16 L0017 0.0014
12 17 L0019 L0016
13 18 .0022 .0018
14 19 2065.8810 2100.5155
i5 20 5,7058 5.1675
16 21 0.0 0.0
17 22 3.945] 3.5907
18 23 0.0 0.0
19 24 60.3192 41,0175
20 25 35,4092 | 27,8576
21 26 ' 1580.4762 14384926

22 27 , 0.0 0.0



Component
Number

2

v

20

21

22

BAYER Process Stream List.

Location in
Stream Vector

6

7

20

21

22

23

24

25

26

27

The Component Flow

Ib.mole/hr
WATER

Na2CO3

Weight

NaOHd (as Free Caustic)

3(Nay0. Al 203.2510,.0.6Na0.

LA150%.0.22Na8550,4.0.23NayC03)

Al,0z. 3H0

3

Aly05.2510,.2H,0

2
Fe,05.H,0

P05

Cal

Ti0,

CaC0+

Carbon Compounds
Unknown inert solid
N;/\IO2
A1504.25i0,.2H,0
F9203

P-o0g
(3Ca0.A1,0).510,
Ti0,

NapS0,

Carbon Compounds

NaC204

(SOLID)
(SOLID)
(SOLID)
(soLID
(SOLID}
(SOLID)
(SOLID)
(SOLID)Y

(SOLID)

(DISSOLVED)
(DISSOLVED)
(DISSOLVED)
(DISSOLVED)
(DISSOLVED)
(DISSOLVED)
(DISSOLVED)
(DISSOLVED)

DISSOLVED)

18.

105

40

79

100

44,

119

81

258.

159

[41,

600

79

142

44,

134,

29

Molecular

020

L9953

.00

3602
.020
. 180
. 720
.950
.080
.900

.09

o1l

.980

971

80

. 700

.490

.900

.048

oll

060
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2.3.2 The Equipment Modules.

The SEPAO2 module calculates the split of one or more feeds

accbrding To parameters stored in The equipment paramcter (EN) vector,

which specify the weight fraction of fhe inlel solids that pass in The

overflow, and the weight fraction of solids in the underflow stream. [¥

is assumad that the particle size distribution is constant, and that the
only split occurs between the solid and the liquid 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 (Ib/hrf in the feed from the known molar flowrates
and respective molecular weights (Table 2.3(b)). The weight of solids in
the feed is then multiplied by the above spacified fraction to givo'The
weight of solids in the overflow. The underflow of»solids can then be
found by subfraction. Knowing the above specified weight fraction of

solids in the underflow, and the weight of the solids in the underflow,

the total weight of the underflow may be found, and hence, by difference,
the weight of liquid in the underflow. The weight of the liquid passing
overflow can be calculated as the difference between the weight of the
input liquid and the liquid passing overflow.

The other models (17, 22, 28, 58) are JUNCO! modules, This is a
simple mixer-splitter module which combines all the inputs, then splits
them info the output streams according to the splits specified in the

equipment, EN, vector.
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2.4 Secondary Crystalliser Section.

The overflow (stream 42) from the primary classifier (Equipment
I8 in the Hydrate Wash Section) serves as feed for this whole section.
The feed enters the secondary classifier (Equipment 45) where it is
split into two streams; the underflow (stream 67) is used as coarse seed
for the regular precipitators, the overfiow (stream 43) is pumped To a
holding fank (Equipment 46). In this fank, stream 43 is mixed with the
underflow (stream 50) from the tray thickener (Equipment 49) and with
some of the overflow from the fine seed tank (Equipment 51), This
mixture (stream 44) goes to a number of crystallisers (Equipment 47) o
give a six~to-ecight hour residence time, and a concentration of about
100 gm./litre solids., The slurry from these crystallisers (stream 45)
~goes to a continuous tray thickener (Equipment 49) where it is concen-
trated to about 250 gm./litre. The under{flow (stream 48) is splii, some
(stream 50) going back o the hélding tank (Equipment 46), %he rest,
(stream 51) going 1o the fine seed holding tank (Equipment 51). The
overflow (stream 72) from the tray fhickenérs becomes recycle spent
liquor. The underflow (stream 68) from this tank is mixed with advance
wash to give a 20% solids by weight, and used as seed sluFry for the
special precipifators. Some of the overflow (stream 49) froﬁ the fine
seed tank is removed as a purge stream to be calcined to remove organic
material; some (stream 54) is returned to the holding tank (Equibmonf
46); and some (stream 53) is sent as a bypass to the continuous tfray
thickeners (Equipment 49). Stream 53 is usually empty except when stream
54 js too large for the second stage crystallisers, (See ‘decription of

SETROI module below).
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Fig. 2.4.2 Digreph of The above plant.
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?2.4.1 Module Description.

The SEPAOZ modules (Equipments 45, 49, and 51) and the JUNCOI
modu les (Equipments 46, 48, and 50) 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, K.A. The
module first calculates the total mass flowrate (1b./hr.) from inlet
stream composition (Ib. moles./hr) and component molecular weights,

The density of the input stream liquor is calculaled as a function
of total tilrable soda (TTS) and sodium aluminate (AL), and from i+,
The fotal volumetric flowrate is found: -

Volumetric Flow = Mass Flowrate

Density

Then the average molar concentration (AUG) is found:

AUG = Total Molar Flowrate

Total Volumefric Flowrate

Next, one nceds the required volumetric flowrate (TDT) to give the
residence time (TOW) specified in Tthe EN vector,

TOT = Volume of precipitators (from EN vector)
TOW

A required total molar flowrate (REQD) can then be calculated and stored
in the EN vector for SETROI (Eqdipmenf 52) 1o contrel the recycle in
streams 53 and 54,
£QD = TDT x AUG
The driving force for crystallisation is the supersaturation of
the inlet liquor as NaAlO, compared to the equilibrium value for opera-
ting conditions. The inlet concentration of NaAlOp as Alz03 is calculated

(CAL) and the equilibrium value of Al203 is found from the corretalion
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with Temperature and caustic concentration (EQUILM). The outlet
concentration of AIZO3 is given as C: -

C = CAL + K A x TOW x EQUILM x 28.313/454
(] + KA x TOW )
C

(where 28.313/454 is a units conversion)

The precipitation reaction is: ~

2NaA 10, + 4H,0 - 2NaOH + Al,05.3H50

The Al,05 precipitated is The volumeTr}c f!owréTe mulTiplied by
the difference in concentration between inlel and outlet, (CAL - C).

Using the stoichiometry of the above, a final mass balance is
done for each component to correct for the precipitation reaction,

The Flow Controller Module, SETROI, is used to fix 1he total
flow (stream 49) to the calciner, then to direct the remaining flow
according 1o the desired flow, REQD, in the crystaliisers. |If the
remaining flow is so largé that it would reduce the residence time oo
much if it all went in stream 54 and thence to the crystallisers, then
some is sent to stream 53. (Stream 53 is zero under normal plant operations).

To calculate the flow in stream 54, it is necessary to make a
mass balance around the holding tank (Equipment 46). Streams 43 and 50
are known, and the désired value of stream 44 i; given as REQD in the EN
vector of_CRYSOI. If no or negative flow is required in strecam 54,>Then
it is set to zero, énd all The flow is sent to the bypass, sitream 53.

I f material ié‘needed, then it is necessary to see it the
remaining flow is greater or smaller then the desired flow in stream 54.
If it is greater, then the difference is sent to stream 53; if it is

smaller, then all the flow Is sent to siream 54.



The module sets the output fTemperatures and pressures equal to
the input temperatures and pressures, and calculates the fTotal, and

component, flows.

35
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2.5 The Alkylelion Plant.
The plant préduces branched chain hydrocarbons for use in up-
grading high octane motor fuels. The use of these compounds will become

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

The main reactions are as follows: -

CHz CH=
, 1 l
CHy = CH - CHz + CHy - CH - CHz ey CH - ? - CHy - CHy - CHy
propylene iscbutane CH4
2,2 dimethyl pentane
?HB ?Hj _ ?HB ?HS
CH, = C - CH3 + CHy = CH - CHy oy CH3 - ? = CH2 - CH - CH3
isobutylene . CH3

2,2,4 trimethyl pentane

Both These reaclions are catalysed by high strength, about 95wt.%
.sulphuric acid,

The alkylation is carried.ouT in the Stratco reactor (Equipment
3). The sulphuric acid in which the reaction has occurred (stream |1)
goes o the acid setller (Equipment 4). There the acid settles and goes
{stream 19) to the acid make—up (Equipment 11) where the spent acid is
added fo give The acid feed (siream 10) to The reactlor.

