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AYMPTOTIC CONVERGENCE TECHNIQUE AND
EXECUTIVE CONCEPT FOR STEADY STATE

PROCESS SYSTEMS ANALYSIS

I. INTRODUCTION

A steady state process simulation is a mathematical represen-

tation of a process system, in which the dependent variables such as

component molal flow rates, pressure, temperature for all streams

of the flowsheet may be calculated once the operating condition

and/or controlled variables (independent variables) are specified.

The independent variables in a process are usually the component

molal flow rates, pressure, and temperature, etc. of all feedstocks

to the process. The purpose of a process simulation is then to

determine the effect of the independent variables on the dependent

variables throughout the flowsheet for a particular arrangement and

choice of equipment. Such study is fundamental to process design

and optimization, process improvement and various economic studies.

There are two basically different approaches to the modeling

of complete chemical processes. Each plant can be considered as a

new simulation and a "macro" model developed. The alternative is

to use the "modular" approach and to build the model from a number

of independent units (modules) each representing pieces of equipment
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in the appropriate order dictated by the flowsheet under considera-

tion. The latter approach has been accepted as most suitable to the

requirements of systems analysis. It is flexible, permits the rapid

introduction or removal of units and it can be used at various level

of sophistication.

The modular philosophy of process simulations reduces the

problem to:

(1) the mathematical characterization of the individual pro-

cessing units and subsequent development of unit (equip-

ment) subprograms for any units not available in the

user's program library,

(2) and the mechanics of processing all input and output in-

formation, information flow between modules, and the

iteration and convergence of all recycle nets of arbitrary

complexity.

All of the functions of part (2) can be most effectively accomplished

with an executive program. If the process flow diagram contains

no recycle, the processing units are called sequentially from head

to tail using computed output streams as inputs to succeeding units.

However, in the presence of a recycle stream, the process calcu-

lation becomes highly iterative and often sophisticated numerical

techniques are necessary to converge the process calculations. For

complex process system topologies the order of computation of units
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and hence the identification of recycle streams are not always ob-

vious.

In order to attain most economic and efficient process calcu-

lations, an efficient executive system provided with reliable conver-

gence algorithms is necessary. In addition, the automatic deter-

mination of a favorable computational sequence will enhance the

efficiency of the process calculations.

The purpose of this project is two-fold. First, an executive

system is to be developed for process system simulation which is

both flexible and general by constructing the executive so that the

user can interact with the executive by means of a user-written

Fortran calling program which directs the sequence of events

during the system computation. This concept differs from that of

executive control solely by a fixed data structure which is common

to most executive systems described in the literature. Secondly,

the application of asymptotic convergence acceleration techniques

is to be studied and the asymptotic techniques developed in this re-

search are to be compared with other techniques most commonly

being used at the present time for system simulation calculations.

The executive program developed in this research requires

the user to write his own Fortran main calling program to calculate

the given process system topology. This enables the user to have

considerable freedom in calling the subprograms in any consistent
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manner, and choosing the method of convergence. In addition,

Fortran statements can be inserted anywhere in his calling program

to suit the needs of that particular system simulation.

The executive system also provides an option to find an order

of computational sequence of nodes by analyzing the structure of

system topology in list-processing fashion based on the algorithms

presented by Christensen and Rudd (3), The algorithms partition

and order units of the process system in order to minimize the total

"weight" of recycle streams. A weight associated with each stream

quantitatively represents the "degree of difficulty" to be experi-

enced if that stream is chosen as a recycle stream. The problem

of determining each stream weighting factor still remains in

question. At the present time, the number of variables in each

stream is sometimes considered as a weight, and often the user's

intuitive judgement can furnish a qualitative weight on a special

stream according to the previous experience gained from similar

simulation problems. The ordering program allows the user to

specify streams preferred or not preferred as the guessed recycle

streams and develops a skeleton calling program which assists the

user in developing the final executive calling program.

As the second part of this project, the iterative techniques

commonly used in process recycle calculations are examined and

a revised method of asymptotic acceleration of convergence is
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developed. The algorithms of the revised asymptotic method (RAM)

are based on the observation that the decay of discrepancies of

successive iterations shows typical exponential or logarithmic

damping. The first algorithm of RAM uses three successive itera-

tion values to extrapolate the variable value for the next iteration

using a simple exponential function (13, 17). Since at the beginning

of the iteration process a different kind of behavior usually exists,

the second algorithm adopts a compound exponential function (17)

after five successive iterations and thereafter a simple exponential

function (13, 17). Each extrapolation by the revised asymptotic

method is bounded to prevent erratic behavior.

The systems studied for the comparison of the convergence

algorithms are categorized into linear and nonlinear systems.

Each of the linear or nonlinear systems is characterized as a

weakly interacting system or strongly interacting system depending

upon the degree of variable interaction qualitatively identified by

analyzing the matrix of the first order partial derivatives.

After preliminary comparison of all the iterative techniques,

the successive substitution method, the bounded Wegstein methods

and RAM are selected for more detailed comparison. The bases

of the comparison are storage requirement, number of system

evaluations and stability of the iteration process. The effect of

initial estimates and variable interaction upon the number of system

evaluations is also observed.
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II. STEADY STATE PROCESS SYSTEMS ANALYSIS
WITH DISCOSSA

Executives for Process System Simulation

Executive programs for process system simulation have been

developed to enable the engineer to perform rigorous heat and

material balance of complex process systems. Much of the work by

the chemical industry dealing with the development of executive

systems for process simulation is proprietary and little information

has been published. There is, however, a growing body of literature

relevant to executive systems for process simulation from several

academic institutions.

Sargent (36, 37) surveyed the current position and possible

future developments in comprehensive computer programs for pro-

cess design calculations. User-oriented input languages, organiza-

tion of the computation to take advantage of process structure and

the integration of methods of optimization were discussed.

Steward (44) and Evans, Steward and Sprague (4) discussed in

detail the basic framework involved in developing computer-oriented

systems for process design. A comprehensive literature survey and

examination of the framework of a number of systems revealed

underlying structural similarities, but within elements of the struc-

ture there were noticeable differences. The systems for process
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simulation discussed in their paper were PACER (42, 43), CHEOPS

(12), CHEVRON system (32), CHIPS (39), GIFS (40), Kellogg's

Flexible Flowsheet (14), MAEBE (15), MAD version of PACER (24),

SPEED-UP (38) and UOS (23). The strategy of specification of

processing unit, stream information, plant configuration and physical

properties were discussed and the methods of solution of the problem

were compared.

The problem involved in developing executive systems for pro-

cess simulation may fall into three basic parts:

(1) specification of the problem (data structure)

(2) solution of the problem (method of calculation)

(3) communication between man and machine (input-output)

Data Specification

The data structure for a simulation of a chemical process

contains all of the information needed to describe the particular pro-

cess: stream information (i. e., temperature, pressure, and com-

ponent flow rates), equipment parameter information, physical pro-

perties, the structure of process system topology and option vari-

ables for the control of program execution.

The basic methods of storing the stream information and the

equipment parameters are almost identical among the executives.

Each stream is represented by a vector containing information on

each stream such as component flow rates, temperature, and
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pressure. All of the stream vectors for a particular process are

stored in a stream matrix in a matrix form. In a like manner, the

equipment parameters for each processing unit are stored in an

equipment parameter matrix.

The information on the stream connections must be read into

the computer for a description of the plant. A stream directory is

constructed either from the information read into the computer in a

separate matrix called a process matrix, or from the information

about the stream destinations specified within the lists of parameters

for each processing unit. The stream directory is then the basic

source of information on the plant structure. Sargent and Wester-

berg (38) suggested that the stream directory should be read into

the computer directly. The stream directory is used in algorithms

to determine a calculational sequence of the nodes for the simula-

tion.

Another method of storage that has been proposed (10, 11, 29)

to represent the plant structure within the computer is an adjacency

matrix in which the links between units are specified. For a plant

containing n processing units, the matrix requires n2 storage

spaces. Most of the units are not directly connected to each other,

and therefore, for large plants this method of representation is

wasteful of storage space. One advantage is that it can be used

directly to determine the recycle elements. In the CHEVRON system,
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the adjacency matrix is constructed from the stream directory for

this purpose.

A prerequisite to the design and simulation of any chemical

process is knowledge of the physical properties of the materials

being processed. The most common method of providing the physi-

cal property data is to develop subroutines which may be called by

the unit computation subroutines as needed to calculate the desired

physical properties of any component or stream. In this case, a

library of physical property data is provided for each chemical

component encountered in the process simulation.

One approach providing such a library is to have a large

physical property data base stored on disc or tape. Another approach

is to load the physical property package as an integral part of the

executive program. However, some of the executive systems which

do not provide a library of physical property data require physical

property data to be specified as part of the input data, or as sub-

routines or functions forming an integral part of the unit computa-

tion.

Within the context of the input data, it is desirable for the user

to be able to specify options to be taken in the program. These give

the user better control over the program and enable him to use it

more efficiently. The options can permit the specification of the

order of computation, intermediate results, diagnostic messages,
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or the use of the solution to the previous run as a starting estimate

for the next run in order to improve convergence.

Solution of the Problem

Once the data structure has been established, there is still

the problem of computing the many subprograms involved in the

simulation, and usually iterative calculations are required due to

the existence of recycle streams. The iterative calculations re-

quire the order of computational sequence for each process recycle

net and a method of convergence for a particular formulation of the

recycle problem.

The order of recycle calculation will be discussed later in this

chapter. The formulation of the recycle problem and the methods

of convergence will be discussed in Chapter III.

The methods of solution used in some of the executive pro-

grams are indicated as follows:

(1) The earliest version of PACER (42) first applies a strip-

ping algorithm to determine the shortest line of unit com-

putations necessary to calculate the information flow

diagram. It then uses the method of successive substitu-

tion. Numerous changes may have been made for new

versions of PACER, but no information is available in

the literature, since the system has been proprietary to
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the Digital Systems Corporation.

(2) CHIPS (39) uses the method of successive substitution. It

also has a damping routine which would suggest a conver-

gence acceleration similar to the Wegstein method. The

method is unspecified, however.

(3) MAEBE (15) selected the successive substitution method

as the convergence routine after comparison with other

convergence accelerators. It also uses Rubin's (35)

approach to reduce the number of recycle parameters.

(4) GIFS (40) uses the successive substitution method. No

information is available on whether it takes advantage of

the structure of the system to find the order of computa-

tional sequence of the nodes.

(5) CHEVRON system (32) uses the Newton-Raphson method

to solve a set of nonlinear equations by the sequential-

simultaneous approach suggested by Ravicz and Norman

(32). The determination of nests is carried out by

Norman's (29) method.

(6) CHESS (25) uses a modified version of the Wegstein

method as the convergence algorithm. The order of

computation is specified as input data.

(7) Kellogg's Flexible Flowsheet (14, 16) uses the method of

successive substitution. The initial composition and flow
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of recycle streams are assumed zero. The order of cal-

culation is the shortest list of unit computations necessary

to calculate the information flow diagram.

Communication Problem

When one deals with complex process simulations, the problem

of handling the large amounts of information becomes important. As

the input and output information steadily increases, more attention

must be given to methods of preparing input data and specifications

of output including diagnostic results.

There are two extreme approaches to the accurate introduction

of input data into the computer. One approach is to use a problem-

oriented language somewhat similar to conversational or written

English and the other approach is to read in a list of figures judi-

ciously arranged in the correct order. Most design systems lie

between these two extremes, with the medium at present towards the

latter approach. The latter approach requires considerably less

programming and less voluminous input data but demands of the user

a more intimate knowledge of the system. In early programs such

as Flexible Flowsheet (14) and PACER (42), the data sheets were in

the form of a card image which made for ease of transcription, but

some programs such as the CHEVRON system, SPEED-UP and

CHESS use a free format in which each statement is self explanatory.
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The output usually consists of the final process system

topology, intermediate results, diagnostic messages and possibly

initial data specification. PACER (42) has an option that can result

in punched output of the final stream matrices in a form similar to

the input deck. This would be useful when one is making multiple

runs with small changes in parameters.

The diagnostic messages explain why the data is not accept-

able, show the progress of the calculations leading to a solution

and indicate where the control is within the program. This type of

information can be helpful in tracing calculations in inconclusive

runs. The content of the output and diagnostic information is con-

trolled by the options specified in the input data.

DISCOSSA System

DISCOSSA developed in the first phase of the present research

project is an acronym for DISC-oriented Oregon State Systems

Analyzer. DISCOSSA is an executive system for manipulating in-

formation flow in a complex digital system simulation and is written

specially for steady state process system simulation for the purpose

of design, process improvement, economic studies, and optimization.

This system provides for extensive data input, calculation of com-

plex recycle nets automatically, intermediate results, and a detailed

final report of the process system topology after convergence of all
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recycle nets is obtained. Many operating options and convergence

techniques for recycle nets make this system quite flexible.

The executive programs for process system simulation pub-

lished in the literature have a fixed data structure for communica-

tion between the user and the executive. The user controls the kind

of output and program execution by specifying certain option vari-

ables in the input data. This type of interaction is often inconvenient

for controlled simulation, parameter variation studies and optimi-

zation.

Experince with process recycle calculations indicates that it

is not possible to say a priori which convergence technique is most

suitable. A convergence technique found to be most suitable for

one study might lead to divergence or slow convergence in another

study. Therefore, it is highly desirable for an executive system

to provide several convergence techniques to handle the wide range

of recycle problems encounted. Most existing executive systems

published in the literature have one fixed convergence subroutine.

The executive system in this work is developed such that it

emphasizes the concepts of maximum flexibility, generality and

high degree of man-machine interaction. The concepts are shown

very effectively by demonstrating the executive program which re-

quires the user to write a Fortran main calling program to fit the

purpose of the particular simulation.
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The use of teletypewriter in the time-sharing mode enhances

the user's interaction with the executive system. The user can get

immediate response from the computer, can change any of the input

data or can specify more data directly from the teletypewriter during

a system computation by writing the main program appropriately.

A study of controlled simulation, parameter variation studies

or optimization can be done more easily with the new executive

system. For example, a parameter study can be effectively carried

out simply by inserting appropriate Fortran statements such as a

DO loop, and appropriate logic can be introduced very easily to

control the program execution according to the values of certain

stream.

In order to write a main program, the user should have a

knowledge of introductory Fortran in addition to an understanding of

the correct application of the subprograms in the new executive

system.

The executive subprograms of the DISCOSSA executive are

programmed in Fortran IV and stored in a library file, named

*CHELIB. The executive can be used either in a batchwise fashion

or by timesharing in the Oregon State University CDC-3300 digital
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computer system with 0S-3 1 via remote console.

The basis of the DISCOSSA executive for system simulation is

an extensive set of subprograms which the user can easily use for

the given simulation. The executive differs from others available

for the purpose of process simulation by requiring the user to write

a Fortran main calling program for calculation of the system topo-

logy using the executive subprograms, equipment subprograms in the

library, and special subroutines supplied by the user. This permits

high flexibility, because the user is given considerable freedom to

call the subprograms in a consistent manner and to insert Fortran

statements anywhere in his calling program to suit the needs of each

particular system simulation. The topological structure of the in-

formation flow diagram is transmitted through the argument of the

equipment subroutines.

The DISCOSSA system also provides an optional program to

find an order of computational sequence of the nodes, and to write a

skeleton calling program that can be used as a guide in developing

10S-3 is a real-time, multiprogramming, ultiple-access time-
sharing system developed by the Oregon State University Computer
Center for the CDC-3300 computer system.
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the main program for a given simulation. The details and applica-

tions will be discussed later in this chapter.

System Specification for Computer Solution

The process flow diagram must be reduced to a form suitable

for digital computer solution. Each equipment is given a number

and a name, the name being equipment subroutine which simulates

the performance of that particular equipment. Each stream is also

given a number. The numbering system is arbitrary, with the ex-

ception that no two pieces of equipment nor two streams have the

same number. The resultant diagram is called an information flow

diagram of the system which indicates the information interaction

throughout the process system. Then, the process system structure

can be generally represented in a matrix form which can be easily

manipulated by the computer. Among several matrix forms com-

monly used to represent the topological relationship, the process

matrix is most convenient for the present work because of its sim-

plicity.

Each row of process matrix indicates the equipment number,

and all input and output stream numbers of that equipment in accord-

ance with the information flow diagram. The output streams are

distinguished by negative numbers. Since the information flow is

transmitted through the argument of the equipment subroutine by
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listing associated input and output stream numbers, the DISCOSSA

executive itself does not require the process matrix as input data.

However, for the optional program to calculate the order of compu-

tational sequence, the process matrix is needed to transmit the

topological structure of the information flow diagram.

Component molal flow rates,temperature, pressure, etc. of

each stream can be stored in the stream variable matrix (SN).

Each stream can be considered a row vector of the stream variable

matrix whose elements contain information in a specified position.

The DISCOSSA system currently uses the convention below:

Stream Row Vector

1. stream number

2. stream flag (to indicate phase or status of the stream)

3. total molal flow rate, lb mole/hr

4. total enthalpy, btu/hr

5. temperature, of

6, pressure, psia

7. molal flow rate of the first component, lb mole/hr

8-end, other component molal flow rates, lb mole/hr

Thus, the 14th row of the SN matrix is the stream row vector

representing stream 14. SN (14, 5) is the temperature of stream

14 in degree Fahrenheit.

