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INTRODUCTION

HIS ARTICLE DESCRIBES a three credit

(quarter system) graduate course, CHE 617,
on computer aided process design (CAPD)
taught by the author at the University of
Florida. The course is taught as an option course
in the Spring Quarter, generally to about
half of our first year graduate students. The stu-
dents have already taken as required background
a course in linear algebra and are expected to
know how to program our IBM 360,/65 computer
system using FORTRAN 1V.

The class meets each week for two 50 minute
lectures and two 50 minute recitation sessions. A
typical recitation session consists of a short quiz
followed by verbal interchange with the students
on reading assignments and previous notes. The
course has also been taught as a straight lecture
course. Somewhat less material can be covered the
current way, but the students (and the author)
are definitely understanding the material better
this way.

Three approaches can be easily proposed for
presenting a course on CAPD. One can teach a
practice oriented course in which students learn
to use various existing CAPD systems available to
universities, such as PACER or CHESS (1), or
as a second approach one can teach computational
methods which have been developed for perform-
ing design calculations for specific types of pro-
cess units. As a third approach one can present a
more abstract course in which the general phi-
losophy of process design is described as a se-
quence of interrelated tasks. Specific tasks can
then be explicitly stated and the computer algo-
rithms necessary to handle them investigated. It
is this last approach which is adopted for CHE
617. A motivation for this last approach is that
it coincides with the author’s research interest in

this area.
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OVERALL COURSE CONTENT

THE PRIMARY GUIDE for the course and its

contents is a 1967 review article on CAPD by
Sargent (2). This year’s course outline and read-
ing assignments are given in Table 1. The main
text for the course is Strategy of Process Engi-
neering by Rudd and Watson but much of the
material is drawn from the literature. The stu-
dents are also directed to supplementary reading
from the text, Optimization: Theory and Prac-
tice by Beveridge and Schechter.

Figure 1 (which extends a similar figure in
Rudd and Watson, p. 115) summarizes for the
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Figure 1. A SET OF TASKS IN PROCESS DESIGN
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students the aspects of CAPD considered in the
course. In particular the course investigates in de-
tail the algorithms necessary to do process calcu-
lations and presents introductory material needed
to consider both the variable value adjustment
and structural optimization problems for large
process systems. The topics of automating pro-
cess synthesis and of formulating an economic
criterion are covered to a lesser extent. Equip-
ment and operating cost estimation are only
briefly considered.

DISCUSSION OF TOPICS COVERED

THE COURSE IS INTRODUCED by discussing

Figure 1 and Sargent’s review article. Some
recent work by Rudd and co-workers on synthe-
sis (3) is also discussed. After quickly reviewing
the topic of cost estimation, we consider economic
criteria. Reference (4) discusses the results of
using various criteria. Next we solve a short
problem using the interest rate of return cri-
terion—where one calculates the interest rate
necessary to cause the present worth of all in-
come to equal the present worth of all expendi-
tures. The resulting equation is highly nonlinear
in the unknown interest rate giving the oppor-
tunity to review the numerical techniques (5) of
Newton’s Methods and the secant method for
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TABLE I. COURSE OUTLINE AND READING

ASSIGNMENTS

Text: Rudd and Watson, Strategy of Process Engineering,
Wiley (1968)

Supplementary Text: Beveridge and Schechter, Optimiza-
tion: Theory and Practice, McGraw-Hill (1970). Chap-

ter VII.
Week Topic Assigned Reading
1 I. General Problem of
Design Reference 2
A. Synthesis R and W, Chapters
B. Analysis 1and 2
II. Costing R and W, Chapter 5
2  III. Economic Criteria Reference 4
R and W, Chapters
4 and 11
3  IV. Generalized Heat and
Material Balancing
A. Existing CAPD
Systems References 1 and 6
B. Unstructured
Balances Reference 7
4 C. Flowsheet Analysis
1. Precedence
Ordering References 8 and 9
2. Tearing Reference 11
5 Reference 12
R and W, Chapter 3
V. Strategies for Solving
Sets of Algebraic
Equations
A. Output Set Assign-
ment References 18 and 19
6 B. Selection of Decision R and W, Chapter 3
Variables Reference 14
C. Precedence Ordering
D. Tearing Reference 13
7  VI. Optimization of Systems
A. One Dimensional
Search R and W, Chapter 6
B. Multidimensional
Search
C. Lagrange, Kuhn
Tucker Multipliers B and S, Sections
3.3,4.3.
8 D. Linear Programming R and W, Chapter 7
9 E. Nonlinear Constrained
F. Decomposition R and W, Chapter 10
10 References 15, 16, 20

solving it. A detailed homework problem with
such items as projected design and startup costs,
periodic investments, and monthly sales and ex-
penditures is given for solution on the computer.
The students investigate the effects of including
and neglecting projected cost changes and im-
provements in plant operation to bring home
strongly the difficulties of estimating true worth
of even a simple project to a company.