The product stream (12) is mixed with the isobutane feed (stream
30), then the mixture is passed Through a reducing valve to drop the
pressure from 70 psig To about 27 psia, and then is flashed in coils
immersed in the reactor liquid. The vapour-liquid mixlure goes to the
product separator where it is spli% intfo a vapour sfream (14) composed

mainly of C3 and C4 hydrocarbons, and a liquid stream (15) containing
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alkylate and n-butane and iso~butane. The product separator has an
internal heating coil through which the bottoms (siream 27) from the
depropaniser (Equipment 12) pass. The flashing coils and the product
separator are represented by Equipment 5.

The vapour stream (14) is compressed (Equipment 8) fo 60 psig
and ISSGF, then washed in the caustic wash unit, (Equipment 16) and in
the water seftler (Equipment [7), then passed to the coalescer (Equip-
ment 25). After washing, the stream is heated (equipmenT 29), then
separated in the depropaniser (Equipment 12) into an overhead propane
product (siream 6) and é Cy bottoms stream (7) which is recycled fo the
Stratco reactor.

The liguid stream (15) is similarly washed in Equipments 19, 20,
and 21, then separated in the de-isobutaniser into an overhead isobutane
stream (2), a side~-draw of n-butane (strcam 3), and a bottoms of alkylale
(stream 4). The isobutane is récycled back to the Stratco reactors.

The olefin feed (stream 22) is mixed with This recycle, then the mixture
(stream 23) is cooled (Equipment 30), and mixed with the Cy recycle
stream, then passed Through The feed coalescer (Equipment 14) to give the

hydrocarbon feed stream (9).
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2.5.1 The Equipment Modules,

The reactor module used is REAC 23, which is a comprehensive
statistical mode!l based on a set of simplifying assumptions* and on
linear regressions on all the independent variables for each dependent
variable. The assumptTion that no alkylate is present in the infake feed
becomes important if any alkylate returns from the depropaniser botioms,
i.e. there must be no alkylate 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 heat load is calculated from enthalpy change, heat of
reaction, and impeller heat, énd‘fransferred to Equipment 5, the product
separatlor.

One of the problems of using statistical modules is one of
correlation limits. So a checkiis'mad@ of inputs to see if they are
oulside the [imits, and a warning is printed if necessary. |If the
outputs are obviously wrong, for example if they are negalive, they are
set 1o a reasonable level on the assumption that in The next iteration
the inputs will be witThin range.

The two distillation column modules, DEPROPZ and DISO31, are
quite similar. They bolh assume the distillate consists only of a light
and heavy key. The number of minimum stages can then be found, and if

the split of one of the keys is known, then the composition of distillate

¥ See p. 2.9, Section C of Comprehensive Report on a Digital
Computer Simulation of an Alkylation Plant. McMaster University, 1969.
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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 onm a linearised
Gilliland graph.
Three of the models, WASHOI, WASHOZ, and COALOI, are concerned
| with water removal, and all use the Same'sub~roufine, FSOL, to calculate
the water solubility as . a function of temperature in a hydrocarbon stream.

WASHO| is used fo calculate The neutfralisation of sulphuric acid
by sodium hydroxide for three different cases which give: -

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

(b) A caustic solution in which fhe Caustic Molar Flowrate is twice the
Acid Molar Flowrate.

(c) An acid solution in which the Acid Molar Flowrate is twice the
Caustic Molar Flowrate.

The water that exists in the hydrocarbon stream consists of dis-
solved water and enfrained waler. The dissoIQed water is calculated by
FSOL; the amount of entrained water is found by mulliplying the total
feed flowrate by an arbitrary entrainment factor which is read inlo the
EN vectTor.

The water wash modute, WASHOZ, transfers the hydrocarbons directly
to the hydrocarbon output stream. |t Then dilutes the other components

» with the water input stream, and calculates the dissolved and enfrained

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

he water split, and the remaining w&te salts, and acid, or caustic,
: : PARAIS AR A

. o s

'+ through the sewer stream.
An energy balance is also perfdrmed by botTh mbdelé to find the

temperatures of the exit streams.
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-The coalescer model, COALO!, knocks ou?l part of the input water
according to a given water removal efficiency stored in the EN vector,
and sends the hydrocarbon stream overhead. |

The acid make~up module, MAKEUP, reprgsenfs the batch removal
of spent acid, and the addition of fresh. The composition and flowrate
desired as feed to the reacfor;'and the concentration of fresh acid, is
sTéred in the EN vector. The iAcoming stream from the decanter is known,
so an acid and an overall material .balance will give the fresh and the
spent apid flowrates. A heat balance is also carried out over the four

streams.

The acid settler module, SETLOI, Traﬁsfers The hydrocarbons and
the acid carryover specified in fhe EN vector, to the overhead STreém,
and the acid and the degradafion pfoducfs to the bottoms. The water,
sodium sulphates, and alkyl sulphates, are split into the exit sireams.
in the same ratio as the acid. |

The product separator and‘The heat exchanger inside the Stratco
reactor are both modelled by the_EXCHl4 module. The module calculates
the input enthalpy by summing the enthalpy of the incoming stream, which
is assumed to be liquid, the reactor heat input, which is stored in the
EN vector, and the heat input from tThe product separator heat exchanger.

-The output enthalpy is the enthalpy of the liquid and vapour streams,
plus ihe enthalpy of the output from the heat exchangers, The enthalpy
of the liquid and vapour streams depends on the flashing lemperature
which is found by a Reguli-Falsi search for the tfemperature where input

and output enthalpies 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 the remainder
is entrained in the vapour stream.

The comwpressor model, COMPRS, is a comprehensive model which also
includes the throttling vélve and condensers, The product separator
pressure and compressor outlet pressure are Iinked; and a scarch procedure
is needed to find The right product separator pressure in order to
compress The vapour stream for that particular volumetric flow. First the
product separator pressure is taken from the input stream, then the press-
ure drop between the product separator and compressor, and the compEessor
compression ratio, are calculated. Now the operating pressure of the
condenser must equal the pressure drop from the compressor to the conden-
ser, plus the outlet pressure of the compressor. |f it does not, the
‘conTro! module, CONTOZ, is used To perform a Reguli-Falsi search to alter
The pressure in the product scparator unti! it does.' This is done by
placing The new value of the pressure in the EN vector of EXCHI4, and
forcing the recalculation of This module.

MSTEMI is a module used to break the heat recycle iteration round
the product separator-compressor-depropaniser section of the plant. T
picks up the flows from stream 27 and the TemperaTﬁre from stream 20,
passing The combined informafionvinTo stream 49,

The EXCHII module is a comprehensive heal exchanger model with a
choice of eight different types of exchanger: -

(1) Countercurrent.
(2) Parallel.
(3) Crossflow, both streams unmixed.

(4) Crosstlow, both streams mixed.
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I

(5) Crossflow, stream CMIN unmixed where CMIN smaller of The therma!
capacitances.

(6) Crossflow, stream CMAX unmixed where CMAX

1

larger of the Thermal
capacifénces.

(7) éarallel - counter flow with N shell passes.

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

the other side.

The type desired can be selected 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 the effectiveness factor concept to
give The outlet temperatures of both sireams directly. The UA, the number
of shell passes, and tThe location of The‘hof fluid, tube or shell side,
musT be specified.

The JUNCO? modules are similar fo the JUNCO! modules except that
the JUNCOZ modules have the ability 1o sel temperatures and pressures of
output streams, and Thus may be used to simulate liquid pumps.

The SETSTZ modules set the temperature of the outlet stream.
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2.6 Experimental Techniques,

tn order to satisfy any of the aims of the work (see 2.1), it is
necessary to have some criteria, or tesls, 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 fowards the converged solution may be studied.

2.6.1 Convergence Tests and Error Norms, (Orbach, OI)

In any iterative procedure That converges, the vector Rn after n
iterations, will approach the sclution vector iq asymptotical ly so that
when n goes to infinity, ?n will equal Xs' Usually one wishes fo find

some converged vector, X

¢, wWhich will be in the neighbourhood of 25 after

~a finite number of iterations.