In each simulation, it is necessary to specify the ordering of
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chemical components in the stream row vector starting with position

7 so that a given component will occupy the same position in every

row of the SN matrix.

In a similar manner, the parameters of each module, e.g. ,

operating temperature and pressure of an isothermal flasher, split

fractions of a splitter, number and diameter of tubes in a shell-and-

tube heat exchanger, etc. can be specified for each application. All

the parameter information for each module can be represented as a

row vector;

Equipment Row Vector

1. equipment number

2. flag

3. an equipment parameter

4-end, other parameters as needed

All equipment parameter information can be written compactly in

the equipment parameter matrix (EN) whose rows correspond to

particular modules on the information flow diagram. The 9th row

of the EN matrix corresponds to the row vector comprising all the

parameters for the equipment 9.

DISCOSSA Flowchart

The flowchart of Figure 1 shows the sequence of events in

process simulation using the DISCOSSA system. The indicated steps
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Prepare information flow diagram
Designate stream vector convention
Write and debug subroutines for unit processing equip-

ment not in DISCOSSA library file *CHELIB

Is the calculational order known for the
process topology ?

YES

Prepare process matrix

Write the DISCOSSA calling program:

Data input
Equipment calculations
Output results

Enter process matrix in topological
ordering routine ORDER- will prepare
skeleton calling program.

Prepare input data file

For each recycle net of arbitrary complexity:

100 CALL NET (
CALL equipment subroutine
CALL equipment subroutine
etc.
CALL iteration subroutine
GO TO (100, 110) KFLAG

110 CONTINUE

Compile, debug and run main program using
DISCOSSA library file *CHELIB D. END

Figure 1. DISCOSSA Flowchart.
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will be clarified in the following section of this chapter.

Concept of Recycle Net Calculation

There are two different ways to converge a recycle net inter-

connected with more than one recycle stream. One way is to iterate

all the recycle streams simultaneously (simultaneous loop conver-

gence). The other way is to iterate the maximal recycle net by

iterating the recycle streams in some types of sequential fashion

(sequential loop convergence). The current DISCOSSA executive

allows both ways of converging a process recycle net.

Simultaneous Loop Convergence

The recycle net of Figure 2 can be calculated with node se-

quence {5,2,1,6,3,4J which requires the streams 5, 9 and 10 to be

guessed so as to reduce the computation to a single sequence. For

reference purpose, an identification number is given for each recycle

net. The Fortran program segment of the DISCOSSA main calling

program which will calculate the topology becomes:

100 CALL NET (1,5,9,10,0,0,0)

CALL SUB5

CALL SUB2

CALL SUB1

CALL SUB6
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CALL SUB3 (

CALL SUB4 (---

CALL ITER

GO TO (100, 110), KFLAG

110 CONTINUE

The first statement to begin the calculation for the recycle net

is always a call to subroutine NET (ID, NRS1, NRS2, NRS3, NRS4,

NRSS, NRS6) which handles the initiatization and processing of iter-

ation process until convergence is achieved. The parameter ID is the

reference number arbitrarily assigned to the net and NRS1 and NRS2,

NRS6 are the recycle stream numbers listed in an arbitrary

order. The detailed logic flow diagram for subroutine NET is given

in Figure 4 and the listing of the subroutine is presented in

Appendix D.

The CALL NET statement is followed by a series of CALL

statements in the order of the node sequence. After all the equip-

ment subroutines have been called, a CALL is made to one of the

iteration subroutines (ITER) available in the DISCOSSA system. All

iteration subroutines will set KFLAG = 1 if convergence has not been

achieved and KFLAG = 2 if the iteration of recycle net has con-

verged within the tolerance specified in the input data.

After all the variables are updated and the value of KFLAG is

set, then the iteration subroutine calls subroutine CHEKFLAG.
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Subroutine CHEKFLAG checks the status of iteration process and

if the iteration procedure is to be terminated due to either the con-

vergence or too many iterations, it prints out appropriate messages.

The logic flow chart and the listing of this subroutine are given in

Figure 5 and Appendix D, respectively.

A GO TO statement directs the program execution to the be-

ginning (statement 100 in this example) if KFLAG = 1 or to continue

with the next statement of the program (statement 110) if KFLAG =

2.

In each call to subroutine NET, up to 6 recycle streams can

be handled simultaneously. However, the current DISCOSSA

system can handle up to 12 recycle streams simultaneously using

the following scheme:

100 CALL NET (1,1,2,3,4,5,6)

CALL NET ( 1 , 7,8,9,10,0,0)

(sequence of calling statements for

all the equipment subroutines in a

specified order)

CALL ITER1

CALL ITER2

GO TO (100,110), KFLAG

110 CONTINUE

Recycle net 1 is converged by iteration of stream numbers 1,2,3,4,
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BEGIN

Identify net number and store re-
cycle stream numbers in NST
vector

NO Is this the first iteration
step?

YES

Is this the first time of
calling NET?

NO

Store the initial esti-
mates in XIG array

<Is this simultaneous
convergence scheme?

,1YES

YES Identify the maximal
net number, IDEX4

Store recycle stream numbers in
MNST vector and initial estimates in
XIG and XXIG arrays.

NO
IDEXS=2

Is this net another YES

nested net?

NO

V
Simultaneous convergence more
than 6 recycle streams?

YES

Store values of XIG, XIF, XSC1,
XSC2, XSC3 in XXIG, XXIF,
XXSC 1, XXSC2, XXSC3, respec-
tively.

NO

RETURN

Set KFLAG=0
Empty all of arrays,
XIG, XIF, XSC1, XSC2,
XSC3.
Store the current values
of recycle streams in
XIG array.

Figure 4. Subroutine NET Flowchart.
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BEGIN

Write the number
of iterations on

unit 61

IDEX2=0

<Has the maximal
recycle net converge

AYES

IDEX3=IDEX4=IDEX5=
IDEK6=0

.(1

NO

Write diagnostic
message on unit 61

KFLAG=2

RETURN

Figure S. Subroutine CHEKFLAG Flowchart.

V
Write diagnos-
tic message on

unit 61

Write the final process
system topology on
output unit KTP(2)

STOP
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5, 6, 7, 8, 9 and 10 simultaneously. Streams 1,2,3, 4, 5 and 6 are

iterated by ITER2 (one of the iteration subroutines) and streams 7, $,

9 and 10 are iterated by ITER1 which is not necessarily the same as

ITER2. The recycle net identification number specified in CALL

NET statements must be the same if all streams are to be converged

simultaneously.

Sequential Loop Convergence

The sequential loop convegence method can be used to calculate

the process topology of Figure 2 in such a manner that for every up-

dating of the values of stream 9 the inner loops 2 and 3 should have

converged separately each using stream 5 and 10, respectively, as

a recycle stream. Then, the Fortran main program segment will

be as follows:

100 CALL NET (1,9,0,0,0,0,0)

1 CALL NET (2,5,0,0,0,0,0)

CALL SUB5 (

CALL SUB2 (

CALL SUB1 (

CALL ITER1

GO TO (1, 2), KFLAG

2 CALL NET (3,10,0,0,0,0,0)

CALL SUB6 (
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CALL SUB3 (

CALL SUB4 (

CALL ITER2

GO TO ( 2, 3), KFLAG

3 CALL ITER3

GO TO (100, 110), KFLAG

110 CONTINUE

It can be noted that for each separate iteration a different conver-

gence routine can be used and the number of the inner recycle nets

being iterated sequentially is not restricted.

Ordering of Computational Sequence

In the absence of recycle stream, a process calculation can

be executed sequentially through the processing units when informa-

tion for the feedstocks and processing units are given. However,

the solution for the blocks of processing units linked by recycle

must be carried out iteratively, guessing one or more streams so

as to reduce the computation to a simple sequence.

Since the computational effort depends largely on the number

of guessed variables, there is an incentive to seek an order of

computational sequence which minimizes the number of recycle

streams or the number of variables associated with them. Rubin

(35) was the first to present a procedure which was based on
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systematic interchanges from an initial, arbitrary sequence of units

to determine the optimum sequence of node calculations which has

minimum number of recycle parameters. However, it was pointed

out and an example shown where his algorithm led only to local

optima.

Lee and Rudd (22) attacked the same problem as Rubin did.

They developed an algorithm to determine the minimum number of

recycle parameters that must be assumed in order to render recycle

calculations acyclic, i.e., so that no recycle loops would then be

present. In order to apply the algorithm which they developed, it is

first necessary to locate the recycle loops. The works of Norman

(29) and Steward (45) are cited as a means of accomplishing this.

Lee and Rudd's algorithm is an improvement on that proposed by

Rubin in that it will always find the global optima and not just local

optima.

Norman (29) described a matrix method for determining nests

of cycles of a directed graph. This method has been applied to

determining the recycle loops of the information flow diagrams in the

CHEVRON system.

Sargent and Westerberg (38) performed partitioning and order-

ing of complex process topology with a list-type representation of

the flow diagram. The information flow diagrams can be mathema-

tically represented by directed graphs. These graphs contain nodes
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representing the processing units and edges representing the

streams. Thus, there will be an edge directed from node A to node

B with a weght W
AB

if there are W
AB

variables in that edge. The

algorithm traces a path backwards along the edges connecting the

nodes until a net is found; the units in this loop are then merged into

a single unit representing the block containing the loop, and the

trace is continued until all loops are partitioned into blocks. Each

loop found by the trace is teared and ordered on some rules for

initial reduction of network such that the total sum of "weight" of

recycle streams is minimum:

(1) "parallel-edges" are equivalent to a single edge containing

all the parameters,

(2) "two-way links" can be replaced by "net undirectional

links",

(3) and the "simply linked units", i.e. nodes with a single in-

put and output, can be removed from the group of nodes in

the recycle net.

The algorithm by Sargent and Westerberg (38) was further ex-

tended by Christensen and Rudd (3). They introduced the concept of

"ineligible edges" which is a generalization of the "simply linked

units" by Sargent and Westerberg. If node A has WA+ total input

parameters and node B has WB- total output parameters, then edge

(A,B) need never be considered as a recycle stream in an optimal
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order of computation, if WAB
> WA+ or WAB

> WB-.

The algorithm presented by Christensen and Rudd consists of

three parts. The first part (Algorithm I-R) performs partitioning

and ordering by combining a procedure for detecting and merging

cycles with deletion procedure. The second part (Algorithm II-R)

applies edge and node merging systematically to simplify the struc-

ture of a block of recycle net and orders the units as far as possible

into "head" and "tail" strings. It utilizes the interaction between

edge and node merging to simplifying the search for the "ineligible

edges" along which units may be merged. The algorithm II-R is

often sufficient to produce an optimal ordering of all units in very

complex blocks. However, there are cases where it will fail to

produce an optimal order. The third part of the algorithm (Algo-

rithm III-R) is used in such situations. The straight-forward pro-

cedure is to alternate merging by algorithm II-R with deletion of

"index node" which is defined as one all of whose inputs, or out-

puts, or both are eligible to be recycle streams. By doing this, a

close or very often exact approximation to optimal ordering can be

attained.

The criteria in determining the true optimal order of calcula-

tion is minimum computing time which will therefore result in

lowest cost per system calculation. Hence, in the ordering proce-

dure the stream weighting factor must be determined for the true



33

optimal order of calculation such that it quantitatively represents

the "degree of computational difficulty" to be experienced if that

stream is chosen as a recycle stream. At the present time, this

problem has not been solved and the weighting factor is usually

represented by the number of variables in that stream. However,

the user's judgement and observation of a particular process system

may give a certain stream a rather qualitative weight such as very

high or very low weight according to the previous experience gained

from the simulations similar to the process system under considera-

tion.

The DISCOSSA executive provides an optional program,

ORDER, to find an order of computation of the nodes based on the

algorithms presented by Christensen and Rudd, (3). The program is

written in Fortran IV while Christensen and Rudd (3) used a special

string-manipulation language, SNOBOL (5). Program ORDER deter-

mines the computational order for the process system topology which

has minimum total weight for all chosen recycle streams that must

be guessed and iterated, and also writes a skeleton DISCOSSA main

program for the topology analyzed.

Input Data for ORDER

Complete details regarding the input data format are given on

ORDER input data form in Appendix B. The input data is usually
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read from logical unit 5 for the OS-3 system at Oregon State

University and consists of the input record specifying the dimension

variables and a standard weighting factor, followed by the process

matrix and weight matrix. Any of the weights associated with the

streams can be specified along with the corresponding streams. If

a weight is not specified for a stream in the input data, then the

weight of that stream is taken as the standard weight read as an in-

put data.

Program ORDER also provides a conversational mode for the

timesharing system in which the user may specify the weights of

certain streams or can indicate his preferred or disliked streams

as candidates for guessed recycle streams. If some streams are

designated as preferred ones, then the weights on those streams are

given -10,000 for each automatically. For the streams which the

user has entered as not preferred, the weight for each of the streams

are set to 1000. As a result, the final order of calculation may

sometimes contain some of the unpreferred streams or sometimes

may not contain some of the streams the user has entered as pre-

ferred because of a redundancy of streams in which one or more such

preferred streams need not be guessed to result in a simple sequence

of computation. Therefore, the final result should be closely

examined to determine whether the resultant order is desirable. If

the final order is not satisfactory, the problem may have to be run
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again with different set of weighting factors, which may be decided

by' the user's experience and knowledge gained from similar prob-

lems.

ORDER Output and Diagnostics

The final output of program ORDER is written on logical unit

6. ORDER writes the resultant order of calculation of the nodes as

a form of skeleton program which can be used as a guide to develop

a DISCOSSA main calling program. Some of the diagnostics from

ORDER are shown in Appendix E.

The structure of the process topology shown in Figure 3 is

analyzed to illustrate application of ORDER. More examples are

given in the DISCOSSA system manual (20).

Input Data
21 44 7
PROCESS MATRIX

1 1 2 35 17 -3
2 3 4 -5 -6
3 6 7 -8
4 8 14 -9 -15
5 9 -10 -11
6 10 -12 -13
7 22 27 -23
8 21 28 20 32 30 -22 -29
9 18 16 -19 -20

10 15 -16 -17
11 13 11 -14

1 12 26 -27 -28
14 29 -30 -31
15 31 -32 -33
16 33 36 -34 -35
17 34 -37 -38
13 23 24 25 -26 -43
16 43 42 -44
19 40 41 -36
20 37 39 -40
21 38 -39 -42
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Output

SUBROUTINE ORDER SPECIFIES THE RECYCLE NET NUMBER FOR REFERENCE
PURPOSES

***RECYCLE NET 1 CONTAINS THE FOLLOWING STREAMS:
3 6 8 9 15 10 11 13 14 17

16 20 22 29 23 26 27 28 30 31
32 33 35 34 37 38 40 36 39

DO YOU PREFER TO HAVE ANY OF THE STREAMS CONTAINED IN RECYCLE NET 1

DEFINITELY INCLUDED IN THE LIST OF GUESSED RECYCLE STREAMS ?
ENTER YES OR NO
NO

DO YOU PREFER TO HAVE ANY OF THE STREAMS CONTAINED IN RECYCLE NET 1

DEFINITELY NOT INCLUDED IN THE LIST OF GUESSED RECYCLE STREAMS ?
ENTER YES OR NO
NO

THE WEIGHTS ON THE FOLLOWING STREAMS HAVE NOT BEEN SPECIFIED:
3 6 8 9 15 10 11 13 14 17

16 20 22 29 23 26 27 28 30 31
32 33 35 34 37 38 40 36 39

DO YOU WANT TO SPECIFY THEM AT THIS TIME ? ENTER YES OR NO
NO



37

PROGRAM SKELETON
INCLUDE DCD
CALL INPUT
CALL DOUTPUT(--)

100 CALL NET( 1,34,29,23, 9, 3, 0)
CALL SUBPI7( )

CALL SUBP21( )

CALL SUBP20( )

CALL SUBP19( )

CALL SUBP14( )

CALL SUBP15( )

CALL SUBP16( )

CALL SUBPI3( )

CALL SUBPI2( )

CALL SUBP 5( )

CALL SUBP 6( )

CALL SUBPII( )

CALL SUBP 2( )

CALL SUBP 3( )

CALL SUBP 4( )

CALL SUBP10( )

CALL SUBP I( )

CALL SUBP 9( )

CALL SUBP 8( )

CALL SUBP 7( )

CALL ITER
GOTO(100,110),KFLAG

110 CALL SUBP18( )

CALL OUTPUT(--)
END

THE DIMENSIONED COMMON DECK DCD IS DEFINED IN PUBLIC FILE *DCD WHICH
IS OF THE FORM

DEFINE DCD

(DIMENSIONED COMMON CARDS)

END

THE DIMENSIONED COMMON DECK DCD CONTAINED IN PUBLIC FILE *DCD MUST
BE INCLUDED AHEAD OF THE ABOVE CALLING PROGRAM BEFORE'FORTRAN
COMPILATION. PUBLIC FILE *DCDPLACE CONTAINS DETAILED INSTRUCTIONS TO
ACCOMPLISH THIS. TO OBTAIN THESE INSTRUCTIONS EXECUTE THE 0S-3 CONTROL
STATEMENTS:

#EQUIP,80=*DCDPLACE
#COPY,I=80
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DISCOSSA Executive Subprograms

The executive subprograms in the DISCOSSA system which

the user can call in the appropriate way are listed.

Input Subprograms

INPUT. Subroutine INPUT reads the input data from logical

unit 5 according to the formats specified.

Calling statement: CALL INPUT

SETUP. Subroutine SETUP does not read any data, but sets

up the size of the problem in a standard form. Therefore, the

DIMENSION VARIABLES will have to be specified in the main pro-

gram if the standard values are not satisfactory. The values of the

CONTROL VARIABLES are to be set to the standard values which

can be changed in the main program if desired. This subroutine

may be convenient when few data are to be read in.

Calling statement: CALL SETUP.

Output Subprograms

OUTPUT (lun). The final values of the entire SN and EN

matrices are written in a report form on logical unit lun. If KARDS

is non-zero, the final result of the entire process topology is also

written on output unit 7 in a format suitable for direct use by
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subroutine INPUT for a later program run.

Calling statement: CALL OUTPUT (61)

SOUTPUT (lun). The final result of the entire process topo-

logy is written on logical unit lun in a format suitable for direct use

by subroutine INPUT.

Calling statement: CALL SOUTPUT (10)

DOUTPUT (lun). The input data read in by subroutine

INPUT (or SETUP) is written in a report form on logical unit speci-

fied.

TRACE (lun, j). This subroutine writes "TRACE J" on logi-

cal unit lun. It may be useful for a variety of tracing purposes.

Calling statement: CALL TRACE (61, 1)

PRINTEN (lun, nel, ne2, ne3, ne4, ne5, ne6). This sub-

routine writes the current values of rows nel, ne2, ne3, ne4, ne5 and

ne6 of the EN matrix on logical unit lun.

Calling statement: CALL PRINTEN (6, 2, 0, 16, 0, 0, 4)

Zero enters if the row corresponding to that parameter is not needed.

PRINTSN (lun, nsl, ns2, ns3, ns4, ns5, ns6). This sub-

routine writes the current values of the rows nsl, ns2, ns3, ns4,

ns5, and ns6 of the SN matrix on logical unit lun.

Calling statement: CALL PRINTSN (61, 10, 15, 0, 2, 0, 0)

OUTEN (lun). This subroutine writes the current values of

the entire EN matrix with NEMAX rows and NELMAX columns on the
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logical unit specified in the argument of the subroutine.

Calling statement: CALL OUTEN (6)

OUTSN (lun). This subroutine writes the current values of the

entire SN matrix with NSMAX rows and NSLMAX columns on logical

unit lun.

Calling statement: CALL OUTSN (61)

OUTPP (lun). This subroutine writes the current values of

the entire physical property matrix with NPMAX rows and NPLMAX

columns on logical unit lun.

Calling statement: CALL OUTPP (61)

OUTPPA (lun). The entire additional physical property

matrix with NAMAX rows and NALMAX columns will be written on

logical unit lun.

Calling statement: CALL OUTPPA (6)

OUTKW ( lun). The entire KW matrix with 6 rows and

NSLMAX columns will be written on logical unit lun.

Iteration Subprograms

NET (netid, n1, n2, n3, n4, n5, n6). This subroutine sets up

the iteration procedure on recycle net netid with guessed streams

nl,n2,n3,n4,n5, and n6. The CALL NET statement is always the

first statement in the calling segment of the main program for re-

cycle net netid. The listing is presented in Appendix D and the logic
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flow chart is given in Figure 4.

Calling statement: CALL NET (1, 3, 11, 5, 0, 0, 0)

The following subroutines are those for the convergence of the

process recycle calculation provided in the DISCOSSA system. The

details of those methods are discussed in Chapter III.

SUCCESS. Subroutine SUCCESS performs the recycle net

calculation by the method of successive substitution.

Calling statement: CALL SUCCESS

MSUCCESS (aida). Iteration of the recycle net is performed

by the modified method of successive substitution.

Calling statement: CALL MSUCCESS (-0. 5)

The parameter, aida, is a forcing factor which must be assigned by

the user.

WGSTEIN. Iteration of the recycle net is performed by the

Wegstein method.

Calling statement: CALL WGSTEIN

WGSTEINB. Iteration of the recycle net is performed by the

bounded Wegstein method by Kliesch (19).

Calling statement: CALL WGSTEINB

WGSTEINC. Iteration of the recycle net is performed by the

bounded Wegstein method being used in CHESS (25)

Calling statement: CALL WGSTEINC.

NEWTON. Iteration of the recycle net is performed by the
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Newton-Raphson method. The first order partial derivatives are

estimated by the finite difference approximation.

Calling statement: CALL NEWTON

GFP. Iteration of the recycle net is performed by the

generalized false position method.

Calling statement: CALL GFP

RAM (ki). Iteration of the recycle net is performed by the

revised asymptotic method. The parameter, ki, specifies the option

desired.

Calling statement: CALL RAM(0)

Utility Subprograms

EXECIN (il,i2,i3,i4,i5,i6,j1,j2,j3,j4,j5,j6). This subroutine

transfers the information in rows il , i2, ,i6 of the stream vari-

able matrix (SN) to the STRMI matrix, and also determine NIN and

NOUT. The parameters, il, i2, ,i6 are input stream numbers to

a processing unit and j1,j2,...,j6 are the output stream numbers

from the same unit.

Calling Statement: CALL EXECIN (2, 7, 3, 0, 0, 0, 1, 0, 0, 0, 0, 0)

EXECOUT j2, j3, j4, j5, j6). This subroutine transfers in-

formation from the STRMO matrix to rows j1,j2,... ,j6 of the SN

matrix. The parameters, j1,j2,... , j6 are the stream numbers

from a processing unit.
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Calling statement: CALL EXECOUT (5, 11, 6, 0, 0, 0)

Input Form

The input data for DISCOSSA system consists of title, control

variables, dimension variables, and data for each row of matrices

(EN, SN, PP, PPA, KW) or vectors (DELS, KSOUT). Although the

first three input records must be in the order of TITLE, CONTROL

VARIABLES, DIMENSION VARIABLES, all input data for EN, SN,

PP, PPA, KW, DELS and KSOUT can be entered in an arbitrary

order, or those arrays do not have to be specified if not needed.

This is accomplished by using the first ten columns to define

the name and row number of the matrix or name of the vector

where the data is to be placed. Once a row of a particular matrix

or name of vector is specified, additional input records with the

first ten columns blank can be added to fill out the row as needed.

Thus, if there is no entry in column 1-10, all data will be placed

in the last defined matrix row or vector provided the row length does

not exceed the maximum specified in the DIMENSION VARIABLES

input record. All input data will be read from logical unit 5 until

an end-of-file mark is encountered which signifies the end of input

data block.

Complete details regarding input data format can be found on

the DISCOSSA input data form as shown in Appendix B.
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Output Form

DISCOSSA output can provide the initial system topology,

intermediate result of the process calculation, a detailed report of

the final process system topology, current values of the matrices,

and various diagnostics.

The initial process system topology can be obtained by calling

subroutine DOUTPUT. The intermediate result is written on the

logical unit specified if subroutine IOUTPUT is called by an itera-

tion routine. The intermediate printing is controlled by the control

variables defined in the input data.

The final process system topology can be obtained in several

different forms. A detailed final result is written as a report form

on the logical unit specified by calling subroutine OUTPUT. Also,

if KARDS is non-zero, the final results are written on logical unit

7 in a form that can be used as a direct input to a later program

run. The same result can be obtained from the logical unit speci-

fied by calling subroutine SOUTPUT.

The current values of any one of the matrices, EN, SN, PP,

PPA, KW, can be written out on the logical unit specified. The

diagnostic messages from the DISCOSSA system are illustrated

in Appendix E. Any desired diagnostics can be obtained from

equipment subroutines by specifying KSETS 0 as input data. All
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the diagnostic messages are written on the standard logical unit 61,

which will be on-line printer for batch jobs and teletypewriters for

time-sharing operations.

Equipment Subroutine Structure

It will be necessary in many applications for the user to

create equipment subroutines not available in the DISCOSSA library.

In addition to programming the unit computation itself, the sub-

routine must be compatible with the executive.

The DIMENSION/COMMON deck must be the same throughout

all subroutines and the executive system. The current DISCOSSA

DIMENSION/COMMON deck should be included immediately after

defining the subroutine name.

The input and output stream numbers are transferred to the

equipment subroutine by listing the stream numbers in the arguments

of the equipment subroutine.

Information is transferred between equipment subroutines by

the stream variable matrix (SN), equipment parameter matrix (EN),

arguments used in the subroutine definition and other var iab 1 e s

in COMMON.

The diagnostic messages, intermediate output and special

flags must be compatible with the executive system. The detailed

discussion about equipment subroutine structure, subprogram
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documentation and examples of equipment subroutines are given in

the DISCOSSA system manual (20).

COMMON Variables

The following is a list of COMMON variables and their mean-

ing arranged in alphabetical order. Part of the nomenclature has

been taken from the PACER (42) system for ease of communication,

since many users are familiar with the PACER system or other

systems using similar nomenclature.

Variables marked with a single asterisk (*) are read as data.

Arrays marked with double asterisks (**) may have any or all of their

rows read as input data.

DELS* vector used in testing for the absolute fractional con-

EN**

thvergence. The of DELS corresponds to

the ith element of the stream vector.

equipment parameter matrix which has NEMAX rows,

each NELMAX long.

1

.th
EN.

1

= equipment number of equipment, i

EN i, 2
= equipment flag

EN. . = equipment parameters required to calculate
1,3

the ith equipment (j > 2)

IDEX1, IDEX2, IDEX3, . . . IDEX10 control variables used within

the executive subprograms.
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control variable which specifies the initialization of

several matrices. If it is zero, the matrices of SN,

EN, DELS, STRMI, and STRMO are to be set zero

prior to data read, while nothing happens for KARDS

0.

KFLAG control variable which indicates convergence of the

recycle calculation and is set by the iteration sub-

routine. If convergence has been achieved within the

tolerance specified in DELS, KFLAG = 2, otherwise,

KFLAG = 1.

KPRINT* control variable for the intermediate output. The

entire SN matrix will be written on output unit

KTP(1) every KPRINT iterations during the iteration

process to converge a recycle net. It will be auto-

matically set to 5 if the user does not specify it in the

input data.

KRUN* run number to be printed in the output for identifica-

tion purposes.

KSE TS* control variable which regulates the intermediate out-

put as follows

= 0 intermediate printing of the entire SN matrix

every KPRINT iterations.

= 1 in addition to the above, any printing in equipment
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KW**
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subroutines for trace of the equipment calcula-

tions.

vector which lists the stream numbers to be written on

output unit KTP(1) after each iteration. The first

element of KSOUT is the number of streams to be

written out and the remaining elements are those

stream numbers. The maximum length is 40.

vector with three elements. KTP(1) specifies the out-

put unit number for the intermediate result. KTP(2)

specifies the output unit number for the final result

when the program execution is terminated due to non-

convergence of a recycle net. KTP(3) controls the

printing from the iteration routine about the status of

the iteration process. If KTP(3) = 0, the message will

not be printed out, otherwise it will be written on logi-

cal unit 61.

KTP(1) = KTP(2) = 6 if not specified in the input data.

essential variable matrix required by both NEWTON

and GFP. The variables to be iterated in each stream

are indicated in this matrix. It has six rows, each

NSLMAX long.

KWi1 = recycle stream number, k

KWi,
2

= total number of variables to be iterated for
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the kth stream

KW = flag
i, 3

= 0 all the variable positions to be iterated

in the kth stream are listed in subse-

quent positions KW. (j > 4). If vari-
1, j

able positions in the kth stream cor-

responding to 4,5,7,8 and 10 are to be
thiterated, then the of KW is:

k 5 0 4 5 7 8 10

m all the variable positions to be iterated

in the kth stream are listed in subse-

quent positions KW. (j > 4) except
1,j

those of m+1, m+2, NSLMAX. If

there are ten variables to be iterated

in the kth stream which correspond to

positions 4,5,6,8,12,13,14,15,16,17,

then the ith row of KW is

k 10 12 4 5 6 8 12

counter which keeps track of the number of iterations

that have been made in a recycle calculation.

control variable which limits the number of iterations

to be made in recycle calculations. If convergence

has not been obtained in LOOPS iterations, the
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iteration is terminated as if convergence had been

reached and a diagnostic message printed out.

LOOPS will be set to 20 if not specified in the input

data.

see NST
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NALMAX* dimension variable which defines the length of the

rows in the PPA matrix.

NAMAX* dimension variable which defines the number of rows

of PPA matrix.

NELMAX* dimension variable which defines the length of the

rows in the EN matrix.

NEMAX* dimension variable which defines the number of rows

in the EN matrix. It must be greater than or equal

to the highest numbered equipment used.

NETINDEX index which corresponds to the recycle net number

specified by the user in subroutine NET.

NIN number of input streams to the equipment subroutine

currently being used. NIN is determined from sub-

routine EXECIN, and is available only after EXECIN

is called in the equipment subroutine.

NOCOMP* total number of chemical components in the stream

vector.

NOGO* control variable which specifies the processing when
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an iterative calculation of a recycle net fails to con-

verge. If NOGO = 0, a diagnostic is written out on

output unit 61 indicating failure to converge but the

answers for the last iteration are taken as correct and

the calculation of the process simulation continued. If

NOGO 0, then the process system topology and a

diagnostic report are written on output unit KTP(2) and

the program execution terminated immediately.

NOUT number of output streams from the equipment sub-

routine currently being calculated. NOUT is determined

from subroutine EXECIN, and is available only after

EXECIN is called in the equipment subroutine.

NPAPER see PAPER

NPLMAX* dimension variable which defines the length of the rows

in the PP matrix.

NPMAX* dimension variable which indicates the number of rows

in the PP matrix.

NSLMAX* dimension variable which defines the length of the rows

in the SN matrix.

NSMAX* dimension variable which defines the number of rows

in the SN matrix.

MNST vectors which store the recycle stream numbers taken

NST from the arguments of subroutine NET. The maximum
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length of each vector is 6. MNST is only used when

the sequential convergence scheme or the simultane-

ous convergence scheme with more than six recycle

streams is applied,

PAPER matrix and vector which may be used as "erasable"

NPAPER storage by any subroutine which needs the space.

p * physical property matrix which has NPMAX rows,

each NPLMAX long. Although the user can specify

the PP matrix format in any way he chooses, current-

ly the following definition is proposed:

Each row of PP will refer to either a single compo-

nent or to an entire stream. If the row refers to the

entire stream, then the physical properties are

average values.

1
PP.

1
= relative position of a component in a row

of the SN matrix, or stream number if the

entire stream number is referenced.

2
PP.

1
= flag. If it is zero, the row pertains to a

single component. If it is 1, then the row

refers to an entire stream.

PPi,
3

= molecular weight

PPi4 = density, lb/ft3

PPi, 5
= heat capacity constant, A, where
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C = A+BT+CT 2

Pi 6 = heat capacity constant, B

PP i, 7
= heat capacity constant, C

etc. as desired.

PPA additional physical property matrix which has NAMAX

rows, each NALMAX long.

SN** stream variable matrix which has NSMAX rows, each

NSLMAX long. The detailed description has been

given in the DISCOSSA problem specification.

STRMI matrix of input stream for the equipment currently

being calculated. The unit computation loads

STRMI from the SN matrix with the EXECIN sub-

STRMO

routine. The i
th row of the STRMI matrix is the ith

input stream to the equipment. There are NIN rows

and each row is NSLMAX long. The format of the

rows is the same as described for the stream vector.

matrix of output stream for the equipment subroutine

currently being executed. The equipment subroutines

transfer information from STRMO to the SN matrix

at the conclusion of the unit computation by calling

subroutine EXECOUT. The ith row of the STRMO

matrix is the ith output stream of the equipment.

There are NOUT rows and each row is NSLMAX
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long. The format of the rows is the same as de-

scribed for the stream vector.

TITLE** vector which will be printed out for identification of

the problem. It has nine elements making up a 71

character title.

XIG, XIF, SCSI, XSC2, XSC3 matrices which are used in the

iteration subroutines to store the values of iterated

variables of the previous iterations. Each matrix

has a maximum of six rows and each row can have a

maximum of NSLMAX elements.

XXIG, XXIF, XXSC1, XXCS2, XXSC3 matrices which are used in

the iteration subroutines to store the previous values

of variables. They are used only for the sequential

loop convergence or simultaneous convergence

scheme with more than six recycle streams. Each

matrix has a maximum six rows and each can have a

maximum of NSLMAX elements.

The following COMMON variables are required only

if either the NEWTON or GFP is used as a conver-

gence subroutine.

DELSC matrix which stores the clues of DELS in a proper

position so that the absolute fractional convergence

may be tested for by subroutine NEWTON or GFP.

It has LJJ rows, each row (NSLMAX-2) long.
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LBK

LJJ

NV

NVTOT

XJAC
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matrix which stores the values of errors (Xn+1 - Xn )

when NEWTON or GFP is used. It has LJJ rows, each

row (NSLMAX -2) long.

vector which specifies the recycle stream numbers.

The length of LBK is LJJ.

variable which specifies the total number of recycle

streams.

vector which specifies the number of recycle variables

in each recycle stream. The length is 6.

variable which specifies the total number of recycle

variables which are actually iterated.

matrix which stores the values of the Jacobian matrix

when either subroutine NEWTON or GFP is used in the

recycle calculation. It has NVTOT rows, each row

NVTOT long.