The test of convergence used in MACSIM is to examine the fractional
change of each element inAevery stream between Two successive iterations.
If the modulus of This fractional change is less than some small tolerance,
then the iterate is said To have converged, This can be writfen as: -

B, =LD (X ) I (R -X0 L 2.6.1

where D ( Xn ) is a diagonal matrix with elements x,.

One can Take the norm of this test vector, En’ S
e |, CE2) 2.6.2
n 2 ij.__:l nl l. .......... . 2
~which will give a measure of the devialion from the true solution. The

ratio of fwo successive error norms, u, is asymptotically the value of

the dominant eigenvalve at the nth iteration.

Yn 7 l'gﬂli Z

IIEn_|” 2 i 2.6.3
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However, though u can be calculated at each iteration, it is not
until it remains approximately constant for at least three iterations
thal i+ can be said 1o be the value of the dominant eigenvalve of the

system.

2.6.2 Direct SubsTiTuTigﬂ.

Since most of the work in simulation has either been done using
Direct Substitution or is based on this method, all of the cases which

have been used in this work have been tested in This mode.

2.6.35 Convergence Pjomofion by Geometric Extrapolation.*

This technique can be used whenever the iterate has approached a

geometric progression, and can be expressed Thus: -

X o= U+ X (where X' is an estimate of X ) ....2.6.4
n S 5 s

This expression can be wriifen for any component i:

= Uu + X!

| S, |

i = l, 2) 3’ oM. ' ....2.6.

Xn, i

Therefore, by eliminating U; over the last three iteration points,

( Xp-2, %,_|» %, ) one obtains: -

n- n

i = - £
X, i *ne Xn-2 n-1

A N R «...2.6.6

Therefore, The apparently 'true' value x! + can now be substituted as the
2

improved estimate.

However, the equation which is actually used in the CONV4O program

¥ For convergence tests and error norms, and convergence promotion
by geometric extrapolation, see pp. 24 and 55 respectively of O. Orbach's
thesis, A Study of the Promotion of Convergence in the Calculation of
Complex Chemical Planfs. McMaster University, 1969.
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is derived from the above one, and is: -

t, = .ot X -
X Xa-1,i T Xnp T %

The program used for geome%ric extrapolation is one written by
Orbach, called CONV40. This was originally written for the BAYER process.
There is a choice of up to eight assumed streams which must be specified
within the program. The normal mode of operation is to use as assumed
streams in the promotion technique, the same ones that have been specified
as 'cul' streams in the sequence o% calculation. However, some cases have
been run in which the streams assumed by the promotion fechnique were
different from the cut streams specified by the sequence of calculation,

Modifications had to be made To the CONVAO program to run it on
the Alkylation Plant. These consisted of chenging the COMMON storage, and

changing certain symbols which clashed with the Alkylation COMMON storage.

In order to fest the Time taken for one iteration of various
sequences of calculation, a small dummy module was put into the sequence
of calculation., Every time it is called, this module prints the value of

the exccution time at that moment.

2.6.5 Effecf of Sfarflgg Point.

Certain of the cases were run for five iterations, then the
streams were grinted out and used as initial values of the streams for
different sequences of calculation. This fechnique is known as changing

one's sequence in mid-catculation.



CHAPTER‘THREE.

" RESULTS.

3.1 IhTroducTion.

In This chapter, the results of the analysis of the three plants
described in Chapter Two are presenfed. EFach plant is divided into
'Groups' such that a stream, or pair of streams, from eéch_group is
present in every feasible set of assumed sireams. Then it is shown how
to generate every feasible set and hence cvery feasible sequence of
calcuIaTion,'for each plant. The number of iterations taken fo converge
are given for two techniques of convergence, Direct SUbSTiTufion; and
Geometric Convergence Promolion, for each feasible sequence which is run
in each plant,

Originally it was‘hoped to compare directly the processing Time
and cost between the sequences of calculation. However it soon appeared
that there were large differences in compitation time. |1 was Therefore
decided to use a library funciion,'TIMNON, which obtains the machine time
directly from The machine clock., A model, TIMNOI, was written, which
calls TIMNOW and prints the machine fime. This model is usual ly put at
the end of the sequence of calculation and prints the machine time évery
Jdteration. It is Tﬁerefore possible 1o obtain time per iteration and the
overall time. The Timé taken for any large amounts of printing can also
be decided, and allowed for,

When The runs were made, it was apparent thal for some runs the
time for the runs corresponded fto the number of iterations taken, 1.e.
that time per ifteration was constant; but this was notl true for other

47
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runs, i.e., the Time per iteration differed by IO% - 20% within the run
itself. One run had a time per iteralion of one second up to the sixty-
sixth iteration which fook 140 seconds. The subsequent iterations also
tock one second each. Therefore several runs were repeated, and variatf-
ions of 10% were found. This variation can be attributed Yo several
factors, some of them dala dependent, and others operator dependent. The
multiplicalion and division of numbers can vary‘by a factor of five,
depending on whether the number in the accumu!a%or is one or zero.
However, with a large number of operations this should average out. The
other data dependent faéTor is the presence of IF statements and DO
loops., |f the computer suddenly goes into a new part of the program not
normally used, then This could be reflected in a change in Time. The
models used, JUNCOI and SEPAOZ, are very simple, and the time differences
cannotl be accounted for in this way, particularly since the initial
starting point is the same, and the converged results are very‘close
together indeed.

The other factors are dependent on The operafdr. On the [.B.M,
7040 there are two modes of operation, on spool and off spool. On spool
uses disc storage beiween the computer and the printer, and off spool
uses the computer linked directly To the printer. Off spool is slower
because it is printer limited. In addition, the machine clock used by
TIMNOW can be turned on and off by the operator. Because of the
variability, and fthese random factors, it was decided that the number of
iterations taken to converge would be a betfter measure of convergence

than the time taken.



49

3,2 BAYER Process Wash Seciﬁg}

An example shown at the end of Chapter One illustrates how
the collection of all the feasible sets of fourth-order assumed streams
may be generated. This collection is a subset of all the feasible
choices of assumed streams, and hence of sequences of calculaTioni/ The
plant is divided into three groups, each of which must conTribd?é to the
feasible set in order for the calculation to be possible. |1 should be
emphasised that these three sections are nol independent of each other,
and, in fact, form one recyc!e.k The division into three parfé is, like

Caesar's division of Gaul, for convenience only.

Group | Group 11 Group 111
Code Stream No. ~ Code Stream Nos. ‘Code Stream Nos.
A 22 I 31, 30 0 | 00
B 24 2 25, 20 1 32, 36
C ' 26 3 . 31, 28 2 35, 108
4 25, 28 3 35, 109
4 35, 110
5 36, 37

Therefore to generate a feasible set of streams, a stream, or pair of
streams, is selected from each group. This procedure also gives the run
coding for the set, e.g. A20 is coding for 22, 25, 30, 100. Once the
feasible set is generated, then a sequence of calculation can be found

in asimilar way; -



Group 1 ~ Group 11
A 18 () 177 S | ( 23, 24, 25)
B [ () 17, 18] 2 (24, 23, 25)
C | Ci7, 18 ) 1] 3 23; 25, 24 )

4 (25, 24, 23 )

‘Group 111

0 26, 58, 29, 28, [ 1, 22
| 22, 26, 58, 29, 28, [ ]
2 58, 29, 28, [ 1, 22, 26
3 29, 28, [ 1, 22, 26, 58
4 28, [ 1, 22, 26, 58, 29
5 [ 1, 22, 26, 58, 29, 28
Using the coding for the particular set, e.g. A20, the square bracket
from Group | corresponding to A, 18 () I7li§ taken and filled with the
round bracket from Group |l corresponding to 2, ( 24, 23, 25 ) to give
A2 18 (24, 23, 24 ) |7. This is then p{aced in the appropriate place
marked by the square brackel in a sequence from Group |1, in this case 0,
To give:
A20 = 26, 58, 29, 28, [ 18 ( 24, 23, 25, 17 ], 22.%
Using this technique, it is possible fo generate 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 illustration purposes only

*¥* See back 1o page 3.
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For example, in AZ0 one could calculate Equipmehf 25 before Equipment 23.
However, as long as Equipment 24 is célcu]afed before either of them,

and Equipment 17 is calculated after Equipment 23, there is no difference
Cat all in the convergence. This has been verified experimentally, in

That the rate of convergence was the same in the {wo cases, and the final
and intermediate values of the stream variables were identical for the fwo
equivalent sequences of calculation. However, the results were not
identical when two different, non-equivalent, sequences of calculation
were compared, nor when the same sequence was calculated by Direct

Substitution and by Convergzsnce Promoticon.