Illustrative Problem

One example is presented here to illustrate process calculation

using the DISCOSSA system. More examples can be found in the

DISCOSSA system manual (20).

Problem Description

The information flow diagram of Figure 6 is to be calculated:
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12 1

7

13

7 Mixer

Mixer

1 Separator

5

5 2

10

6
7

3

9

8
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6 Mixer 2 Separator

3 Separator 4 Separator

Figure 6. Process topology for DISCOSSA illustrative problem.
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read input data, write the initial process system topology, control

variables and dimension variables on output unit 61, calculate module

7 and print out its output stream which is stream 1, read in EN(3, 4)

from the teletype console, then print out the entire parameter list

for the equipment 3 on output unit 61, iterate and converge the re-

cycle net 1 using the revised asymptotic method on streams 5, 9 and

10, write out the final process topology on output unit 61.

Main Calling Program

PROGRAM EXAMPLES
INCLUDE DCD*
CALL INPUT
CALL DOUTPUT(61)
CALL MIXER(7,12,13,0,0,0,0,1)
CALL PRINTSN(61,1,0,0.0,0s0)
CALL TRACE(61a1)
READ(60o1000)EN(3,4)
CALL PRINTEN(61,3s0,0,0)020)

: 100 CALL NET(1,5#9310,0,0,0)
CALL MIXER(5,1,5,9,0,0,0,2)
CALL SEPRAT(2,2,3,6)
CALL SEPRAT(1,3,5,4)
CALL MIXER(6P6,10,0,0s0,0,7)
CALL SEPRATC3,7,9,8)
CALL SEPRAT(4,8,10,11)
CALL RAM(1)
GOTO(100,110),KFLAG

: 110 CALL OUTPUT(61)
1000 FORMATCE15.5)

END

INCLUDE DCD statement contains the current DIMENSION/COMMON deck of the
DISCOSSA executive.



Input Data

: ILLUSTRATIVE PROBLEM USING RAM(1)
: 5 20 20
: 7 13 4 8 2
: SN 12 100.
: 90. 10.
: SN 13 50.
: 45. 5.
: EN 2 0.2 0.9
: EN 1 0.95 0.1
: EN 3 0.1 0.9
: EN 4 0.05 0.95
: DELS 0.001
: KSOUT 3 5 9 10

Output

ILLUSTRATIVE PROBLEM USING RAM(1)

DATE 05/31/69 RUN NUMBER 5
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*CONTROL VARIABLES*
KRUN KSETS KPRINT LOOPS NOGG KARDS KCLEAN

5 0 20 20 0 0 0
KTP(1) KTP(2) KTP(3)

6 6 0

*DIMENSION VARIABLES*
NEMAX NSMAX NELMAX

7 13 4
NAMAX NALMAX

0 0

*DELS VECTOR- DELS(1) NOT USED*
********** 1.0000E-03
1.0000E-03 1.0000E-03

*KSOUT VECTOR*

NSLMAX NOCOMP
8 2

2.0000E-03
1.0000E-03

NPMAX
0

1.0000E-03
1.0000E-03

NPLMAX
0

3 5 9 10



******STREAM VARIABLE VECTOR******
I. STREAM NUMBER
2. FLAG
3. TOTAL MOLAL FLOW RATE, LB.MOLE/HR
4. TOTAL ENTHALPY, BTU/HR
5. TEMPERATURE, DEG. F
6. TOTAL PRESSURE, PSIA

7 -25. COMPONENT MOLAL FLOW RATE, LB.MOLE/HR

******INITIAL PROCESS SYSTEM TOPOLOGY******

*STREAM VARIABLE MATRIX*
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STREAM 12 OE 00 1.00000E 02 OE 00
OE 00 OE 00 9.00000E 01 1.00000E 01

STREAM 13 OE 00 5.00000E 01 OE 00
OE 00 OE 00 4.50000E 01 5.00000E 00

*EQUIPMENT PARAMETER MATRIX*

EQUIPMENT 1 OE 00 9.50000E-01 1.00000E-01

EQUIPMENT 2 OE 00 2.00000E-01 9.00000E...01

EQUIPMENT 3 OE 00 1.00000E-01 9.00000E...01

EQUIPMENT 4 OE 00 5.00000E-02 9.50000E-01

*****STREAM VECTORS SPECIFIED IN PRINTSN*****

STREAM 1

OE 00
TRACE 1

OE 00 1.50000E 02 OE 00
OE 00 1.35000E 02 1.50000E 01

*****EQUIPMENT VECTORS SPECIFIED IN PRINTEN*****

EQUIPMENT 3 OE 00 1.00000E-01 9.00000E-01

****FROM SUBROUTINE CHEKFLAG-. RECYCLE NET 1 CONVERGED IN 4

ITERATIONS( 4 RECYCLE NET EVALUATIONS).****
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DATE 05/31/69 RUN NUMBER 5
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*******FINAL PROCESS SYSTEM TOPOLOGY*******

*STREAM VARIABLE MATRIX*

STREAM 1 OE 00 1.50000E 02 OE 00
OE 00 OE 00 1.35000E 02 1.50000E 01

STREAM 2 OE 00 2.04396E 02 OE 00
OE 00 OE 00 1.85891E 02 1.85056E 01

STREAM 3 OE 00 5.38331E 01 OE 00
OE 00 OE 00 3.71781E 01 1.66550E 01

STREAM 4 OE 00 1.68484E 01 OE 00
OE 00 OE 00 1.85891E 00 1.49895E 01

STREAM 5 OE 00 3.69847E 01 OE 00
OE 00 OE 00 3.53192E 01 1.66550E 00

STREAM 6 OE 00 1.50563E 02 OE 00
OE 00 OE 00 1.48712E 02 1.85056E 00

STREAM 7 OE 00 1.57767E 02 OE 00
OE 00 OE 00 1.55722E 02 2.04489E 00

STREAM 8 OE 00. 1.40354E 02 OE 00
OE 00 OE 00 1.40150E 02 2.04489E-01

STREAM 9 OE 00 1.74126E 01 OE 00
OE 00 OE 00 1.55722E 01 1.84040E 00

STREAM 10 OE 00 7.20176E 00 OE 00
OE 00 OE 00 7.00750E 00 1.94264E-01

STREAM 11 OE 00 1.33153E 02 OE 00
OE 00 OE 00 1.33142E 02 1.02244E-02

STREAM 12 OE 00 1.00000E 02 OE 00
OE 00 OE 00 9.00000E 01 1.00000E 01

STREAM 13 OE 00 5.00000E 01 OE 00
OE 00 OE 00 4.50000E 01 5.00000E 00

*EQUIPMENT PARAMETER MATRIX*

EQUIPMENT 1 OE 00 9.50000E-01 1.00000E-01

EQUIPMENT 2 OE 00 2.00000E-01 9.00000E-01

EQUIPMENT 3 OE 00 1.00000E-01 9.00000E-01

EQUIPMENT 4 OE 00 5.00000E-02 9.50000E-01
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Intermediate Output from Output Unit 6

*****INTERMEDIATE RESULTS OF ITERATION 0 -SELECTED STREAM
VECTORS SPECIFIED IN KSOUT ****

STREAM 5 OE 00 2.70000E 01 OE 00
OE 00 OE 00 2.56500E 01 1.35000E 00

STREAM 9 OE 00 1.21500E 01 0E 00
OE 00 OE 00 1.08000E 01 1.35000E 00

STREAM 10 OE 00 5.00250E 00 OE 00
OE 00 OE 00 4.86000E 00 1.42500E-01

*****INTERMEDIATE RESULTS OF ITERATION
VECTORS SPECIFIED IN KSOUT ****

1 -SELECTED STREAM

STREAM 5 OE 00 3.41685E 01 OE 00
OE 00 OE 00 3.25755E 01 1.59300E 00

STREAM 9 OE 00 1.59233E 01 OE 00
OE 00 OE 00 1.42020E 01 1.72125E 00

STREAM 10 OE 00 6.57259E 00 OE 00
OE 00 OE 00 6.39090E 00 1.81688E-01

*****INTERMEDIATE RESULTS OF ITERATION
VECTORS SPECIFIED IN KSOUT ****

2 -SELECTED STREAM

STREAM 5 OE 00 3.61860E 01 OE 00
OE 00 OE 00 3.45377E 01 1.64828E 00

STREAM 9 OE 00 1.69931E 01 OE 00
OE 00 OE 00 1.51813E 01 1.81180E 00

STREAM 10 OE 00 7.02283E 00 OE 00
OE 00 OE 00 6.83158E 00 1.91246E-01
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*****INTERMEDIATE RESULTS OF ITERATION 3 -SELECTED STREAM
VECTORS SPECIFIED IN KSOUT ****

STREAM 5
OE 00

STREAM 9
OE 00

STREAM 10
OE 00

OE 00 3.69847E 01 0E 00
OE 00 3.53192E 01 1.66550E 00

OE 00 1.74126E 01 OE 00
OE 00 1.55722E 01 1.84040E 00

OE 00 7.20176E 00 OE 00
OE 00 7.00750E 00 1.94264E-01
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III. RECYCLE CALCULATION IN PROCESS SIMULATION

In the absence of recycle, the process calculations can be

carried out sequentially using the computed output streams as in-

puts to succeeding units. However, a recycle stream is present,

the process calculation becomes highly iterative and quite often re-

quires sophisticated numerical techniques for rapid convergence.

The solution of the recycle calculation problem requires con-

sideration of method of formulation, choice of convergence algo-

rithm and determination of the computational sequence for the

modules of the information flow diagram.

In this chapter, various formulation techniques and methods of

convergence are reviewed. The revised asymptotic method developed

in this work is presented, and compared with other iterative tech-

niques used for process calculations.

Introduction

Interest in the strategy of process calculation is relatively

recent and has usually been studied in connection with process

material and heat balances. In the early work by Nagiev (26, 27),

various processing units were represented by very simple input and

output modules, and material balances were achieved by solving the

resultant set of simultaneous, linear equations. This approach is
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called the split fraction formulation technique. Linearization was

achieved by characterizing the operation of the processing units in

terms of the split fractions. Specification of the split fractions

required knowledge of the relationship between inputs and outputs of

each unit, usually obtainable from either plant or laboratory analy-

sis. Method for estimating split fractions for various processing

units were presented by Vela (47, 48).

Although Nagiev's formulation was compact and systematic, it

can not be used in the energy balances. The split fractions are not

always constant as Nagiev assumed, and sometimes they are not

available for processes in the developing stage. Rosen (34) extend-

ed Nagiev's formulation for varying or undetermined split fractions

for general material balance calculations. He was successful in ob-

taining simulation from this formulation technique, but too much

effort was required.

Many authors (14, 15, 23, 25, 32, 39, 40, 42) have concep-

tually treated the recycle streams as "feeds" at the points of en-

trance and as "products" at the points of origination in the process.

This approach is called the recycle variable formulation technique.

Values of the recycle streams were estimated and material and

energy balances for the process systems were carried out. The

difference between the estimated and calculated output streams were

compared to a specified convergence tolerance in testing for
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convergent solution. If any difference was greater than the preset

tolerance, the values of the recycle streams were updated by a con-

vergence algorithm and the entire iteration procedure repeated until

the convergence was achieved.

Naphtali (28) and Ravicz and Norman (32) formulated the simu-

lation problems as a set of linear and nonlinear simultaneous equa-

tions. Ravicz and Norman (32) calculated the part of process

simulation of no recycle net sequentially, and then casted the remain-

ing recycle net into a set of simultaneous equations. This approach

is called the sequential-simultaneous formulation technique. The

solution was obtained by use of the Newton-Raphson method, in

which the matrix of the first order partial derivatives were calcu-

lated by separate perturbation of each variable. Naphtali (28) re-

duced the dimensionality of the set of simultaneous equations by

expressing some of the dependent variables in terms of the remain-

ing dependent and independent variables. A one-dimensional

Fibonacci search (51) was used to explore the region close to the

solution before the iteration by the Newton-Raphson method.

Law and Farris (21) proposed formulating the simulation prob-

lem as a nonlinear programming problem similar to an optimization

problem. This is called the nonlinear programming formulation

technique. Rotational discrimination technique (21) was used for

convergence of the recycle calculations.
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Several authors (1, 15, 19, 33) have studied the methods of

convergence. Kenny (15) has evaluated several existing iterative

techniques and concluded the successive substitution method is most

suitable for process calculation. He felt the practical improvement

obtained by faster convergence methods would not be apparent since

the actual computing time required to evaluate a process was usually

but a small fraction of the total run time.

Cavett (1) presented a comprehensive literature survey on

iteration techniques used to obtain solutions for steady state process

simulations. The successive substitution method, hyperbolic

method (8), Wegstein method (50), Newton-Raphson and its modifi-

cations, and relaxation method were studied and used to solve

example problems. An "error half-life", i.e., the number of pro-

cess evaluations required for the initial error to decrease by one-

half, was used as a basis for evaluation of performance of those

convergence methods. He also studied the functional minimization

techniques applied to recycle problems and indicated they were not

efficient at all. As the result of comparison of various algorithms,

it was concluded that by using the appropriate convergence accelera-

tion method, computing time could be roughly halved relative to the

successive substitution method.

Kliesch (19) presented an extensive literature review on

formulation techniques and convergence algorithms. The formulation
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techniques were examined and the number of dependent variables

required to be predicted by the convergence accelerator algorithms

were observed for each formulation technique. Convergence

algorithms were compared on the basis of the actual computing

time. The recycle variable formulation required the lowest number

of dependent variables to initialize calculations. The Wegstein

method bounded to prevent the instabilities due to an extrapolated

negative flow rate was evaluated as the most efficient algorithm.

A general discussion of process simulation was presented by

Rinard and Ripps (33). They developed the simulation problem,

presented a literature review on the convergence problem in

material balances, generalized process flow schemes, and the se-

quence of process calculation. Utilization of simulation in develop-

ment, design, control, and improvement studies was also discussed

along with methods for characterization of processing units.

Mathematical Formulation

Among several formulation techniques for process calculations,

the recycle variable formulation is most widely accepted. Recently

Kliesch (19) compared formulation techniques and concluded also

that the recycle variable formulation procedure is probably most

effective.

The recycle streams are conceptually broken and treated as
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"feeds" at the points of entrance and as "products" at the points of

origination in the process topology. For example, the calculation

of the mixer in Figure 7 requires the initial estimates of the re-

cycle stream, i. e. , if a guess is made for every element of the

stream row vector representing the recycle stream, the mixer can

be calculated. If the guesses are sufficiently close to the calculated

values, then the solution is obtained. On the other hand, if the

calculated recycle stream vector (R) differs from that assumed to

start the calculation, it is necessary to change the guesses in some

way and to iterate the calculation until convergence of the loop is

obtained within the preset tolerance. Changing or updating the

guesses and checking for convergence is the task of the various

iteration techniques.

Since R and X will not be equal except at the solution it is

convenient to define a new vector,

Y = R X (1)

which will be exactly zero at the solution of the process. Then, the

problem of recycle calculation may be stated precisely: "Obtain

the value of the vector X which causes the Y vector to be zero",

or in more mathematical terms, "Find the roots of the function, Y,

where Y = 4)(X) = 0. It must be remembered that the vector X and

Y are multidimensional, so that the problem is actually one of
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Figure 7. General formulation of recycle problem.
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finding the roots of a set of simultaneous equations,
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= 41 (x
1,

x2, ..., xn)
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2

= (1)2 (x
1,

x2, xn)

(1)n (x1, xn, x n)

Iterative Techniques
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(2)

Even though the process recycle problem can be formulated as

a functional representation, the iterative calculation of process

system has somewhat different characteristics from that of solving

the system of simultaneous equations. One fortunate characteristic

is that in most cases of process recycle calculations each function of

4 is a single-valued and it has only one root. If there are more than

one root, it would mean the process has more than one stable opera-

ting condition.

The difficulties arise because the first or higher order partial

derivatives can not be evaluated without spending excessive effort

and computer storage, since analytical functions representing the

set of simultaneous equations are not usually known. This causes

great difficulty when using first (9) or higher order (46) matrix

iterative techniques for process recycle calculations.

In addition to matrix iterative techniques, there are a number

of iterative techniques for process calculation in which each variable



71

of the multivariable system is treated as of the single variable

system. These first level convergence acceleration techniques in-

clude the Wegstein method (50), the bounded Wegstein methods (19,

25) and the hyperbolic convergence method (8). There will not be

any guarantee of accelerating the convergence in process recycle

calculations due to strong effect of the variable interaction. How-

ever, these techniques often accelerate the convergence and when

they work, there are not many disadvantages.

The classical method of successive substitution is commonly

used in the process recycle calculations because of its simplicity,

stability and low storage requirement. Its disadvantage is that very

often the convergence rate is too slow. Modifications of the succes-

sive substitution have been made by using a fixed "forcing factor"

(31, 34). The problem of choosing the "forcing factor" is entirely

dependent on the user.

In this section the iterative techniques most commonly used

in the process calculations are reviewed. Since the mathematical

expression of the rate of convergence can not be the basis of the

evaluation of each iterative technique, there will not be any discus-

sion on the rate of convergence in this thesis.

Successive Substitution Method

The successive substitution (or direct) method is the simplest
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and one of the most often used iteration techniques for process re-

cycle calculations. With this method an initial estimate is made for

every component of the X vector and then the process system is cal-

culated to determine all components of the R vector. This sequence

is repeated until the calculated recycle stream vector R does not

change from one iteration to the next, at this point the solution is

obtained.

In mathematical terms, the value of X is to be found such

that Y =4) (X) = 0. Rewriting .4)(X) in an equivalent form,

X = F(X)

then the recurrence relation becomes

(3)

X
(k+1)

= F(X(k)) = R(k) (4)

until convergence is obtained at a point, i.e.,

I X( k+1) - X( k) I < E (5)

where E is the multidimensional vector of acceptable errors in the

corresponding elements of X vector.

The major advantage of this method is its simplicity and low

storage requirement. Its disadvantages are that the rate of conver-

gence is very slow in many cases and the iteration may appear to

have converged before the correct solution is reached for a system
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with eigenvalues very close to one (33).

Modified Successive Substitution Method

The modified successive substitution method is one of the first

level convergence acceleration algorithms. It is developed by de-

fining function, x (X), formed by the linear combination of the old

function and the unknown, i. e. ,

X
(k+1)

=x (X
(k)) = ri X

(k)
+ (1 - F(X(k)) (6)

where X(k) is (k)
is a vector and F(X ) is the same vector function de-

fined previously. The "forcing factor" ri is usually in the range

from -1 to 1.

Some judgement must be exercised in selecting the i value.

Pourciau (31) lists the properties:

(1) Selection of ri values in the positive half interval will add

stability to the system and enhance convergence as n

approaches +1.

(2) Accelerated convergence will be obtained as progresses

from +1 to -1, providing instabilities do not result.

(3) Selection of ri = 0 is equivalent to the classical method of

successive substitution.

Kliesch (19) found ri = -0.75 good for the simulation of ammonia

synthesis loop and suggested ri = -0.5 as a good "typical" value to
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start for general problem. Rosen (34) also used this method in an

analysis of a hypothetical reactor system with the problem formula-

tion in terms of split fractions, where it was found ri = 0. 5 best.

One great disadvantage of this method is that the appropriate

ri value must be chosen for each recycle calculation. If the chosen

ri is successful, there is not serious drawback. This method is al-

most as simple as the method of successive substitution and the

storage requirement is very low.

Wegstein Method

The Wegstein method (50) is a convergence acceleration tech-

nique for the method of successive substitution which allows acceler-

ation on every iteration step. This method was originally developed

by Wegstein as a technique for accelerating convergence of iterative

procedure for single variable equation. The single variable equation

can be represented by

x = f(x) (7)

To begin the acceleration procedure, at least three system

evaluations are required. After the 3rd iteration step, the general

recurrence relation can be used.

)7(k+1) = q _x(k)
+ (1-q) x(k+1) (8)
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where

x(k+1) = f(x(k))

q = w/(w-1)

f(x' ) - f(x__( k-1)
)

7(k) 37(k-1)

(9)

The principle behind this method may be easily understood

from Figure 8. The extrapolation is made along the straight line

between the points [x__(k-1), f(3F(k-1))] and Lx k), f(x(k))] until it

intersects the 45-degree line. The slope of this straight line is w

which is defined in equation 9.

For a single variable equation, Wegstein reported convergence

was always obtained and that the value of the optimum acclera-

tion/convergence parameter q fell within certain ranges which were

associated with the iterative behavior of the system.

Wegstein (50) indicated this method might fail when applied to

systems with more than three or four variables because of variable

interaction. The acceleration/convergence parameter for a multi-

variable system may be expressed by

Q= I -1i [ 1]

where 4 ) =4)(X) which is a set of simultaneous equations.

(10)
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In Equation (9), the partial derivatives are computed for only

the diagonal terms with the remaining off-diagonal terms assumed

zero. Therefore, the slopes computed from Equation (9) are really

meaningless if the variables are interacting, i. e. , the values of

off-diagonal terms of the matrix 1-8(1)ax I
are not negligible compared

to the values of diagonal terms.

The application of this method is fairly simple and it does not

require much storage. When this method works, there is no parti-

cular disadvantages. Unfortunately, there are many cases where

the required independence of the variables is not met, in which case,

this method may sometimes be a hindrance rather than help.

Bounded Wegstein Methods

A bounded Wegstein method was developed by Kliesch (19)

after failure of the Wegstein method to obtain convergence in multi-

variable process simulation problems. He noticed that instabilities

were introduced into the process simulation by the use of predicted

negative component flow rates, when the Wegstein method was used.

Therefore, to avoid such negative flow rates, an upper limit of +1

was placed on the acceleration/convergence parameter q which

was computed from Equation (9). For those variables having q

values equal to or greater than +1, q was set equal to zero, i.e.,

a direct iteration step was taken for the next iterative computation.
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Kliesch (19) applied this method to a hydrocarbon separation

process and an ammonia synthesis loop, and concluded that this

method was the most efficient algorithm studied based on computa-

tional time.

Another method of bounding the Wegstein method is used in

the CHESS (25) executive. The q value is bounded such that for

q > 0 or q < -10 no acceleration is taken for that particular vari-

able. Also the sign of each q is compared with that of previous q

at last iteration, and if the signs are different, a direct iteration

step is applied. The acceleration procedures are applied only to the

component flow rates in each recycle stream, and other variables

are iterated by direct iteration.

Newton-Raphson. Method

The Newton-Raphson. method (9) is the most classical method

for solving the system of simultaneous equations. In application of

this method, the roots of functions 4(X), defined in Equation (2) are

to be found with the recurrence relation

(k+1) (k)
X = X [1 8X 11-1 Y(k)

.4) (k) -1
iwhere [I 8

X
I 1 is the inverse of the Jacobian matrix evaluated

a

at X (k) and Y(k) = F(X(k)) - X
(k). The Jacobian matrix is usually
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estimated by a simple finite difference approximation which requires

(n+1) system evaluations for an n variable system. Although the

Newton-Raphson method is based on sound mathematics and hence

can account for the variable interaction, it has several serious

drawbacks for process recycle calculations with large number of

variables:

(1) the number of process evaluations required to evaluate

the Jacobian matrix at each iteration is excessive.

(2) the computer storage and computing time requirement for

matrix inversions becomes significant.

(3) it is very sensitive to the initial estimates for nonlinear

systems.

Cavett (1) introduced the idea of "dilute" component to modify

the Newton-Raphson method. For a "dilute" component the corres-

ponding row and column of the Jacobian matrix were estimated

without evaluating partial derivatives. The result was so encourag-

ing that all the variables were assumed as "dilute" components and

still the acceleration of convergence was excellent for the system he

studied. However, it is difficult to make the algorithms independent

of the process system for general applications.

Generalized False Position Method

The generalized false position method (GFP) was first used by
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Rubin (35) to solve iteration problems occurring in material balance

calculations for complex systems. It requires only one recycle net

evaluation at each iteration. This is done by approximating the

Jacobian matrix using a multidimensional false position calculation

(30) for an n variable system:

[1:1 (I) (i)

(k-1) (k) (k-2)
$(k), (i)

(k-n) (k)
) (12)

(k)[x(k-1)
x(k), x(k-2) - X

(k)
, ....X(k-n) - X(k)1

1 I8X

where (1)(k), (0(k-1) (k-n) and X (k),
X

(k-1) x(k-n)

are the results of previous iterations. The Equation (12) is equiva-

lent to

x(k)
(13)

(k)
8(0Solving Equation (13) for Iax I and substituting into Equation (11)

gives the recurrence relation

X(k+1) = X(k) X
(k) (k) -1

Y
(k)

(14)

The GFP procedure then uses Equation (4) for the first n iteration

for an n variable system, and Equation (14) thereafter.

In addition to requiring fewer process evaluations per iteration,

GFP, being the multidimensional generalization of the Wegstein
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method, might be expected to have some of the latter's convergence

properties.

However, Kenny (15) experienced frequent computer underflow

or overflow causing error termination of the program execution and

reasonable adjustments of the convergence parameter did not

remedy the difficulties.

The storage requirement is even greater than for the Newton-

Raphson method and the initial choices of the recycle variables

strongly affect the iteration process.

Despite the outstanding features of GFP, it would hardly be

reliable to use this method as a process independent routine in the

general process calculational scheme. It may, however, be suit-

able for some type of applications.

Asymptotic Methods

The asymptotic convergence methods were based on the ob-

servation that the values obtained by the successive substitution

method for a single variable system followed closely a higher order

approximation such as a simple exponential (13, 17), rectangular

hyperbola (1, 8), parabola (7) or compound exponential (17) approach-

ing its asymptote as the iteration proceeds.

Isakson (13) assumed that the successive values from a direct

iteration procedure followed a form of simple exponential. That is,
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if one value is considered as being the first in a series, the value

obtained after kth subsequent iteration is given by

x = x + a e - Pk
(15)

00

where x00 is the asymptotic value and a and p are constant.

Equation (15) can be reduced to calculate the asymptote,

2

(0) (x(0) x(1) )
X00 X -

x(2) - 2x (1) + x(0)
(16)

where x(0), x(1) and x(2) are three successive values by the direct

iteration procedure. The asymptote found from Equation (16) is

then used as a base point to calculate the next iteration.

Isakson (13) mentioned that it was frequently necessary to

defer the acceleration till five or six iterations have been performed,

since the variation in the first several iterations was sometimes

erratic. It was also suggested that in the case when successive

values are oscillating about the solution, the acceleration might be

applied to alternate values instead of successive values.

The hyperbolic method (8) was based on the assumption that

successive points in an direct iteration procedure could be approxi-

mated by a rectangular hyperbola. The general recurrence formula

is



where

x(2k+1) = f(x(2k)) + [x(2k) - f(x(2k) )1 (1.0 - )

T
x(2k-1) - f(x(2k-1)

x(2k) f(x(2k))

S = 1.0, for O. 5 < T < 1.5

= T - 1.0, otherwise.
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(17)

The acceleration sequence repeats every other step and the first

three successive iterations are needed to initialize the acceleration

step.

Heaslet and Lomas (8) showed that the converging scheme

using Equation (17) depends considerably upon the first choice of

the variable. A poor first choice resulted in an intolerably slow

convergence rate.

In an aeronautical engineering application dealing with the

matric structural problem (18), Klein (17) observed that after rela-

tively few iterations, ko, the following law could be applied approxi-

mately,

or

x(k+1) x(k) [x(ko+1) x(k0)1e-a(k-ko) (18)

((0+1) x(ko)
(k - ko) a = In [ xx(k+1) x(k) (19)



which is an alternative form of Equation (15).

The asymptote is then found by the equation

(k ) x(k 0+1) - x(k 0)
x = x 0 + - a

1 e

If a is small in absolute value, then

x = x(k ko+1) x(ko)
o

)
+ x(

co a
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(20)

(21)

For some problems a different kind of behavior deviating

from the simple exponential function exists at the beginning of the

iteration process. Klein (17) indicated that the following equations

were sometimes good approximations:

and

x(k+1) -
x(k) [x(ko+1)

-
x(ko)1 [1 + a(k ko)] -p (22)

x(k+1) - x(k) = a e-a(k-ko) pe-b(k-ko) (23)

where a , p, a, b, and p are constants.

Equation (22) or (23) were recommended for the extrapolations

during the beginning period of iterations to the point where the

logarithmic damping takes over; then Equation (20) and (21) were

used.

Equation (23) leads to the expression to find the asymptote as
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following:

, 2 2(k ) A x 1 Ax , Ax ( Ax + Ax , ) + Ax3 Ax 0] 1 + Ax ( Ax Ax Ax
x =- x ° + ° 1 6 0 I 0 3 (24)oo

r 2[ Ax - Ax ( Ax + Ax ) + Ax
0 Ax 3] [ Ax

1
Ax

3
.6x2]

1 2 0 1

where

,O

(ko (kx = x +1) - x 0
)

0
(k +2) (ko+1)

Ax
1

x 0 x
(ko+3) (k0+2)

Ax
2

---= x x
(k_+4) (k_+3)

Ax = x ' x '
3

Even though the application of the asymptotic methods were

successful for single variable systems, the Wegstein method or the

Newton-Raphson method has been usually preferred.

Revised Asymptotic Method

Klein (17) suggested that the procedures applied for the single

variable problem might be extended to the multivariable system, each

variable being considered separately, however, no such applications

were presented.

Cavett (1) was the first to report results for the hyperbolic

method applied to multivariable process calculations. It was found

that the hyperbolic method was relatively slower than the Wegstein

method. Kliesch (19) also studied various asymptotic convergence

methods to obtain steady-state process simulations and concluded

they were computationally inefficient when compared to the solution
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time obtained by the bounded Wegstein (19) method and the modified

method of successive substitution (31) A major objective of the

present research is to test the conclusions reached by these authors

regarding the apparent inefficiency of asymptotic techniques.

The asymptotic convergence method used by Klein (17) in single

variable systems is revised and applied to multivariable recycle

calculations. The revised asymptotic method (RAM) developed in

this work is designed to reduce the instabilities introduced by poor

extrapolation due to variable interaction. This method is based on

the observation that each variable in the multivariable system approx-

imately follows an exponential function in the interation process simi-

lar to the single variable system. The extrapolation by Equations

(20) or (24) is bounded in a manner similar to the bounded Wegstein

methods (19, 25).

Replacing k by (ko+1) in Equation (19) gives

(ko +1) - x(k o )

a = In [ x ]
x(ko +2) - x(k° +1)

(25)

Substituting Equation (25) into (20) and rearranging the equation, the

following expression can be obtained,

x00 = q x (ko) x(k0+1)
(26)



where

x(k
0

+2)

x
(k

0
+1)

x(k0+1)

x(k0)
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(27)

To reduce the possible instabilities due to poor extrapolation,

the value of q is bounded such that

(k0+2)x = x for q 1 (28)
oo

x = 2x(k0+1) - x(ko), for q _< -50 A (.1(29)

Equations (26), (27), (28) and 29 are used for the recurrence relation in

the first algorithm (RAM(1)) of the revised asymptotic method. To

begin the iteration procedure, three successive iterations are re-

quired as shown in Figure 9, and thereafter acceleration procedure

is applied every other iteration step using the previous asymptote as

a new base point.

Since the beginning of the iteration process usually exhibits a

somewhat different behavior deviating from the logarithmic damping

described by Equation (19), the second algorithm (RAM(0)) of the

revised asymptotic method uses Equation (24) for the first accelera-

tion step after five successive iterations as shown in Figure 10.

Equations (26), (27), (28) and (29) are then used to continue the itera-

tion process.

The idea of bounding the extrapolation is also applied to
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Equation (24):

let

x = q x(k0+2) + (1-q) x(k0+3)

90

(30)

then q can be calculated from Equation (30) by the substitution of the

x value found from Equation (24). If q is greater or equal to zero,

the extrapolation is carried out by the recurrence equations (26),

(27), (28) and (29). Bounding q reduces the chance of poor extra-

polation due to any unusual behavior of system during the first few

iterations.

The logic flow diagram of the algorithm of RAM is given in

Figure 17 and the listing of subroutine RAM is given in Appendix D.

The comparison and evaluation of this method relative to other con-

vergence acceleration methods will be presented in a later section.

Comparison of Convergence Algorithms

The efficiency of an iteration algorithm for solving systems of

simultaneous equations can generally be measured by the mathemati-

cal expression of the rate of convergence or efficiency index (30,

46). Since analytical functions representing the recycle are usually

not available, the efficiency of an iteration algorithm for process

calculation is evaluated by comparing the algorithm with others on

certain bases.
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Kenny (15) and Kliesch (19) have chosen the total computing

time as the basis of comparison. Cavett (1) used an "error half-

life", i.e., the number of process evaluations required for the initial

total error to decrease by one-half, as the basis of the comparison.

The total error was defined as the square root of the sum of square

of descrepancies of successive iterations. Kesler and Griffiths (16)

used the total number of iterations as the basis of comparison.

Since the final conclusion from the comparison of the conver-

gence algorithms will be strongly dependent on the process systems

studied, the systems should be chosen enough to cover sufficient

range of the problems. No comprehensive comparison of conver-

gence algorithms for process systems having wide variety of mathe-

matical properties exists in the literature. In this investigation nine

systems are used for the comparison of convergence algorithms.

Both linear and nonlinear systems are included and each system is

also characterized by the degree of variable interaction.

The convergence algorithms most commonly used in process

calculation are examined for the purpose of a preliminary compari-

son, and a more detailed comparison is carried out for some select-

ed algorithms. The number of system evaluations, the storage

requirement and the stability of the iteration process are used to

compare convergence techniques for process calculations. The ef-

fect of the initial estimates and variable interaction on the iteration
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procedure for each algorithm is also observed.

System Characteristics

The process system may be characterized by degree of non-

linearity, interaction of recycle variables and time to compute the

process system once through,

For the matrix iterative methods such as the Newton-Raphson

and GFP methods which take account of the variable interaction

theoretically, the effect of nonlinearity is more important in the

iteration procedure. However, for the first level convergence

acceleration algorithms such as the Wegstein method, the bounded

Wegstein methods and RAM, the variable interaction plays the most

important role, since it often causes an erratic extrapolation which

leads to divergence or slow convergence. The degree of nonlinearity

would not effect a choice of convergence algorithm among these

first level accelerators. Therefore, for the purpose of comparison

of the first level convergence acceleration algorithms it may be

most advantageous to characterize the process systems according

to the degree of variable interaction.