3.2.1 Direct §ubs+itgjj£¥lv

The number of iterations that each sequence of calculation takes
To converge is tabulated in Table 3,2.1. The minimum number of iter-
ations is 76, and There are six different sequences of calculation which
yield this result. Three of them are fourth-order, and three fifth-order;
however, there are twelve fourth-order cases and 60 fifth-order, so that
the fourth-order sequences are prbporTionaTe!y better. The choice of

streams may be expressed as below: -

Group 1 A=B=C¢C
Group 11 4 <3=2<]
Group 111 0=2%1<3=4=5

Therefore A40, B40, 640, A4Z, B4Z, A4l, are the optimal sequences, and
Cl3, CI4; and Cl5, are The worst sequences wah the other sequences
graded iﬁ between.

If one looks at the choices of streams from Group Il necessary

to obtain the optimal sequences of calculation, and then refers to the
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diagram on the following page, one can make the following observations: -
(1) Stream 100, which links unit 22 to unit 26, is the best choice
because 11 produces three optimal sequences.
(2) Streams 35 and 108, which are the outpul streams of unit 26, are
the second best choices, producing two optimal sequences.
(3) Streams 32 and 36, which are the input streams to unit 22, are the

third best choices, producing one optimal sequence.

Fig. 3.2.1 Information Flow Diagram of BAYER Wash Section.
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.ThereforevThe three best choices are linked together by stream 100,
which is the best choice.

Similarly for Group Il one may make the following observations: -
(1) Streams 25 and 28 are the best choices,

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

(3) Streams 25 and 30, and slreams 31 and 28, are equivalent to each other,



and midway between the other two cases.

where this is not completely fTrue: C30 converges in 77 iterations,

whereas B20 converges in 80.

" TABLE 3.2.,1

e e

Substitution is Used.

82

81

81

81

85

83

BRCY AL
crouP 111~ A

0 80

| 80

2 80

3 82

4 82
s 82

82

Number of lterations taken to converge when Direct

There is only one example

GROUP 11
Ll
ALB G
77 7780
77 7180
7777 80
81 81 8
8l 81 &2
8l 81 82

77

77

8l

81

8l

77

77

8l

81

81

80

80

82

82

82

76

77

76

78

78

53

76

77

77

8l

81

81



54

3.2.2 Convergence Promotion.

The use of Orbach's Geomelric Convergence Promotion (O1) gives
an approximately 50% reduction in the number of iterations taken to
convérge. The optimal sequence is C2| which converges in 38 iterations.
The two worst sequences were¥* A2l and B2l needing 58 and 63 iterations
respectively. The reason for the poor convergence in both the above
cases is thatl 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 wﬁich the wrong promotion occurred. The
similarITy‘in The sequence of calculation between the best case and the
two worst cases illustrates the necessary compromise between rapid con-
vergence and accurale convergence promotion. The beneficial effect of a
constraint on promotion for the two worst cases substantiates the sensit-
ivity of these sequences. The graphs of error norm against number of
iTéraTions illustrate - this point.

When Convergence Promotion is used, it is difficuld To state any
order of preference for choosing assumed streams, unlike the case where

Direct Substitution was used. I1 is possible to use a game theory

¥ These cases were for a minimum KOUNT of 5, and promoted after a
KOUNT of 6, when the minimun KOUNT was increased 1o 8 promotion occurred
after a KOUNT of |1 and convergence was attained in 45 iterations for
both cases. See Table 3.2.2,

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

l/\ n‘ £ y wherea/\n = Cupg = upoy ) /o
andy~ is a small tolerance which was chosen to be 0.005,

However, it is possible to use the KOUNT facility to ensure that
the jump does not occur before a fixed number of iterations have occurred.
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approach and treat the choices of assumed streams as strategies. In
this approach one wishes fo find the best strategy, or choice of stream,
within a group whatever the choice within the other groups. This can be
done easily from Table 3.2.2(a) by summing the rows and columns and
taking the averages. This generates directly the average time for the
Group It choices, the averages obtained from summing and averaging the
rows, and Thus the best strategy from Group f(( can be‘picked, { Table
3.2.2(b)i ). The summing of the columns gives the averages for each
choice in Group | combined with each choice in Group 1!, and so is
represented in Table 3.2.2(b)ii. Because of bad promotion in AZl and
821, the runs were made again and are represented as A21* and B2{¥,

This leads 1o extra strategies, A* and BX in Group |, 2*¥ in Group !1,

and 1% in Group 111,

For Group | the order of preference is: - C AL B¥L AR

For Group Il the order of preference is: - 4 {3 Lox 1L 2

For Group |1l the order of preference is: - [|¥ {2 d\4 L3 20 < 5 [ J

One would conclude from this thal The optimal sequence should be C4 1%
However this sequence although above average, is not The optimal one.
Since the coptimal sequence cannct be chosen in this way even when all the

feasible sequences have been run, it is unlikely that a statistical

technique bascd on a sample of the feasible sequences will choose The

optimum.

I+ acts as a constraint on the fechnique, but it can improve the
convergence dramatically in appropriate cases such as A2l and B21.

N.B. Uy is defined in Chapter Two, p. 44.



TABLE 3.2.2(a) Number of Iterations taken to converge when Convergence

Promotion is used.

c . ‘ GROUP 1]
R
0y .
P | 2 3 4
[ » gy
GROUP |11 A B ¢ A A¥B B¥C A B C A B
0 47 48 49 44 47 48 49 48 44 47 46

! 47 47 46 58 63 38 43 43 44 47 5|

| 45 45
2 47 48 47 46 46 4T 46 46 44 44 44
3 47 47 45 49 50 48 46 47 45 43 43

4 47 46 44 48 48 47 46 48 45 43 44

48 48 48 48 50 47 48 48 48 44 44

U

TJABLE 3.2.2(b)1 Average Number of Iterations for Group Il choices
0 I I 2 3 4 5
46 .666 47.666 45,083 46 46.583 46.25 47.5

- Group Average

Group 11 A B C Group |1

| 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 | 46.75 47.5 46.125
Average

Group ¥ 46 .21 46.75

47

49

49

49
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Fig.3.2.2 Graph of A2{ comparing Direct Substitulion —rememeeoeens
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3.2.3 Starting Point and itfs Effect on Convergence.

All the previous runs were made with all streams, except feed
streams, initially zero.

In order to examine the effect of starting point on the number
of iterations taken 1o converge, several runs were made where the values
of the initial sireams were obtained by running a case for five itera-
tions, and then punching out the values of the streams.

Two runs were chosen to produce the initial sdreamS,VA2O, a
fourth-order case, and CI5, a fifth-order case. Four runs were chosen

to test the effect of the different starting points, A20, C20, C4l, and

Cl5
TAOLE 3.2.3
Convergence Promotion. Direct Substitution.
Zero A20 cl5 Zero A20 Cl5
AZ0 44 39 42 77 72
C20 48 39 42 80 72
Cib 43 41 43 83 72 77
C4i 44 40 62 77

As can be seen for C20, the use of initial streams from AZ0
improves convergence appreciably and makes this case as good as AZ0.
The use of initial streams from Cl5 improves C20 fess, but it still
converges as well as A20 and better than the other two. Therefore it
would seem That for Group | the difference fn overal | convergence
between A, B, and C is caused by differences in convergenée in the
first five iterations only. Run CI5 converges better using as its

initial streams those from run A20 than it does using iTs own values.
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Run C4l does not converge belter using es its initial streams those

from AZ0 than it does using its own values, and using the values from

run CI5 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 Substitfution calculations to oscill-
ate. The error norm increases, decreases, increases again, then decreases
steadi ly, and eventually convergence is achieved. This could probably be
prevented by increasing the number of iterations, KOUNT, needed before
promotion is allowed in a similar wéy to the AZl and B2l cases earlier.
Usually, therefore, the choice of initial values does not influence the
rate of geometric convergence, the straight line portion after the turning
point on the graph of the error norm versus the number of iterations, but

does change the point at which This convergence occurs.
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3.2.4 Choice of RANDOM Sequence,

The question of the correct choice of assumed streams and of
calculation sequence becomes pointless if a sequence chosen at random is
as good as any other sequence. Therefore three random sequences were
gencrated by picking equipment numbers out of a well-shaken bag and
noting down the sequence, The Three sequences were: -

RAND. 1.