Both linear and nonlinear systems are studied in the present

comparison. Each system is also characterized by the degree of

variable interaction. The degree of variable interaction is identified

by analyzing the Jacobian matrix evaluated at the initial base point.
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If most of the off-diagonal terms of the Jacobian matrix have larger

absolute values than the corresponding diagonal terms, or if the

square root of sum of the square of all off-diagonal elements in each

row of the Jacobian matrix is often larger in the order of magnitude

than the diagonal element of that row, the process system is defined

as a strongly interacting system.

The computing time of the processing units contained in the

recycle net is an important factor in evaluating the convergence

algorithms. The total computing time to converge a given recycle

system can be expressed (2) by

Tc = N.(T
u

+ T
p

N
p

) (31)

where Tc = total computing time required to converge the recycle

net,

N. = number of iterations,

Tu = time required to update all the variables by the itera-

tion algorithm,

T = time required to calculate the process system once-

through, and

N = number of system evaluations per iteration.

For the matrix iterative methods such as the Newton-Raphson

and GFP methods, Tu would be considerably large. After studying

the GFP and successive substitution methods, Kenny (15) expressed
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that the practical improvement obtained by faster convergence

methods would not be apparent since the actual computing time re-

quired to evaluate a process was but a small fraction of the total run

time. However, this has not been experienced in this investigation.

For the first level acceleration algorithms, however, which

are of main concern in this comparison, the updating time would not

be exceedingly greater than that for the successive substitution

method for most process systems, and the unit computing time is

usually much larger than the updating time. Therefore, an assump-

tion can be made such that Tu is negligible compared to T in
p

Equation (31),

Tc = T N.
P

(32)

since N is equal to one for these methods. This justifies the use

of the first level convergence acceleration algorithms in process re-

cycle calculations even for the system with relatively small unit

computing time in place of the successive substitution method.

Three systems studied consisted of simultaneous equations

which maintain the properties of physical process systems, i.e. ,

single valued function and single solution of real-positive value for

each function. The description of each system is given in Appendix

C.
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Bases of Comparison

The most important basis for comparison of convergence

algorithms is the total computing time required to converge a pro-

cess system. Since the total computing time is approximately pro-

portional to the number of system evaluations, the primary basis of

this comparison is the number of system evaluations to converge

the variables within the specified tolerance.

Another basis of comparison is the computer memory required

to store the values of the previous iterations and to execute the in-

structions of the iteration algorithm. For a small computer, the

storage requirement may be critical. However, large computers

are readily available at the present time, and the storage require-

ment may not be important in this circumstance unless it is exceed-

ingly high.

The stability of the iteration process may be important in

some process simulations. Instability due to poor extrapolations of

recycle variables hinders convergence acceleration, and sometimes

leads to divergence. More importantly, it may be sometimes criti-

cal to the overall process calculation where the design constraints

or operating conditions must be within certain ranges.
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Storage Requirement

Table 1 shows the total storage requirement for each iteration

algorithm for n variable and 50 variable systems. The total

storage includes the number of instructions and storage locations

occupied by the arrays specified in the DIMENSION statement.

For the Newton-Raphson and GFP algorithms, the storage

requirements are unusually high due to the effort of making those

algorithms independent of the process system and of storing and

operating the matrices.

The method of successive substitution and its modified method

have the least storage requirement. The other first level algorithms

are almost similar in terms of storage requirement except RAM(0).

RAM(0) has about 0.5K words more instructions than the others.

Whether the storage requirement can be an important basis

of comparison depends solely on the user's circumstance. For a

large computer it may not be a basis at all.

Number of System Evaluations

The number of system evaluations required to achieve conver-

gence within the specified tolerance for each algorithm is tabulated

in Table 2 for all process systems considered in this investigation.

As a preliminary comparison, all of the algorithms are used



Table 1. Approximate storage requirement for each convergence algorithm.

Number of Storage
Locations

Name
SUCCESS MSUCCESS WGSTEIN WGSTEINB RAM( 1) WGSTEINC RAM(0) NEWTON GFP

Number of Storage
Locations fry,'
Irstsi Lions 507 616 725 733 740 758 1382 4028 4510

Permanent Storage
Locations for
DIMENSION
(n variables) 4n 4n 8n 8n 6n 10n 10n 2n

2
+ 14n 10n

2
+ 13n

Total Locations 4n + 507 4n + 616 8n + 725 8n + 733 6n + 744 10n + 758 10n + 1382 2n
2

+ 14n + 10n
2

+ 13n +
(n variables) 4028 4510

Total Locations
(50 variables) 707 816 1125 1133 1044 1258 1882 9728 30160

*The CDC-3300 computer system requires two memory words for a floating point.



Table 2. Number of system evaluations.

System Description
Initial
Error

Method of Convergence

RatingSUCCESS
MSUCCESS
pi -a 5) WGSTEIN WGST BNB WGSTE1NC RAM( 1) RAM( 0) NEWTON GFP

Sc

- >,.E.
7 -.
ct m

...

Nagiev's Example 1.6445
1.0444

10. 9719

25

26
25

16 15 12

17

12

11

10

11

14

14

12

9

9

9

19 30-, RAM( 0)

WGSTEINC
WGSTEINB

R AM( 1 )

>.
._.

m
,,,,

3 ..

al ccl

a)

Photochemical
Reaction System
( multi-nodal)

-

1.5097
0.6662
1.35453545

10
9

10

15. 22. 21,.
14

15

10
11

9

11

11

11

11

13

11

21 17 SUCCESS

WGSTEINC
RAM( 1)

RAM( 0)
,,,

..5, :-.;
.p..

0
Z

Hydrocarbon Sep-
aration Process
(3 recycles)

5.0755
0.6491
0.4313

88

09

b3

59 100-, 52

37
18

68
56

63.

37

36

19

38

28
9

205 Diverge PAM( 0)
RAM( 1)

WGSTEINB

to
-.-,- ..,'-. .-,

,T, 0,0 ,
a) = c,
.., 2 -
Sc t 7., . .

F.

Salt-water
Mixing

1.6798
0. 7944

28. 6966

46
42

59

30 30 27*
20
26

21

16

21

14

18

24

6

6

6

11 50, RAM( 0)
RAM( 1)

WGSTEINC
WGSTEINB

x

Photochemical
Reaction System
(single-nodal)

3. 1492
14.9629
49.9536

80
78

79

100-, 58 32
30

32

26
29

22

30
28

29

29
35
30

401-, Diverge WGSTEINC
RAM( 1)

RAM( 0)

WGSTEINB

Fi

.5,,

-
be

Ir.

R

.a,

;-'-:0
Z

Non-linear
System of Equa-
tions

26. 5005
1.8809
4. 6732

31
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29

21 Diverge

20

Diverge
Diverge

10

Diverge
13

13

16

16

15

19

16

18

Diverge
17

Diverge RAM( 1 )

RAM( 0)

Hydrocarbon Sep-
aration Process
(2 recycles)

3.3063
1.6315
4. 5084

115

97

61

Diverge 150 112-,

59

56

170

92
58

73

73

40

84
76
45

Diverge Diverge RAM( 1)

RAM( 0)

Hypothetic al
Reactor
System

2.2758
0.9011
2. 1331

50
43

50

33 Diverge 55,
41,--

36--

36

25

27

26
25
27

17

22

23

41 Diverge RAM(0)
R AM( 1 )

WGSTEINC

Ammonia Syn-
thesis Loop

1.0726
0.5928

41

33

Diverge Diverge 41.-

Diverge
41,,
34

39

24
35

19

61 Diverge RAM( 0)

RAM( 1)

= iteration stopped without convergence poor extrapolation



99

to calculate each system with one initial point. The successive

substitution method shows very slow convergence for most of the

systems. The modified successive substitution method using -0.5

as the "forcing factor" works very well in some cases but it some-

times leads to divergence or very slow convergence. The Wegstein

method often exhibits unstable iteration and results in very slow

convergence or divergence in some cases with even moderate vari-

able interaction.

The Newton-Raphson method requires many system evaluations

even for linear systems. Sometimes it develops divergence due to

the high sensitivity to the initial estimates. The GFP algorithm

does not work for most cases. Like the Newton-Raphson method,

it is also very sensitive to the initial estimates and moreover the

multiplications and inverse of matrices may need double-precision

arithmetic for the computer calculations.

From the preliminary comparison, the successive substitu-

tion method, the bounded Wegstein methods and RAM are selected

for further study. The successive substitution method is chosen

merely as a standard method for comparison.

Each algorithm is applied to the systems studied using dif-

ferent starting values. The initial estimates are represented by

the absolute fractional total error,



[x. (0)
2 p.f.2

i=1

100

(33)

where x(0) i. is the initial value and x. is the solution value for ith

component in the X vector. The convergence is assumed to be

achieved if the absolute fractional discrepancies of successive

iterations,

(k+1) (k)
x

x(k-)x

for every variable being iterated is less than the tolerance speci-

fied, usually 0.0001 except for the ammonia synthesis loop where

the tolerance is 0.001.

For the linear, weakly interacting cases, the acceleration is

achieved with all the methods. The effect of variable interaction

seems to be small.

For the linear, strongly interacting cases, the bounded

Wegstein method by Kliesch (19) shows a few poor extrapolations,

but in most cases acceleration is achieved satisfactorily. Also it

can be noted that RAM(0) achieves excellent acceleration in linear

systems regardless of variable interaction or initial estimates.

For the nonlinear, weakly interacting cases, the variable

interaction sometimes causes slower convergence for both bounded

Wegstein methods. There appears to be no noticeable effect on both
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algorithms of RAM.

For the nonlinear, strongly interacting cases, the effect of

variable interaction is shown for all of the algorithms, even though

the effect is remarkedly different. The bounded Wegstein methods

cause very slow convergence or even divergence in some cases

due to poor extrapolation resulting in negative flow

rates. RAM(0) and RAM(1) achieve satisfactory acceleration for all

cases and there is no extreme case such as divergence or very

slow convergence.

The total error is plotted versus the number of system

evaluations with each algorithm for some systems in Figures 12,

13, 14, 15 and 16. The total error at the kth iteration is defined

for an n variable system as

n
e(k) = (x(k) 2- x) (34)

where x .th(k) is the value of the component at the kth iteration and
th

x, is the solution value of the obtained from the con-

vergence within the specified tolerance.

The total error defined by Equation (34) is somewhat different

from that defined by Cavett (1) and Steward (44). They defined the

total error as



ed(k) =
n

2

E yi
i=1
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(35)

where .this the component of the vector Y defined in Equation

(1). The difference between Equation (34) and (35) can be clearly

noted from Figures 11 and 12. In Figure 11 which is plotted using

Equation (35), good acceleration and poor extrapolation can not be

distinguished from each other. For example, the extrapolation at

4th iteration by the bounded Wegstein (19) in Figure 11 appears to

be an erratic extrapolation, although it is a good acceleration as

shown in Figure 12. Therefore, for the observation of the rate of

convergence or behavior of acceleration at each iteration step, the

total error analysis with Equation (34) would be more advantageous.

The dependence of iteration process upon the initial estimates

for each algorithm is not remarkably different for the algorithms

studied except for the Newton-Raphson and GFP methods. The

matrix iteration algorithms are very sensitive to the initial estimates

for the nonlinear systems.

Stability of Iteration Process

It is very important to maintain stability in the process calcu-

lation for fast and reliable solution. In order to keep the process

calculation stable, it is necessary to maintain stability for both the
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unit computation and the iteration process.

Franks (6) pointed out that the "cause and effect" procedure

is very important to the stable mathematical modeling of physical

phenomena. Rinard and Ripps (33) also showed that the unit compu-

tation of physical outputs from physical inputs always gives the

eigenvalues of the Jacobian matrix less than unity and hence main-

tains the system stability.

The methods of iteration, especially the convergence acceler-

ation algorithms often cause the process system to go unstable due

to poor extrapolation of recycle variables. For extreme case,

the extrapolated negative flow rate causes an error termination of

the process calculation or poor extrapolation causes negative

vapor/feed ratio within a flasher unit which may lead to very slow

convergence or divergence.

Figures 12, 13, 14, 15and 16 show the overall stability of

iteration procedure for some cases studied. The successive sub-

stitution method is the most stable since there is no acceleration.

The bounded Wegstein method (19) is the least stable among the

first level algorithms compared. It shows extremely poor extra-

polation even at the point close to the solution. The bounded

Wegstein method (25) being used in the CHESS executive is fairly

stable, although in some cases it develops a negative flow rate or

poor extrapolation. RAM(1) also has a poor extrapolation in
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Figure 14, however, both algorithms of RAM maintain good stabili-

ty for most of the cases studied.
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Figure 11. Total error decay for hydrocarbon separation process (3 recycle streams).
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Figure 12. Total error decay for hydrocarbon separation system (3 recycle streams).
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Figure 15. Total error decay for salt-water mixing system.
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Figure 17. (a) Subroutine RAM flowchart (beginning).
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Continued on next page
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Figure 17. (b) Subroutine RAM flowchart (continued).
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Figure 17. (c) Subroutine RAM flowchart (continued).
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Figure 17. (d) Subroutine RAM flowchart (continued).
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*The logic flowchart of subroutine XRAM is the same as that of subroutine RAM except that the
logic in Figure 17 (a) and 17 (d) is eliminated in XRAM. Subroutine XRAM uses MNST, XXIG,
XXIF, XXSC1, XXSC2 and XXSC3 instead of NST, XIG, XIF, XSC1, XSC2 and XSC3 for storage.
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Figure 18. Subroutine IOUTPUT flowchart.
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IV. CONCLUSIONS

The DISCOSSA system has been used in a number of graduate

and undergraduate classes in the Department of Chemical Engineer-

ing at Oregon State University in addition to active use in graduate

research. Little difficulty was experienced in using the DISCOSSA

system to solve process simulation, design and optimization prob-

lems, and sometimes simultaneous systems of equations. It is

particularly encouraging that the students in the one-credit hour

junior class (ChE 325) familiar with introductory Fortran and time-

sharing by remote teletype, but totally unfamiliar with concepts of

system simulation could learn to use the DISCOSSA system effective-

ly to simulate reasonably complex systems after an instruction

period of no more than two hours.

This system appears to serve the dual purpose as a tool for

both research and instructional use very effectively as it is designed

to promote maximum flexibility and generality while at the same

time maintaining a high degree of man-machine interaction.

For the comparison of the various convergence techniques, the

following conclusions are made:

(1) The Newton-Raphson method requires high storage and

many system evaluations. It is also very sensitive to the

initial estimates and often causes divergence.



117

(2) The GFP method requires the most storage and does not

work for most of the cases studied. It appears to need the

double-precision arithmetic for the computer calculations,

and good initial estimates close to the solution.

(3) The modified method of successive substitution works very

well in some cases. However, appropriate selection of

the "forcing factor" is necessary for an efficient acceler-

ation, otherwise this method may lead to poor convergence

in some cases.

(4) The Wegstein method is the most sensitive to variable

interaction and therefore often causes very poor extra-

polation resulting in very slow convergence or divergence.

(5) The successive substitution method leads to the most

stable but often very slow convergence.

(6) The bounded Wegstein method by Kliesch (19) is somewhat

less sensitive to variable interaction than the Wegstein

method. However, it sometimes has very slow conver-

gence or divergence due to poor extrapolation.

(7) The bounded Wegstein method used in the CHESS (25)

executive is fairly stable for most cases and accelerates

convergence very well for some problems. It still

develops a negative flow rate and sometimes intolerably

slow convergence probably due to the excessive bounding
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of the extrapolations.

(8) The RAM(1) and RAM(0) asymptotic algorithms maintain

good stability and accelerate convergence for all but one

case studied. Comparison between RAM(0) and RAM(1)

does not reveal any remarkable characteristics. RAM(1)

may be advantageous storagewise, however, RAM(0) per-

forms acceleration better in most cases.

On overall basis, RAM(0) appears to be better than the other

convergence algorithms studied in this investigation. Therefore,

it is recommended that RAM(0) be tried first for a new process re-

cycle calculation. If the system is to be computed many times,

then other convergence algorithms can be tested to determine if

RAM(0) should be replaced by another technique.
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APPENDIX A

NOMENCLATURE
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NOMENCLATURE

AF Initial absolute fractional error.

C Heat capacity, Btu/lb mole, °F

E Vector specifying acceptable error in the corresponding
element of X vector for iteration procedure.

e(k) Total error as the square root of sum of the squares of
individual errors at the kth iteration.

ed(k) Total error as the square root of sum of the squares of
descrepancies of successive iterations at the kth iteration.

f(x) Single variable function.

F Fresh feed stream vector.

F(X) Set of sumultaneous equations.

I Identity matrix.

N. Number of iterations.

N Number of system evaluation per iterations.

P1' P2 Product stream vector leaving process.

q Acceleration/convergence parameter.

Q Acceleration/convergence parameter vector for multivari-
able case.

R Recycle stream vector leaving process.

R(k) kthRecycle stream vector at the k iteration.

T Total computing time required to converge recycle net.
c

T Time required to calculate one system evaluation.
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Tu Time required to update all the recycle variables.

WAB Weighting factor of an edge between node A and B.

WA+ Total input weights to node A.

WB- Total output weights from node B.

x(k+1)
(k)

Value of a single variable at the (k+1) th iteration = f(x ).

Value of a single variable which is the base point at the kth
iteration.

The ith component of vector X.

x Solution value of x..
1

x00 Asymptote of single variable x.

X Matrix of the independent variables in the generalized
false positions.

X Recycle variable vector (Iterate vector).

X
(k) Iterate vector at the kth iteration.

Y Vector of dependent variable = R X

(k) thY vector at the k iteration.

The ith component of Y vector.

Total feed stream vector to process.

"Forcing" parameter.

Functional expression of vector Y, Y = 4(X)
th4 vector at the k iteration.

Matrix of dependent variables in the generalized false
position.

The ith component of 4 vector.
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New function formed with the "forcing" parameter.

Inverse of the matrix

a co (k)
I Matrix of the first order partial derivatives (Jacobian

a X matrix) at the kth iteration.

a
a ,13.

X I

1- Inverse of the Jacobian matrix.
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APPENDIX B

DISCOSSA Input Form A

ORDER Input Form A



DISCOSSA INPUT DATA FORM A

PROGRAMMER Date Page of

The first three input records must be in the order shown. The order of data input for any row of (EN, SN, PP, PPA, KW) or for (DFLS, KSOUT) is completely arbitrary.

Input Record 1 TITLE - FORMAT ( lx, 8A8, A7) - 71 characters maximum - begin in column 2

2

Input Record 2 CONTROL VARIABLES - FORMAT (1415) - If not specified: KPRINT = 5, LOOPS = 20, KTP( I) = 6, KTP(2) = 6

5 10 15 20 25 30 35 40

KRUN KSETS KPRINT LOOPS NOGO KARDS

Input Record 3 DIMENSION VARIABLES - FORMAT (1415)

5 10 15 20 25 30

KCLEAN KTF( 1)

35 40

45

KTP(2)

50

KTP (3)

45

NEMAX NSMAX NELMAX NSLMAX NOCOMP NPMAX NPLMAX NAMAX NALMAX

Data Input Records For Any Arbitrary Row of Matrices (EN, SN, PP, PPA, KW) or Vectors (DELS, KSOUT)

2 6 9 10 15 20 25 30 35 40 45 50 55 60 65 70
NAME NO.

1

**=*Additional input records are necessary to complete the row vector***



KRUN =
KSETS =

KPRINT =
LOOPS =
NOGO =

KARDS

KCLEAN
KTP( 1)

KTP(2)

KTP(3) #

CONTROL VARIABLES

run number
0 normal mode
O intermediate trace output from equipment subroutine
output entire SN matrix every KPRINT iterations
maximum number of iterations for any recycle net
0 continue calculations if recycle net not converged in LOOPS
iterations
O terminate execution
O final output written on output unit 7 in a format suitable
for direct use by subroutine INPUT
O do not zero SN, EN, DELS, STRMI, STRMO
6 or 61 output unit number for intermediate output
6 or 61 output unit number for final process topology if con-
vergence of a recycle net is not achieved in LOOPS iterations
and NOGO # 0.
O no message printed out from subroutine CHEKFLAG.

NEMAX =
NSMAX =
N ELMAX =

NSLMAX =
NOCOMP =

NPMAX =

NPLMAX =

NAMAX =
NALMAX =

DIMENSION VARIABLES

maximum equipment number ( = 50)
maximum stream number ( 75)
maximum length of equipment parameter vector

( 20)
maximum length of stream variable vector ( L 25)
number of chemical components A, B, C, etc. or
different chemical species in the stream vector
number of rows of PP matrix ( .4.30)

number of columns of PP matrix ( ...4z 20)

number of rows of PPA matrix ( 4 30)
number of columns of PPA matrix ( .4.20)

Format for first input record defining the row - columns 1-10 Left adjust matrix or vector name beginning in column 2. The number (NO.) in
columns 9 and 10 is right adjusted and has the meaning: equipment number for EN; stream number for SN & KW; row number for PP & PPA; not used
for DELS; total number of streams to be printed each iteration for KSOUT. Columns 1-10 are left blank for other input records after the row is de-
fined.

Format for columns 11-70 For matrices EN, SN, PP, PPA - (4E15.5). For matrix KW and vector KSOUT - (1215). For vector DELS - (6E10.5). Be-
gin with second element of row in SN, EN, DELS, KSOUT, KW; e.g. for SN, the first input record has SN(NO, 2) in columns 11-25. DELS(2) will be in
columns 11-20. KSOUT(2) begins the list of output stream numbers to be printed each iteration and is positioned in columns 11-15, Begin with the
first element of PP and PPA, i. e. PRNO, 1) is in columns 11-25.

DELS: If DELS is not defined at all in the input data, the absolute fractional convergence is set automatically to 0.0001 for all temperatures, pres-
sures and component molal flow rates. DELS( 1) is not used. If DELS(2) = 0, then after all data for DELS has been read in, the executive will
set all unspecified tolerances for all temperatures, pressures and component flow rates equal to 0.0001. If DELS(2) # 0, then after all data
for DELS has been read in, all unspecified tolerances for temperatures, pressures, enthalpy and component flow rates will be set equal to
DELS(2). DELS(3) is the tolerance for the total molal flow rate and, if not specified in the input data, will be set equal to the sum of the
tolerances for all component flow rates, i. e. NSCOMP

DELS( 3) = E DELS(I), where NSCOMP = NOCOMP+6
I = 7



PROGRAMMER

ORDER INPUT DATA FORM A

PROCESS SYSTEM TOPOLOGY IDENTIFICATION

Date Page of

First Input Record DIMENSION VARIABLES AND STANDARD WEIGHT - FORMAT (315, E10. 1) Must be the first data input for subroutine ORDER - If not
specified, WCOMMON = 1.0

5 10 IS 25

MAXSN MAXSN MPLMAX WCOMMON

Matrix Input Records

2 5

INPUT DATA FOR THE PROCESS MATRIX (MP) AND THE WEIGHT MATRIX (W) - Either matrix can be entered first; the weight matrix
can be omitted. The input data for each matrix consists of the matrix identifier on the first record followed by the matrix data on suc-
ceeding records.

10 15 20 25 30 35 40 45 50 SS 60

MATRIX IDENTIFIER - begins in column 2. First character of the identifier must be either P or W in column 2-9.

FORMAT FOR MATRIX DATA - For matrix MP: FORMAI (1115). Node number (equipment number in columns 1-5 and inlet and outlet stream numbers in columns
6-55. Outlet stream numbers must have minus sign. For matrix W: FORMAT (4(15, E10. 1)). Stream number and its weight in this order repeated 4 times in
one row.

DIMENSION VARIABLES MAXSN = maximum number of equipments
MAXSN = maximum number of streams in input data. 75
MPLMAX = maximum number of input and output streams associated with a node .5._ 10

WCOMMON If the weight is not specified on any stream in a recycle net, it is automatically set equal to WCOMMON.
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APPENDIX C

SYSTEM CHARACTERISTICS FOR
COMPARISON OF CONVERGENCE ALGORITHMS
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Photochemical Reaction System

A photochemical reaction is carried out isothermally in a

constant volume stirred-tank reactor (20). The molecular equa-

tions for the interaction of species, A, B, C, D, E, F and G are

given by:

kl
A + B 2D

k2
C + B CB

CB + B -1'3E (36)

k
3E + D --) 2F

k4
F + A 2G

where the last reaction is photochemical and its rate is proportional

to the square root of the light intensity, I,and k1, k2, k*, k3 and

k
4

are reaction rate constants.

At steady-state, the rate of reaction can be written as follows:

F
1

- Fw
1

- klw1w2 - k4w1w6II/2 = 0

F2 - Fw2 - kiwiw2 - 2k2w2w3 = 0

F3 - Fw3 - k2w2w

-Fw4 + 2kiw1w2 - k3w4w5 = 0

Fw5 + 3k2w2w3 - k3w4w5 = 0

Fw6 + 2k3w4w5 - ke1w6I 1/2 = 0

(37)



-Fw
7

+ 2k
4

w
1
w

6
I
1/2 = 0
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(37)

where w1, w2, , w7 are weight fractions of species A, B, ..,G,

F1, F2, and F3 are inlet feed rates of pure A, B and C, and F is

outlet feed rate of combined streams with F = F1 + F2 + F3.

The parameter values are:

k
1

= 17.6 k
2

= 73.0 k
3

= 51.3

k
4-

23.0 k* = very large

F
1

= 3.0 F
2

= 4.75 F
3

= 1.25

I = 0. 6

From the set of equations (37), the variable wi, w2, ...w7 are cal-

culated as follows:

F1
w

1 F + kiwi + k4w 611/2

F2

F + kiwi + 2k2w3

F3
w

3 F + k
2
w

2

2k
1
w

1
w

2

w4 F + k
3

w
5

(38)
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W

2k2w2 w
3

5 F + k
3
w

4

(38)

2k
3

w
4w5

w6
F + k4w1 I

1/2

Solution with Single-nodal Scheme

The set of simultaneous equations (38) is solved with the

DISCOSSA executive as shown in Figure F-1

Solution with Multi-nodal Scheme

One or several equations from the set of simultaneous equa-

tions (38) are represented by a block and then arranged such that

computed output information can be used as an input to the succeed-

ing blocks as shown in Figure F-2.

Node 1 calculates w1 and w3, node 2 w2, node 3 w4 and w7,

node 4 w5 and node 5 w6. The quantities specified for each stream

in Figure F-2 are the information contained in the corresponding

stream.

Salt-Water Mixing System

This system consists of mixers and splitters which have linear

characteristics. The feed rates in lb moles/hr and split fractions
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are specified in the system topology shown in Figure F-3.

Nagiev's Example

The material balance for a complex processing of straight-run

fuel oil (27) gives the following set of linear simultaneous equations:

g
1

1000. + 0.462 g
1

+ 0. 0436 g
2

g
2

= 200. + 0.2350 g
1

+ 0.67 g
2

+ 0.1667 g
5

+ 0.05 g
7

g
3

= 100. + 0.008 g
1

+ 0.0061 g
2

+ 0.445 g
3

+ 0.01 g
4

( 39 )
g

4
= 200. + 0.0026 g

1
+ 0.0022 g

2
+ 0.268 g

4
+ 0.011 g

6

g
5

= 50. + 0.0032 g
1

+ 0.0025 g
2

+ 0.2130 g
3

+ 0.0833 g
5

+ 0.05 g
7

g
6

= 70. + 0.0017 g
1

+ 0.0014 g
2

+ 0.29 g
4

+ 0.482 g
6

g
7

= (0.75 g
5

+ 0.08 g7) /0. 27

where g1, g
2

and g
7

are the rate of charge of component 1, 2,

..., and 7, respectively.

The system of simultaneous equations (39) is solved with the

DISCOSSA executive using the single-nodal scheme shown in Figure

F-1 to study iterative techniques.

Nonlinear System of Equations

The nonlinear system of equations



xi = 100 O. 2 xi + 0.3 x2e -1. 5 x3

x2 = 50 - 2 In + 0. 7 x2 - 0.1 x3 1/2

x3 = 0.5 xi e -0.03 xl
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(40)

The above system of equations is mainly designed for study

of stability of iteration procedure. This system is also solved using

single-nodal scheme shown in Figure F-1.

Hydrocarbon Separation Process

The hydrocarbon separation process was first used by Cavett

(1) to study methods of convergence in process calculations. The

system consists of isothermal flash drums as "shown in Figure F-4.

The detailed description of the process is contained in Cavett's

paper (1).

Solution with Three Recycle Streams

The streams 5, 9 and 10 are iterated to converge the process

system topology of Figure F-4. Both Cavett (1) and Kliesch (19)

chose those streams as the iterates.

Solution with Two Recycle Streams

The streams 2 and 7 are chosen as recycle streams iterated.

Those streams are found to be very difficult to converge regardless
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of the methods of convergence.

Hypothetical Reactor System

The hypothetical reactor system is shown in Figure F-5. The

following reaction takes place in each reactor:

k
2

A -----> B C (41)

where k
1

and k
2

are reaction rate constants.

The output of each reactor in terms of the input is given by

Walas (49):

n
ao

na 1 + k
10

nb
nbo

klna
1 + k20 1 + k

2

nc n co + k 20 n6

(42)

where na, nb, nc and nao, nbo, nco
are the moles of A, B and C

leaving and entering the reactor respectively, and 0 is residence

time.

The flasher drum is similar to that of the hydrocarbon separa-

tion system except that the equilibrium constants are calculated from

the equation



D
ln K P = DI + t + D3
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(43)

where p is the operating pressure in lb
f
/sq. in. and t is tempera-

ture °F. The constants D1, D2 and D3 are taken from Rosen's

(34) reactor system. The values are given in the Table F-1 where

the operating conditions and feed rate are also specified.

The process system topology of Figure F-5 is calculated with

streams 7, 9 and 10 as the iterates.

Ammonia Synthesis Loop

The process system of the ammonia synthesis loop shown in

Figure F-6 is similar to the one used by Kliesch (19) except the

synthesis reactor beds. The steady-state mathematical model of the

reactor bed is taken from Shah's (41) paper where the reactor is com-

posed of two catalytic beds and the radial temperature, velocity and

concentration gradients are neglected. The only difference of the

reactor bed used in Figure F-6 from Shah's reactor is that the inlet

temperature to each catalytic bed is controlled.

The heat exchanger is parallel, counter-flow, 1 shell, 2 passes,

with equilateral tube arrangement. The mathematical modeling

equations and unit specifications for the heat exchanger and flash

drums are the same as in Kliesch's (19) work. The flasher unit is

the same as that for the hydrocarbon separation process.
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The process system topology of Figure F-6 is calculated with

streams 4 and 12 as the iterates.
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Table F-1. Data for hypothetical reactor system.

Data for continuous stirred tank reactors

kl

Dimension

hr -1

k
2

hr -1

Flash Unit - 3

Unit 1

O. 211

0.101

t = 40°F
p = 200 lbf/sq. in. absolute

Component

Unit 2

0. 440

0. 219

D1 D2 D3

A 8.38793 - 408.210 148.623
B 8.45458 - 561.020 167.386
C 8.92967 -1951.360 236.978

Separation Units - 4, 5, 6 Fixed Separation Fractions

Component Unit 4 Unit 5 Unit 6

A 0. 1 0.1 0. 1
B 0. 4 0. 9 0. 8
C O. 9 0. 1 0. 2

Fresh feed rate

Component Component molal flow rate (lb mole/hr)

A 970
B 30
C 0
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R
System of

Equations

Y = R - X

Figure F-1. Single -nodal scheme for solution of set of simultaneous equations.

14 (w2)

3

13

7 (w5

8 (w4)

(

Figure F-2. Multi-nodal scheme for solution of set of simultaneous equations.
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Figure F-3. Salt-water mixing system.
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Figure F-4. Hydrocarbon separation process.
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Figure F-5. Hypothetical reactor system.
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Figure F-6. Ammonia synthesis loop.
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APPENDIX D

LISTINGS OF SUBPROGRAMS
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SUBROUTINE NET(NETID,N1,N2,143,N4,N5,N6)
INCLUDE DCD
NETINDEX=NETID
NST(1)=N1$NST(2)=N2$NST(3)=N3SNST(4)=N4SNST(5)=N5$NST(6)=N

IF(KFLAG.NE.0)00T040
IF(IDEX4.E0.0)10,20

10 IDEX4=NETID
D0151=1,6
MNST(I)=NST(I)
NSB=NST(I)
IF(NSB.E0.0)GOT015
D012J=1aNSLMAX
XIG(I,J)=SN(NSB,J)

12 XXIG(I,J)=SN(NSB,J)
15 CONTINUE

RETURN
20 D0251=1,6

NSB=NST(I)
IF(NSB.E0.0)GOT025
D022J=1,NSLMAX

22 XIG(I,J)=SN(NSB,J)
25 CONTINUE

IF(NETINDEX.EG.IDEX4)27,30
27 IDEX5=1

RETURN
30 IDEX5=2

RETURN
40 IF(KFLAG.E0.2.AND.NETINDEX.NE.IDEX4)GOT060

IF(IDEX5.E0.2.AND.NETINDEX.MIDEX4)90,95
90 D0501=1,6

NSB=NST(I)
IF(NSB.E0.0)GOT050
D045J=1,NSLMAX
XXIG(I,J)=XIG(I,J)
XXIF(I,J)=XIF(I,J)
XXSC1(I,J)=XSC1(I,J)
XXSC2(IaJ)=XSC2(I,J)

45 XXSC3(I,J)=XSC3(I,J)
50 CONTINUE
95 RETURN

: 60 KFLAG=0
D0701=1,6
D070J=1,NSLMAX

: 70 XIG(I,J)=XIF(I,J)=XSC1(I,J)=XSC2(IsJ)=XSC3(I,J)=0.
D0801=1,6
NSB=NST(I)
IF(NST.E(3.0)GOT080
D075J=1,NSLMAX

: 75 XIG(I,J)=SNCNSB,J)
80 CONTINUE

RETURN
END



147

SUBROUTINE CHEKFLAG
INCLUDE DCD
GOTO(6,4,1),KFLAG

1 IF(NOGO.NE.0)2,3
2 WRITE(61,100)NETINDEX,LOOP,IDEX2

CALL OUTPUT(KTP(2))
STOP

3 WRITE(61,200)NETINDEX,LOOP,IDEX2,NETINDEX
KFLAG=2
GOTO5

4 IF(KTP(3).NE.0)GOTO5
WRITE(61,300)NETINDEX,LOOP,IDEX2

5 IDEX2=0
IF(IDEX5.E0.2.AND.IDEX6.E9.0)GOTO6
IDEX3=IDEX4=IDEX5=IDEX6=0

100 FORMAT(1X,/'-****FROM SUBROUTINE CHEKFLAG- RECYCLE NET 1,1
3,' DID

1NOT CONVERGE IN ',I3/' ITERATIONS(',I3," RECYCLE NET EVALU
ATIONS)