1

Sequence of Calculation: 28, 24, 26, 58, 22, 25, 23, 17, 18, 29

Assumed Streams: - 110, 35, 25, 30, 100, 32, 26, 24

RAND, 11

Sequence of Calculation: - 17, 18, 26, 22, 28, 25, 24, 29, 23, 58
Assumad Streams: - 26, 100, 32, 36, 110, 28, 25, 109

RAND, 111,

t

Sequence of Calculation: 29, 23, 28, 58, 24, 26, |7, 22, 25, 18

Assumed Streams: - 109, 24, 31, 35, 108, 30, (00, 32

None of the above sequences converged either using Convergence
Promotion or Direct Substitution, within the 100 iterations for which

they were run.
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3.3 Crystalliser Section.®

| The crystalliser section is connected together in a simpler way
than the wash section, but iT‘useS more complex models. One of the
models, the SETROI, equipment number- 52, has three output streams, 49,
53, and 54. However 53 is an overflow stream and is usually empty,
therefore it has not been used as an assumed stream, which simplifies
the problem of designating tThe feasib]e sets of assumed streams. The

sequences of calculalion and associated assumed streams are given below: -

Sequence ' ~ Assumed STréams
I 46, 47, 48, 49, 50, 51, 52 50, 54
2 47, 48, 49, 50, 51, 52, 46 44
3 48, 49, 50, 51, 52, 46, 47 45
4 49, 50, 51, 52, 46, 47, 48 46
5 50, 51, 52, 46, 47, 48, 49 . 48
6 51, 52, 46, 47, 48, 49, 50 50, 5
7 52, 46, 47, 48, 49, 50, 5| 50, 52

Number of Iterations 1o Converge

Convergence PromoTion Direct Substitution
| N.B. 47 N.B. 74
2 41 75
3 4] , 75
4 4] 75
5 4| | 75
6 4l ' 75
7 4] 75

¥ See diagram and digraph on p.32.
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3.4 Alkylation Process.,

tn this plant %here are many possible sequences of calculation
and feasible sets of assumed streams. From the Alkylation Plant diagram
on page 38 it is possible To show The necessafy structure of these
feasible sets. There are Two cycles, one of which contains a sub-cycle,
However, the easiest way to find 1he‘sfrucfure of all The possible

feasible sets of cut streams is to divide the streams into four groups: -

Group ! Growp I Group 11la Growp 1116
Assumed Equip  Assumed Equip ‘Assumed Fquip Assumed Equip
Streams -ment  Streams -ment Streams —ment Streams -ment

I 4,;==>12 g

(a) ‘ ‘

19 Il I3 e R B 8

| Y » %

10 3 15 26} 24 10

: %
\ 45 ERAN 46 30 16 16
\ ‘ N %
ANY: 14 3 5 33 38 17 i
(b) ! :
N 26 36 ez 19 41 25
\ :
9 3, Y 20 43 29 ;
! 3
34 21 48 23 .
! :
| 36 22 5 12
‘ 3
P! 2 7 29
]
7 2 I3 50 28
i
| 23 30 ¢ 27 32
|

53 24 49 24~
[ .

All the feasible sets may be constructed by using one of the following

formulae, where SN refers to stream, e.g. SNIIl is Stream |1/,
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(1) First Order: SN

(2). Second Order: (SNI9 or SNIO) + (Any SN from Group 11)

(3). Third Order: (SN19 or SNiI0) + (Any SN from llla) + (Any SN from 111b)

Once a feasible set has been chosen, it is possible to find the
j appropriate sequence of calculation by using the above table and the
digraph of the plant on page 38.

In each group the sitream number level with an equipment number is
the number of an input stream to thal equipment. The stream number imme-
diately below the input siream number is the number of the output stream
of That equipment. Thus by following the arrows downwards, the equipments
are in the correct sequence within each group. For example, in Group |l1ib,
Equipment 8 and the input fo Equipment [0; and so it continues to Stream 44
which is one input 1o Equipment 24. The conncclions belween groups are
provided by equipments which have Two inpuls, Equipments 3 and 24, or two
outputs, Equipments 4 and 5. For equipments with fwo inputs, both must
be known before the equipment can be calcu}aTGd. The dashed linecs indic-
ate The connectlions between groups, and the arrows indicate the direction.

A simple example is the first order case where the assumed stream
is Stream 11,

Assuming Stream |1, one can calculate Equipment 4, and afTér
“calculating Equipment 4, one can Then calculate tquipment 1, which gives
Stream 10. However, in order to calculate Equipment 3, and thereby obtain
the new value of assumed Stream |1, one also needs Stream 9. BuT.STream 9
cannot be calculated until all the other equipments have been calculated.

Therefore it is necessary to follow the dashed line 1o Group Ila, then o
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Groups Illa and |1ib which are calculated in parallel, both of them

terminating in the calculation of Equipment 24, then to Group !lb,

finally terminating in the calculation of Equipment 3 to give Stream 1.
This sequence of calculation is as follows: -

( 4, 11y, 18, 55, (26, 30, 33, 19, 20, 21, 22, 2, 13, 30 )
Group | Group lla Group Illa

(8, 10, I6, 17, 25, 29, 23, 12, 29, 28, 32 ) 24 ( 31, 14, 36 ) 3
Group 1!lb (link o 1ib from 111b) 1lb (fink to
Group 1)
The sequence of calculation for The assumed streams 9 and 10 is fThe same
as the above, but Equipnient 3 is at the beginning and not at the end.
For other sequences i1 is necessary to start at other points
within the groups, i.e. al The equipments whose input streams have been
assumed,
One of the problems of using This plant is that the Time per
iteration can vary appreciably because there is a search routine in one
of the models (CONTOZ). This model searches for the correct operating
pressure of The condenser and the Time faken for this can vary appreciably.
However, because of the limitations on the fTiming device on the |.B,M.7040,
it is difficull to measure this variation accurately. For this reason,
and the length of time needed to run one case, onl Fwo sequences have been
examined; cne is first order, SNI!, and cne second order, SN9, 10. Several
tests were done with the tolerances used in earlier work¥ which are rather

large. Convergence was attained in all runs in 16 iterations whether or

not Convergence Promotion was used.** Other runs were made with lower

*¥1,D. Shaw (S3).

** The convergence criterion of geometric progression was never
meT, so a convergence promotion step was never mada.



70

toterances, .00l, bul these did nol converge within The time allowed
(30 mins.), with or without Convergence Promotion. From the graph
shown of one of these sequences, SNI!, one can seec thal there is bad
promotion at severa! steps: the error norm either does not decrease, or
even increases, after the promotion. The bad jumps come in both cases
after the Direct Substitulion part of 1he ilerative technique has been

working for only a few iterations,
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CHAPTER FOUR

CONCLUS IONS.

It is now possible to evaluale the various approaches for
reducing The computation time of a giyen modutar situation. Each
modular simulation has a sequence of calculation and a convergence techn-
ique. Reductions in computation tinme should be possiblie by choosing an
optimal sequence of calculation and an optimal convergence technique.
However, the sequence of celculation and convergence technique may not
be independent of each other.. Indeed Their dependence is the sine gua

non of longeway's thesis (L3). Therefore the various criteria for
selecting an oplimal sequence of calculation will be examined in con-
junction with the two Technigques of cof\ergance, which will also be
evaluated to find the optimal technique. Thus i1 can be found if the
optimal sequence of calculation is dependeni on tThe technique of con-
vergence. In addition, since in enéinoering one is not so much cohcerned
with The unattainable perfect as with the practical solution, The
engineering decision whether to seek improvement by a better sequence of

~calculation, or by a belter convergence technique, will be discussed.

4.2 Selection of the Optimal Sequence of Calculation.

There are fwo pessible approaches fo the above problem; one is to
use some property of The simulation as an a priori criferion, and the
other is to use convergence characleristics of the simulation fo improve
the initial choice of sequence.

(72)



The first approach has been dealt with at lengih in fhe selected
readings, and in Chapter One, and the suggested criteria comprisc four
different properties of the simulation. Each one of the first Three has
been associated by lLongeway (L3) with a different means of convergence
promotion, but as otner authors have suggested These criteria, they have

TABLE 4.2.1 The BAYER Wash Section.