2: RUN TERMINATED.****')
200 FORMAT(1X,/'-****FROM SUBROUTINE CHEKFLAG- RECYCLE NET ',I

3,' DID
1NOT CONVERGE IN ',I3/' ITERATIONS(',I3,' RECYCLE NET EVALU

ATONS):

2 RUN CONTINUED USING RES-'/' ULTS FROM LAST ITERATION OF R
ECYCLE N

3ET ',I3,'****')
: 300 FORMAT(1X,/'-****FROM SUBROUTINE CHEKFLAG- RECYCLE NET ',I

3,' CONV
lERGED IN ',I3,/' ITERATIONS(',I3," RECYCLE NET EVALUATIONS

).****')
6 RETURN

END



SUBROUTINE RAM(KI)
INCLUDE DCD
ISM=IDEX6=0
D051=1,6
IF(NST(I).NE.0)GOT050

5 CONTINUE
IF(IDEX5.E0.1)10,30

: 10 ISM=1
IF(KFLAG.EQ.2)15,20

15 KONOK=0
GOT025

20 KONOK=1
25 CALL XRAM(KI,KONOK)

GOT0212
: 30 NETINDEX=IDEX4

IDEX3=IDEX3+1
IDEX2=0 S IDEX6=1
IF(IDEX3.NE.1)GOT035
KFLAG=0

35 D0401=1,6
: 40 NST(I)=MNST(I)

D0451=1,6
D045J=1,NSLMAX
XIG(I,J)=XXIG(I,J)
XIF(I,J)=XXIF(I,J)
XSCI(I,J)=XXSC1(I,J)
XSC2(I,J)=XXSC2(I,J)

45 XSC3(I,J)=XXSC3(I,J)
: 50 IF(KFLAG.EQ.0)IDEX2=0

IDEX2=IDEX2+1
KONOK=0
ILL=LAD=1

75 NSB= NST(ILL)
IF(NS8.E0.0)80,85

80 ILL=ILL+1
IF(ILL.LE.6)75,200

: 85 IF(LAD.EQ.1)90,110
90 IF(IDEX6.E0.1)95,100
95 LOOP=IDEX3

GOT0105
100 LOOP=IDEX2
105 LOOP=LOOP-1

CALL IOUTPUT(KTP(1))
LOOP=LOOP+1
LAD=0

110 IF(KI.NE.0)GOT0115
IF(LOOP.LE.5)GOT0130

115 LH=LOOP/2
IF(LOOP.EQ.2*LH)120,125

120 IASYT=1
GOT0130

125 IASYT=0
130 D0150J=4,NSLMAX

KOV=1
IF(XIG(ILL,J).EQ.0.)55,60

55 DELX=SN(NSB,J)
GOT065

60 DELX=(SN(NSB,J)-0(1G(ILL,J))/XIMILL,J)
65 IF(ABSF(DELX).LT.DELS(J))70,71
70 KOV=0

GOT0135

1
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71 KONOK=KONOK+1
135 IF(LOOP.LE.5.AND.KI.E0.0)GOT0160

IF(LOOP.EA.1)131,132
: 131 XSC1(ILL,J)=SN(NSB,J)

GOT0150
: 132 IF(IASYT.E0.1)GOT0150

IF(KOV.E0.0)GOT0150
SLOPE=CSN(NSB,J).-XIG(ILL,J))/(XIG(ILL,J)-XSC1(ILL,J))
0=1.-1./(1.-SLOPE)
IF(O.GE.1.0)141,142

: 141 XSC1(ILL,J)=SN(NSB,J)
GOT0150

: 142 IF(Q.LT.-50.)143,144
143 XSC1(ILL,J)=8.*XIG(ILL,J)...XSC1(ILL,J)

: SN(NSB,J)=XSC1(ILL,J)
GOT0150

144 XSC1(ILL,J)=XSC1(ILL,J)*()+(1.-A)*XIG(ILL,J)
SN(NSB,J)=XSC1(ILL,J)
GOT0150

160 GOTO(165,170,175,180,185),LOOP
: 165 XSC3(ILL,J)=SN(NSB,J)
: GOT0150
: 170 XSC2(ILL,J)=SN(NSB,J)

GOT0150
175 XSC1(ILL,J)=SN(NSB,J)

GOT0150
: 180 XIG(ILL,J)=SN(NSB,J)
t GOT0150
: 185 IF(KOV.EA.0)190,188
: 188 CALL ASPT(XSC3(ILL,J),XSC2(ILL,J),XSC1(ILL,j),XIG(ILL,j),

1 SN(NSB,J),ASY)
XSC1(ILL,J)=ASY
SN(NSB,J)=XSC1(ILL,J)
GOT0150

190 XSC1(ILL,J)=SN(NSB,J)
150 CONTINUE

GOT080
200 D0210 1=1,6

: NSB=NST(I)
: IF(NSB.E0.0)GOT0210
: SN(NS8,3)=0.
t D0205J=1,NSLMAX
: IF(J.LE.6.0R.N000MP.E0.0)GOT0205
: SN(NSB,3) =SN(NSB,3) +SN(NSB,J)
: 205 XIG(I,J)=SN(NSB,J)
: 210 CONTINUE

212 KFLAG=1
: IF(KONOK.E0.0)215,220

215 KFLAG=2
: 220 IF(IDEX6.EQ.1)225,230
: 225 IDEX2=IDEX3
: 230 IF(IDEX2.GE.LOOPS.AND.KFLAG.NE.2)KFLAG=3
: LOOP=IDEX2

IF(ISM.E0.1)GOT0240
IF(IDEX5.EG.1)G0T0245

: 240 CALL CHEKFLAG
: IF(KFLAG.E0.2.0R.IDEX6.EG.1)IDEX2=0
: 245 D02501=1,6

250 NST(I)=0
RETURN
END



SUBROUTINE ASPT(X1,X2,X3,X4,X5,XA)
DX1=X2-XISDX2=X3-X2SDX3=X4-X3SDX4=X5-X4
IF(DX1.EG.0.0R.DX2.EQ.0.0R.DX3.E0.0.0R.DX4.E0.0)GOT010
A1=DX2*DX2-DX1*DX3
A2=DX2*DX3-DX1*DX4
AN=DX1*(Al-A2)+DX2*(DX2**2..DX1*DX3)
ADN= AI -A2- (DX2 *DX4 - DX3 * *2)

IF(ADN.E0.0.)GOT010
XA=Xl+AN/ADN
Q=CXA-X4)/(X3-X4)
IF(61.GT.0.0)GOT010
RETURN

10 0=1.-1./(1.-DX4/DX3)
XA=X3*04-(1.-0)*X4
IF(O.LT.-50.)15,20

15 XA=2.*X4-X3
GOT030

20 IF(O.GT.1.0)XA=X5
: 30 RETURN

END

I
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SUBROUTINE XRAM(KI,KONOK)
INCLUDE DCD
ILL=LAD=1

75 NSB=MNST(ILL)
IF(NSB.E0.0)80,85

: 80 ILL=ILL+1
IF(ILLLE.6)75,200

: 85 IF(LAD.EQ.1)90,110
: 90 LAD=0
: 110 IF(KI.NE.0)GOT0115

IF(LOOPLE.5)GOT0130
115 LH=LOOP/2

IF(LOOP.E0.2*LH)120,125
120 IASYT=1

GOT0130
125 IASYT=0

: 130 D0150J=4,NSLMAX
KOV=1
IF(XXIG(ILL,J).E0.0.)55,60

: 55 DELX=SN(NSB,J)
GOT065

: 60 DELX=(SN(NSB,J)XXIG(ILL,J))/XXIG(ILL,J)
: 65 IF(ABSF(DELX).LT.DELS(J))70,71
: 70 KOV=0

GOT0135
: 71 KONOK=KONOK+1
: 135 IF(LOOPLE.5.AND.KIEG.0)GOT0160

IF(LOOPEG.1)131,132
: 131 XXSC1(ILL,J)=SN(NSB,J)

GOT0150
: 132 IP(IASYTEG.1)GOT0150

IF(KOV.E0.0)001.0150
SLOPE=CSN(NSB,J)XXIG(ILL,J))/(XXIG(ILL,J)XXSCUILL,J))
0=1.-1./(1..SLOPE)
IF(Q.GE.1.0)141,142

: 141 XXSC1(ILL,J)=SN(NSB,J)
GOT0150

142 IF(Q.LT.-50.)143,144
: 143 XXSC1( ILL,J)=2.*XXIG(ILLDJ)XXSC1(ILL,J)

SN(NSB,J)=XXSC1(ILL,J)
GOT0150

: 144 XXSCI(ILL,J)=XXSC1 (ILL,J)*A+(1.-0)*XXIG(ILL,J)
SN(NSB,J)=XXSC1(ILL,J)
GOT0150

: 160 GOTO(165,170,175.180,185),LOOP
165 XXSC3(ILL,J)=SN(NSB,J)

GOT0150
170 XXSC2(ILL,J)=SN(NSB,J)

GOT0150
175 XXSC1(ILL,J)=SN(NSB,J)

GOT0150
180 XXIG(ILL,J)=SN(NSB,J)

GOT0150
185 IF(KOV.E0.0)190,188
188 CALL ASPT(XXSC3(ILL,J),XXSC2(ILL,J),XXSC1(ILL,J),XXIG(ILLa

J),



1 SN(NSB,J),ASY)
XXSCICILL,J)=ASY
SN(NSB,J)=XXSC1CILL,J)
GOT0150

190 XX8C1(ILL,J)=SN(NSB,J)
150 CONTINUE

GOT080
200 D0210 I=1,6

NSB=MNST(I)
: IF(NSB.EQ.0)GOT0210
: SN(NSB,3)=0.

D0205J= 1,NSLMAX
IF(J.LE.6.0R.NOCOMP.E0.0)GOT0205
SN(N513,3)=SN(NSB4,3)+SN(NSB,J)

: 205 XXIG(I,J) =SN(NSB,J)
: 210 CONTINUE

245 D02501=1,6
: 250 MNST(I)=0

RETURN
END

1
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SUBROUTINE IOUTPUT(IP)
INCLUDE DCD
IF(IDEX5.E0.2AND.IDEX6NE.1)RETURN
IF(IDEX6.E0.1)150,200

150 IF(IDEX3.E0.1)1,2
200 IF(IDEX2EQ1)1*2

1 LKPRINT=0
KSOUT1=KSOUT(1)+1
KOUNT=KOUNT1=0 S KI=KI1=1

2 IF(KOUNT.EA.LOOP)11,12
11 IF(KI.E0.1)13,100

: 13 KI=2
GOT017

: 12 KOUNT=LOOP
17 IF(KSOUT(1).E0.0)5,3
3 WRITE(IP,1000)LOOP

DO4I=2*KSOUT1
N=KSOUT(I)
SN(N,1)=N
WRITE(IP,1300)
IF(NSLMAXEig.4)10,20

10 WRITE(IP*1210)(SN(NsJ),J=1*NSLMAX)
GOTO4

20 KRITE(IP*1200)(SN(N*J),J=1,NSLMAX)
4 CONTINUE
5 IF(KI1.E01)16,14
16 KI1=2

GOT015
: 14 IF(KOUNTI.MLOOP)RETURN

KOUNT1=LOOP
IF(LOOP.NE.LKPRINT)RETURN

: 15 IF(KPRINTGE.LOOPS)GOT0100
WRITE(IP,1100)LOOP
LKPRINT=LKPRINT+KPRINT
DO6I=1*NSMAX
IF(SN(I*2).E0.0..ANDSN(Is3)EA.0AND
1SN(Is4).E0.0. AND.SN(1,5).E0.0..AND.SN(I*6).E9.0..AND.SN(I

2.E12.0..AND.SN(I,6) EQ.0..ANO.SN(I,9).E0.0.ANDSN(I*10)EA

3.0.)6,30
: 30 SN(I,1) =I

WRITECIP*1300)
IF(NSLMAXEG.4)40,50

40 WRITE(IP*1210)(SN(I,J)*J=1*NSLMAX)
GOTO6

50 WRITE(IP*1200)(SN(I*J)*J=1,NSLMAX)
6 CONTINUE

1000 FORMAT(IX, /' * * ** *INTERMEDIATE RESULTS OF ITERATION
SELECT

lED STREAM /' VECTORS SPECIFIED IN KSOUT * * * *')
1100 FORMAT(1X*/ -.*****INTERMEDIATE RESULTS OF ITERATION

ENTIRE
1 STREAM /' MATRIX *****')

: 1200 FORMAT(' STREAM's1X,F2.0,3E15.5/(4E155))
: 1210 FORMAT(' STREAM'ip1X,F20,3E15.5)
: 1300 FORMAT(1H )
: 100 RETURN

END
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APPENDIX E

DISCOSSA and ORDER Diagnostics
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DISCOSSA Diagnostics

INPUT

Condition: Row of an input matrix or vector is too long

B4-:--,4-FROM SUBROUTINE INPUT- AN ATTEMPT HAS BEEN MADE
TO READ DATA INTO ROW OF WHICH EXCEEDS THE
MAXIMUM LIMIT SPECIFIED ON THE DIMENSION INPUT RECORD.
INPUT RECORD IGNORED AND PROGRAM EXECUTION CONTINUED.

Condition: Number of rows of KW matrix is greater than 6

B****FROM SUBROUTINE INPUT- ONLY 6 ROWS ALLOWED IN
KW. PROGRAM EXECUTION TERMINATED. *4**

Condition: Mis-spelling name of matrix or vector on input record.

B ,FROM SUBROUTINE INPUT- CAN NOT BE IDENTIFIED.
ONLY EN, SN, PP, PPA, DELS, KSOUT, KW ARE ALLOWED.
BE SURE TO LEFT ADJUST-START IN COLUMN 2. PROGRAM
EXECUTION TERMINATED.

OUTPUT

Condition: Output written on output unit 7 in INPUT format (KARDS
0)

B****FROM SUBROUTINE OUTPUT- NOTE: SINCE KARDS IS NOT
EQUAL TO ZERO THE FINAL OUTPUT WAS WRITTEN ON OUTPUT
UNIT 7 IN FORMAT SUITABLE FOR DIRECT DATA INPUT FOR A
LATER RUN. IF UNIT 7 IS NOT THE CARD PUNCH, IT MAY BE
NECESSARY TO STORE THIS FILE WITH A SAVE COMMAND BE-
FORE TERMINATION OF THIS JOB.****

CHEKFLAG (Each iteration subroutine calls CHEKFLAG to check
for convergence)

Condition: Non-convergence (LOOP = LOOPS, NOGO 0)

B****FROM SUBROUTINE CHEKFLAG- RECYCLE NET DID NOT
CONVERGE IN ITERATIONS ( RECYCLE NET EVALUA-
TIONS): RUN TERMINATED.****
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Condition: Non-convergence (LOOP = LOOPS, NOGO = 0)

B****FROM SUBROUTINE CHEKFLAG- RECYCLE NET DID NOT
CONVERGE IN ITERATIONS ( RECYCLE NET EVALUA-
TIONS): RUN CONTINUED USING RESULTS FROM LAST ITERA-
TION OF RECYCLE NET .****

Condition: Convergence of recycle net (KTP(3) =0)

B****FROM SUBROUTINE CHEKFLAG- RECYCLE NET CON-
VERGED IN ITERATIONS ( RECYLE NET EVALUATIONS).
****

NEWTON & GFP

Condition: Variables are underspecified for NEWTON or GFP in
KW matrix

B****FROM SUBROUTINE - THE VARIABLES LISTED FOR
METHOD WERE CONVERGED IN ITERATIONS

RECYCLE NET EVALUATIONS). HOWEVER, VARIABLES RE-
MAIN WHICH ARE NOT WITHIN THE SPECIFIED TOLERANCES-
CONTINUING BY SUCCESSIVE SUBSTITUTIONS.****

Condition: Variables are overspecified for NEWTON or GFP in
KW matrix

B****FROM SUBROUTINE THE FOLLOWING VARIABLES
WERE DELETED FROM THE LIST OF RECYCLE VARIABLES
USED FOR THE METHOD, SINCE THEY WERE ZERO AFTER
1 ITERATION BY SUCCESSIVE SUBSTITUTIONS:

SN(--, --)
SN( -, --)
etc.

ORDER Diagnostics

Condition: More rows of input data for a matrix than that specified
on the first input record.

****FROM SUBROUTINE ORDER- ONLY 13 ROWS ARE ALLOWED
IN PROCESS MATRIX. PROGRAM EXECUTION TERMINATED****
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Condition: Matrix identifier begins with a letter other than W or P.

****FROM SUBROUTINE ORDER- INPUT CODE CAN NOT BE
RECOGNIZED. PROGRAM EXECUTION TERMINATED.
INPUT RECORD: 1 -1