Number of

(a) §E§Dﬂiﬂﬂ_I£99. . (b) Iggig_ Stream Cycles Non-Zero
" Variables
N 22 | 21
U7
22 : 24 | 20
U8, 26 | 18
24
AN 725 | 20
(23, 26
25 ;, 17 28 | 20
24"
a2 300 | 17
28 23"
@5 3dN/ 30 I 12
32 240 32 1 8
22, 100 111 19
100
, . 108 [ 19
og 282D
1oo (58 37 128 36 109 b 19
o N7 N
110 729, 25) @ g Lo 1| 10
36 .28, 37
o s 35 N 10
35 I 10
37 Ll 10
M5; = Equipment 45
43

Stream 453
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all been compared for effectiveness using both convergence techniques.
They all operate by seeking a sel of streams such thal the sum *ipj of

the parameters Pj is a minimum, where pj has the following chosen values:

{(a) Direct Substfitution,

pj = Number of cycles in which the stream participates.

{b) Wegstein's MeThod.

.= |
P

(c) Newton Raphson.

p\j = Number of variables in The stream.
The number of cycles in whfch cach stream takes part can be found
quite easily from a 'spanning tree.'*

The number of variables in a stream of The BAYER Wash is a
constant of the simulation because each simulation has a fixed Stream
List size. However, a variable whose value is zero throughout the whole
computation is always éonverged, and transmits no information to other
streams. Therefore The number of non-zero variables is found for each
stream from the converged values of the streams.

The criteria will be checked by seeing if they differentiale
correctly within each group inTo which the considered plant is divided,
and by seeing if they make the correct choice of overall optimum. The
values of the criteria for the best and worst case will be checked, and
the case or cases selected by the criteria as being the best will be

checked to find the number of iterations taken to convergs.

¥

¥ See Tables 4.2.1 and 4.2.2.




TABLE 4.2.2 . The BAYER Crystalliser Section.

Number of
: _ e
(a) Spanning Tree (b) Table Stream Cycles '@ Non-Zero.
: “"Variables
p"’f“\' ~ _ _
NS a3
43 ]
Pt ; I 20
44 s . { | !
/j\ 45 1 20
‘47' . i
45 \\./ 46 110 ! 20
£ ! |
& a8 ! 110 20
46 1 ,
129)~ 50 110 20
\.l,,_,a l ) ’
48 I ¢ |
50150 5110 20
L T 52 [0 20
S
52 | 53 0 |
5 5y 53
Ji/’/ 7 54 I 20
46 48

X fhe 1| signifies the stream takes
part in a cycle, the 0 signifies
participation in The cycle in-
volving Stiream 53 which does not
convey information.

4.2.1 Number of Cycles in which each siream occurs as the Optimum Criferia

The minimum value of }ipi nust be equal To the tolal number of
cycles in the sinmulation, and this number is an invariant of the partic-
ular simulaftion. By definition, a feasible sef must cut all cycles;
therefore any setl of assumed streams which meets the above criterion must

also be a feasible set. The reverse is not necessarily True, but for the

three plants below, every feasible set studied does meet the above
criterion.

(a) QAIEB Wash Section.

1:pj = 7 for all feasibic sets.



(b) BAYER Crystalliser Seciion.

STpJ = 2 for all feasible sets if stream 53 is
neglected, or

?ﬂpj = 3 for all feasible sets if stream 53 is
included as a recycle stream

(c) The Atkylation Plant.

Sp = 3 for all feasible sets
(d) Sumnary .
The predicted scquences for This‘criferion are identical to
those predicted for the feasible set criterion for these three plants.
Therefore both criteria are dealt with in The discussion of the feasible

set criterion, 4.2.4.

In this and the following sections, the predicted optimal
choices made by the respective criteria are indicated as follows: -
e.g. A< B = C

where A is chosen in preference 1o B or To C, and that no differentiation

is made between B and C.

The preferred order within each group is as follows: -

Group | Group Il ' Group ttl
A=B=C | =2=3=4 041 =2=3=45=5
Onty in Group Il is any differentiation made, and therefore

lwelve sequences are chosen out of the seventy-two feasible ones.
If one considers the use of Direct Substitution, then the chosen

cases conhverge as follows: -



17

Group 11
l 2 3 ' 4
Group | A B C A B C A B C A B C
Group {11 o 80 80 8l 77 77 80 77 77 77 76 76 76

There is, then, quite a variation in the cases chosen. However,
this variation is less than in the whole of the feasible set, and the
twelve predicted choices are better than average choices. This can be
illustrated by Table 3.2.1 where it can be seen that for Group rr,
choices 0, |, 2, are approximately equal and better than choices 3, 4, 5.
The Minimum Cul Streams CriTerloﬁ does not make any distinction between
choices I, 2, 3, 4, 5 in Group Il1l, but it does choose O, thereby
improving the chance of selecting a good criferion.

If one now considers the Convergence Promotion case, one finds

the results for the predicted optimum choices from Table 3.2.2: -

Group !
l 2 3 4
Group | A B C A B C A B C A B C

Group Il 0 47 48 49 44 47 48 49 48 44 47 46 44
Although appreciably better than the resulls for any Direct Substitution
case, they are no better than the average case Using Convergence Promo-
tion. This can be illustrated by Tables 3.2.2(a) and 3.2.2(b), and if one
fooks at the empirical preferred order in Group |1l (from page 55): -

¥ 244232051
one finds the predicted optimum choice, '0', is, in fact, worse than

average.



(b) Crystalliser Sectlion.

This plant has four sequences, 2, 3, 4, and 5, each with one
assumed stream, and Three sequences, 1, 6, and 7, with two assumed
streams, (see Table 3.4.1). The four with one assumed stream are the
ones chosen by the Minimum Cul Streams Criterion as follows: -

| £ 2=3=4=5%6=7
The results for The above sequences for both Direct Subsiitution and
Convergence Promolion are in Table 3.4.2.

1 can be seen thatl all sequences except 'I' converge in the

78

same nhumber of iterations, taking 75 iteratlions using Direct Substitut-

jon, and 41 iterations using Convergence Prorotion. Sequence | takes
74 and 47 iterations respectively., Therefore the Minimum Cut Streams
Critericn did not choose The optimum for Direct Substitution, but did
avoid tThe worst case for Convergence Promotion.

(c) Alkylation Plant.

This plant has many possible feasible sequences, butl only one
which meets the Minimum Cut Streams Criterion. This is the sequence
which has Stream || as its assumed stream, A second order case with
Streams 9 and 10 as assumed streams was chosen for comparison.

SN 11 <. SN 9, 10
Both runs converged in 16 iterations (sce page 69), therefore the
criterion is of no benefit in this plant.

The Minimum Cut Streams Criterion is shown to be neither
necessary nor sufficient. However, it may be advantagesous to use a

Minimum Cut Stream sequence when Direct Substitution is used. When



Convergence Promotion is used, There is no advantage to be gained by

using this criterion to partition The set of feasible sequences. Instead

it is easier fo choose any feasible scquence, which, of course, includes
all the Minimum CQT Stream sequences, and thus not neesdlessly eliminate
valid choices. |1 is assumed that finding a feasible sequence takes less
effort than finding the Minimum Cut Stream sequence or sequences.,

4,2.3 The Minimization of The Numb0£wgimygﬁizg[9mY§yiabIOS as the
Criterion.

This criterion diffecrentiates between streams far more than any
of the others. The below predicted orders are based on The number of

non-zero variables in each stream given in Tables 4.2.1 and 4.2.2,

Group | 4 Group 1] Group 111
CIB- A 1203 4 0 4a=50102=3
Optimal Case = Cl1o
Worst Case = AdZ or A43

In The BAYER Wash Section the predicted choices are very intferest-
ing, particularly when Direct Substitution is used. From the results it
is possible to determine a best order of preference within each group (see
section 3.2.1).

Group | AZBZC

Group 11 4 3=241

Group 111 0 =2 = l~f 3=4-=275

Thus it can be seen thatl for GroUpé I and |l, The predicted order
is the reverse of the best order of éreference obtained from the resulis.

For Groupill, an interesting result emerges if one treatfs the

fourth order case, 0, and The fifth order cases |, 2, 3, 4, 5, separately.
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For The fifth order cases, The predicted order for Group Il is then: -
4=5d1.02=73
This is very nearly the reverse of the fifth order cases' best order in

Group fli: -

When Convergence Promotfion is used, therc is a best preferred

order (sce section 3.2.2) calculated from the results: -

Group | c . AIB
Group || 474370 2 0
Group |11 <2440 32005

The correlation with the predicted order is mixed. In Group !
the optimal stream, C, is predicted correctly, but the other 1two streams
are reversed. In Group |1 the predicted order is the reverse of the best
order. In Group 1! there is no obvious correlalion at all. It should
be pointed oul that the éc1ual empirical optimum setl using Convergence
Promotion, C21, canno® be picked using these best orders. |1 is also

true that The criterion used will not .predict this oplimum either.

(b) BAYER Crystalliser Section.

For this section, the predicted order is: -
| = 2 =3 = 4 =5=6=7
The results are given in section 3.4, and are essentially The

same. Only 'I' is different from the rest, taking one iteration Jess

for Direct Substitution, and six iterations more for Convergence

Promotion.
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(c) Alkylation Plant.

For this section the predicled order is: -
SN o1t < SN 9, 10

This is nol the case as both runs converge in 16 iferations.

(d) Summary .

If one Takes the sct o% all feasible sels of assumed streams as a
base, then divides it into two groups of fourth and fifth order feasible
sets, then one can prédicT The optimal sets in each group more accurately
by maximising the number on non-zero assumed stream variables, than by
any other method. For the fourth order group, The predicted set will be
A40, and for the fifth ordgr sel, the predicted sets will be A4Z and A435.
A40 and A4Z converge in 72:i+erafions, and are optimal; however, A43
converges in 78 iterations and is nol optimal. There seems to be no
theoretical reason for this tfechnique, and unfortunaltely the Crystalliser
Section and the Alkylaiion‘PIanT do not suppokf or coniradict the
technique apprecianvly. [+ dogs fit the results betfer than any other
approach, and if is the only approach whic% correctly predicts the best

choice in Group Il for both Direct Substitulion and Convergence Promotion.

4.2.4 Iﬁp Feasible Sct Criterion.

It was shown in secTion 4.3.1 thal the hinimisafion of the number
~of cut cycles produCed The same sets of assumed stireams as The feasible
set criterion. Therefore the following comments apply to both criteria.
All the cases tested have satisfied the Feasible Set Criterion.
Because of the variation in results, the criterion cannot be considered

sufficient to produce the optimal result, However, it may still be



necessary. This seems |ikely from a theoretical point of view as it is
difficult to postulale reasons for an improvement in convergence which
would result from using a non-feasible set.

If one considers 1wo examples from the BAYLR Process: -

B20 C20

Assumed

Assumed, 24, 25, 30, 100 26, 25, 30 100

Streams’ Streams’
Sequence of, 26, 58, 29, 28, 24, Sequence of 26, 58, 29, 28, |7,
Calculation” 23, 25, 17, 18, 22. Calculation” 18, 24, 23, 25, 22.

Let us consider the case BC20, with assumed streams 24, 26, 25,
30, and 100, and the sequence of calculation being 26, 58, 29, 28, 17,
24, 25, 23, 18, 22. This is a case where only one of 24 and 26 is needed

to make a feasible sef.

Convergence Promotion Direct Substitution
B20 47 77
C20 48 80
BC20 47 77

The Convergence Promotion case for BC20 was premoted on only four slreams,
but these were The streams of C20, i.e. 26, 25, 30, 100. These results
show that the feasible sel criterion also is neither necessary nor

sufficient.

4.2.5 Random Sequence of Calculation.

One way out of The difficulty of choosing a sequence of calculation
could be by using a Monte Carlo, or random, approach. For the small
simulation a simple raffle, or pulling the scquence oul of a hat, might
suffice, while for the more complex simulation, one of the many random

number generators might be more appropriate,.
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Unfortunalely none of the three random cases tested converged in

less than one hundred itTerations.

4,2.6 The Optimal Critferion.

None of the criteria are necessary or sufficient - i.e. none of the
criteria Tested can select the optimum sequence alone when either Direct
Substitution or Convergence Promotion is used. However; some are less
equal Than others. The Random Critferion produces very bad convergence and
should not be used. The Feasible Set Criterion can be used To\generaTe all
the sequences which the other crieria select, but this is not necessary and

a single feasible sequence can be found very easily from the flowsheet. The

Minimum Cut Streams Criterion could be used advantagsously with Direct Sub-
stitution, but the extra effort is not worthwhile if Convergence Promotion
is used.

J

was shown to be of no use for either Direcl Substitution or Convergence

Minimisalion of  p. yhere Pj is the number of non-zero variables

Promotion. There is a possibility of Maximising p‘j within a.foasible
set, which might be useful, but i1 has no Theoretical backing, and the
supportling results may be mere coincidence.

Minimisation of pj where p; is The number of cycles in which each
stream takes part, produces feasible sets, but it is more difficult to use
since all the sets must be produced, whcreas using the feasible criterion,

only one sequence necd be produced.
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4.3 Sequence of Calculation or Convergence Promolion?
An Engineering Decision.

For the cases investigated, the time differences belwecen the
various sequences of calculation were four or five times less than the
di fferences between the same sequences using Direct SubsTitution and
Convergence Promotion. The optimum case in the BAYER Wash Section for
Direct Substitution took 76 iterations, while the optimum case for
Convergence Promotion* took 38 iteralions. Even allowing for the extra
calculation involved in Convergence Promotion, this is an appreciable
saving.

In addition, a case where there was bad Convergence Promotion,*¥*
A21% and B21%, could be improved appreciably and casily by a slighi
modification of the Convergence Promotion technique. In contrast, where
there is a bad scquence of calculation, either when Direct Substitution
or Convergence Promotion is used, it is harder fo find a better sequence,
and the possible improvement is also less.

b1 therefore seems that the best way fo reduce computalion time
is by improving the Conycrgence'PromoTion technique rather than by trying
to choose a betfter sequence of calculation.

This conclusion is supported by the graph of the Alkylation Plant
on pgge 71. Here it should be possible to obtain quite drastic improve-
ments in convergence by increasing the KOUNT, The minimum number of
iterations beforc a Convergence Promotion Jump, as was done for the two

badly-promoted examples in the BAYER Wash Section,

NoT the same scquence as the optimum for Direct Substutution.

¥X See Chapter Threc, page 54.
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4.4 lterative Improvement of Convergence.

After a simulation run has been made with the chosen sequence of
calculation, several new things are known. One knows the converged*

i SquTfon, the number of iterations used to provide the solulion, and fhe
change in error norm atl every iteration.. One can therefore use this
information to try and improve the starting point, the convergence
promction technique, and the sequence of calculation.

Improving the starting point is relatively easy: one can either
use the new converged valu s, or, if other information is available, a
more complex approach such as an average, or weighted average, of several
runs with similar fecd streams or operating conditions.

As stated earlier,** the convergence promotion fechnique can be
easilty improved by using the graph of the error norm 1o detect any points
of bad promotion. This gfaph will also show when very good promotion is
obtained, thus eliminating the need to alttempt improvement,

In contrast, when one tries to improve the sequence of calculation
the 'new' results do nol really give a pointer fo the way of improvement.
It is more the case that one has eliminated one of several possible
sequences (depending on the criterion used). There is also the inherent
possibility that the change may be for the worse, which is compounded if
-the changes made to the convergence promotion technique are dependent on

the sequence of calculation. This is nol to say that the use of differeni

* Even if The solufion has not converged to the desired

tolerance, it may still provide an inproved starting point.

¥¥  Section 4.3,
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sequences of calculation may nol be Egngjigigl) only that i+ is difficult
to say that any given untried sequence of calculation will be an improve-
ment. For example, i1 might be desirable to check a converged solution by
repeating the run with a different sequence of calculation. Or, if there
were only a few possible sequences and a large number of runs to be made,

one might try all The sequences and then usc the best for the majority of

the runs.
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4.5 Summary of Conclusions.

Nene of the criteria* tested were found to be necessary or

sufficient to obtain the 'optimal'! sequence of calculation. In fact

the 'optimal' sequence cannot generally be found a priori, although when
Direct Substitution is used as the convergence technique, the choice of
a sequence which has the minimum number of cut streams will yield good
convergence.

The comparison of convergence techniques shows thal Convergence
Promotion always improves the rate of convergence compared 1o that
obtained by the use of Direct Substitution only. 11 was also found that
the empirical optimal sequence varied according to the convergence
technique, and that when the fechnique is Convergence Promotion, a
sequence with the minimum number of cul streams does not, in general,
give better convergence than a feasible** sequence.

The use of an a priori criferion offen gives more than one
predicted optimum, so one must still make a choice of sequence al random
from those selected. Since it is easier To choose a feasible sequence
by definition than one which has a minimum number of cut streams, then a
feasible sequence is a more practical choice unless it is expected To
converge at a slower rate. As Convergence Promotion is the faster
convergence technique, then the practical choice is its use, together

with a feasible sequence.

¥ These criteria are definad in Section l.4.1, p.16, and below.

*¥*The Feasible Sequence Criterion is defined in Section [.5
p. 23.

2
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Information gathered from previous simulations is better used
in improving the starting point and the convergence promotion technique
than in trying fo obtain a better sequence of calculation. There may,

however, be times when it is desirable to use several, or all, of the

sequences which meet the chosen criterion.
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NOMENCLATURE,

a element of matrix A

A mox momatrix

c. . element of matrix C
tJ
mx n matrix
E error veotor after nth iteration

i identity motrix
P, parameter of stream |

<P sum of paramcters pJ

u geomelric coe{ficient
U vector of cooflicionts
X varizble vector

DX) diagona! nafrix wilh clemenis ¥, on The diagonal

X, element of vector %

converged vector X

>

l
Y

. solufion point
[

X! estimate of X

s 3

(82)
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SURROUTINE JUNCO1  (MIXER = MASS PALANCE)
REVISED BY Te. TOONG FEB.2051968

FMAXIMUMY VALUE OF NOCOMP. MUMBER OF FLOYW COMDPOMENTSs IS 26
s NIM» s IMPUT STREAMS 5

s

i sy NOUT s 59 OUTPUT STREAMS, 5

ENs EQUIPMENT VECTOR -
le FQUIPMENT NUVPER

2 TEMPERATURE OF QUTPUT STREAMS, DEG Foa IF Ges OUTPUT TEMPERATURE

ARE SET EQUAL TO TEMPERATURE OF 1ST TNPUT STREAM
3. PRESSURE OF OUTPUT STREAMSs PSTAs IF Oes OUTOUT PRESSURE
ARE SET EQUAL TO PRESSURE OF 18T INDPUT STREFAM

4o {BLANK)

S5e (BLAMK)
6« FRACTION OF TOTAL INPUT IN 1ST OUTPUT STREAM

Te sy ZND 'x)
Yo X : 3RO s
()o . L _9 . [Ir TH (K]
1Ne ’s 5TH ')

ENCy EQUIPMENT CCMTROL VECTOR (OPTIONAL) -
le FQUIPHENT

2. FLAG
3¢ LERGTH OF EN LIST (FOR PPINTIMG)

Xl XA A
iN INUL U

SNs STREAM VECTOR

le STREAYM NUMBER

Z2e STREAM FLAG

3. TOTAL FLOW IN LEMOLE/HR

Lo TEMPERATURE IN DEGREE F

¢ PRESSURE IN PSIA

6o FLOW OF COMPONENT 1 IN LBMOLE/HR

M

T ’s 2 )
8 ' 3 _ 'y
G. ETCe ’

SNCy STREAM COMTROL VECTOR = NOT REQUIRED
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SUBROUTINE JUNCO1 ‘ '
FAEXXIORAACS T COMMON DECK s FOR BAYER PROCESS. TeTe JANC2151968.
COMMON  NOCOWD ¢ SETSsNIMNsMOUTsNE s STRMI(5530) s STRFO(5430) yEN(80s20)

TO CHECK IF INPUT STREAMS ARE NOT MORE THAN 5
IF(NINLLESS) GOTO 10
WRITE(6590) NF
NIN= 5 ,

10 JJ= NOCOMP+S

MASS RALANCE
(INDPUT) v
PO 1Y J=6+¢Jd
STRMO(NOUT s JY =0
DO 1 I=1sNIN .
1 STRMO(NOUTsJV= STRMO(NOUT sJI1+STRMI (1 44!
{QUTPUT) : :
DO 2 1=1sNOUT .
STRMO(Is4 )= EN(NES2)
TF(EN(ME32) eFQe0e) STRMO(T 96 )=8TRMI(154)
STRMO(1455)= FN(MFs3) '
TFLENINE 33 eFQeDe) STRMO(UI 48 )=STRMI(1,5)
STRMO(1+3)=0,
DO 2 Js=6sJJ
STRMO(T+J)= STREO(MNOUT s JY¥EN(ME s T4+5)
2 STRMO(143)= STRYO(TI¢3)+STRMO(T 4 J)

FORVMATS . .
9C FORMAT (//7/71%s 25H#%ERROR*#IN JUNCO1 MODULE, 13,
173Hs NIN EXCEEDS S» CALCULATION CONTIMUES USING THE FIRST FIVE IMO
20T STREAMS///7)

RETHRN
END
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10

1]

60

1c

an

SUBRROUTIME SEPADZ .

THIS MODULE CALCULATES SPLIT OF FEED ACCORDING TO FRACTION OF INLET
SOLIDS THAT LEAVES OUT THE TOP AND FRACTION BY WEIGHT OF SOLIDS 1IN
THE BOTTOM STREAM

YONE IMPUT STREAM AND TWO OUTPUT STREAMS
STRMO(1sJ) = TCP STREAN
STRMO(25J) = 80TTON STREAM

1

1

EQUIPKENT VECTOR -

1. EQUIPMENT NYUMRER . '

2+ WTe FRACTION OF FEED AS SOULIDS OQUT TOP

3e WTe FRACTION OF SOLIDS IN BOTTOM STREAM
Ly {(RLAMK)

5¢ (RLAMK)

NO AEN VECTOR

ERLXXXXXMACSTE COYMON DECKs FOR BAYER PROCESS. T.Te JAN.3151968.
COMMON vﬁcm'n KEETS s NIM MOUT o NE 3 STRMI(S5330) 4 STRMOUIS,20) 4ENIR0,20)

M LIANR SRR AR TR A N LB AR 0 S A LA A SN SO TR TR SN A VARV A VI SR RN, A VI YR VR A BIAE G R A LA Shd
P O O SVOIE - S e A O B SO L S OB H G SR A VI S SR (IR IR ORI O LR SR I ST SR A I I ¥ L

D”“FN%I(‘ W ll.]](‘()l(q(’)),,\/\‘(%o)
COMMOMN /ALK /HTMOL(22)
JJ=n0CNDan

DO 15 J = 65JJ

AA(J) = 0.0
DO 15 T = 1sNIN
AANCDY = AACIY + STRMI(T,J)

CONT jMUE

RO 1N 1 = fs Sl

WTSOLCTY = AA(T)XWTMOL(T=-5)

2O 11 1 = 9418

STRMO (11 ) = AA(TIFEN(MES2)

S II""‘()aI) = AALY)—-STRMO(1 1)

WSR=0,

PO 12 1=9,11
‘sn~”(”1¢lv“0(2,1) SATHOL (-5
Vl=ren

O 50 1=648

WL sWLAWTSOL (1)

DO 851 1=19.,27

WL=WL AW TSOL(T)

IREE: HCHV(l.O/[N(\[,3)~1 0) o
SPLIQ=wWLR/WL : )
CO 60 1=6s8 :
STRMO(241)
STRMO(1s1)
DO 70 1=19,
STRMG(2:1) = AA{TII®SPLIQ
STRMO(1s1) = AA(TI)=STRMO(2,1)
SET TEMP. AMD PRESSURES

DO 80 1=4,5

STRMO(1s1) = STRVMI(1,1)
STRMO(2, 1) = TR (1,1)
CALCULATE TOTAL CUTPUT FLOWS
STRMO{(143) = 0,0

STRMO(?2353) = 0.0

DO 90 1 = 64JJ

AACTY*SPLIR
AM(T)—CTRMO(2,451)

7

o

N
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STRMO(1:2) = STRMO(1,53) + STRMO(1s1)
g0 STRMO(Zs3) = STR¥O(242) + STRMO(251)

RETURN

FND

CIBFTC DATA
RLOCK DATA - :
COMMON / LK1 / WINMOL(22)
DATA WT¥OL / 18,020, 105.993 40,001 10064260155 1560205

- 568.10N0s 1777705 161,950, F6.080, 79,900, 100,091,

Lt o011, 119.980, 81,0715 252,180, 150,700 ,141.,950

600 60N, TF.900s 162,048, 4440115 104,024 /7

QN -

END
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