Various existing CAPD systems are discussed
next using references (1,6). To illustrate the

181




computational aspects for solving heat and ma-
terial balances within many of these systems, we
set up, in generalized nomenclature, the material
balances for a simple single recycle process. The
generalized nomenclature uses the variables

Pl
i3

= Feed of component j into input stream £ of unit i

uf, = Qutput of component j in output stream £ of unit i

The equations written include the connection
equations relating inputs and outputs of different
units and the model equations which solve for a
single unit’s outputs in terms of its inputs and
equipment parameters. The model equations are
grouped as they would be in a FORTRAN sub-
routine. The calculations thus have a prechosen
grouping and direction for “information flow”—
i.e., from unit inputs to unit outputs. We con-
sider two solution techniques: tearing (guessing
and iterating on) the recycle stream, and Rosen’s
method (7) using split fractions. The students
set up and solve on the computer a homework
problem for a reactor, flash unit system.

The students recognize quickly from these
examples that the process calculations are highly
structured, and that time spent in developing a
good solution procedure is worth the effort. Thus
the next topics covered are (1) automatic prece-
dence ordering algorithms to group and order the
calculations, and (2) tearing algorithms to lo-
cate which streams within a group one ought to
guess and iterate. The precedence ordering algo-
rithms of Sargent and Westerberg (8) and of
Harary (9,10) are both given. We then cover the
unweighted stream tearing algorithm of Barkley
and Motard (11) which discovers an ordering for
a group of units that has the fewest recycle
streams. We also cover the weighted stream tear-
ing algorithms given in Christensen and Rudd
(12).

The preselection of the direction of informa-
tion flow is then removed as a requirement. The
problem becomes one of solving sets of N alge-
braic equations in M (>N) variables. We con-
sider algorithms to choose the M-N decision or
independent variables to minimize needed tears
(13) or enhance convergence (14). The direct use
of the precedence and tearing algorithms given
earlier is included here.

Once the design problem is reformulated in
this manner, we can put specifications on unit out-
put stream values and compare satisfying these
by directly ordering the resulting equations to
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The course is intended to walk a middle road
between theory and practice . . . (it) investigates the
algorithms necessary to do process

calculations and presents material needed

for the variable value adjustment and structural
optimization problems for large process systems.

guessing and iterating input stream values to
satisfy the given outputs. A homework problem
on a simple double pipe heat exchanger gives the
students a chance to use these algorithms and
also to investigate the local convergence eigen-
values for various choices of independent vari-
ables.

A secondary outcome of studying these algo-
rithms is that the students become reasonably
adept at using some of them to derive by hand
quite reasonable solution procedures for small
sets of equations. Some of these algorithms will
therefore no doubt find their way into undergrad-
uate numerical analysis and FORTRAN courses.

The last four weeks of the course are spent on
developing elementary optimization procedures
for handling structured systems. We first develop
the Golden Section search algorithm and then dis-
cuss methods for multidimensional unconstrained
optimization. The students are not given much
detail here as we only have time to convey the
approaches one can take in optimization.

Since many decomposition methods can be
developed using Lagrange and Kuhn Tucker mul-
tipliers, we next develop the necessary conditions
for constrained optimization which lead to their
introduction. The students’ background in linear
algebra permits one to present these methods
quickly using vector concepts. For example, the
presentation for Lagrange multipliers for an N
variable and M constraint problem involves dis-
covering that the gradient to the objective func-
tion and M gradients of the equality constraints
must all lie in the same M dimensional subspace
at the optimum. Thus a nontrivial linear relation-
ship exists among them, and the coefficients in
this relationship are in fact the Lagrange multi-
pliers.

Linear programming is considered next. For
a problem with M constraints and N variables,
we discover the conditions of Dantzig that the
solution must lie at an extreme point of the fea-
sible region and that these points are a subset
of the intersection points found by setting all but
M of the variables and slacks to zero. The re-
sulting Simplex algorithm is then given in some
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Three approaches can be proposed for teaching CAPD: One can teach a practice-oriented course using existing

CAPD systems available to universities; one can teach computational methods; or, one can present a more

abstract course in which the general philosophy of process design is described as a sequence of

interrelated tasks.

detail. We develop the dual form to an LP prob-
lem using the Kuhn Tucker conditions and prove
that the Simplex algorithm in fact solves both
simultaneously.

With this background, the decomposition
methods based on Lagrange multipliers (15,16,
17) are given for optimizing structured process
designs. The students thus see the discrete maxi-
mum principle for nonserial structures and con-
sider various numerical methods to solve a prob-
lem so formulated. Notice we are in a position now
to appeal to their background in automatically
evolving solution procedures. We also consider
the computational limitations (16,17), such as
where the derivatives needed to adjust the multi-
pliers fail to exist, and the theoretical limitations
because one only has necessary conditions. The
students are then presented with recent work by
McGalliard (20), where the dual bounding nature
of the generalized Lagrange problem (17) is ex-
ploited in synthesizing an optimal flowsheet for
a process. If time permits, we also cover the de-
composition algorithm for Linear Programming.
The students use the MPS system of IBM to solve
some simple LP problems.

These last weeks on optimization are admitted-
ly very condensed and virtually no time is avail-
able to cover even closely related topics. It is the
intent here to introduce the students to the po-
tential of Mathematical Programming concepts as
they may relate to future CAPD systems. This
area is certainly not well defined for most pub-
licized CAPD systems currently used.

DISCUSSION

Many appropriate topics to CAPD are neglec-
ted in this course as time is insufficient to cover
them all. The most obvious omissions are chemical
component and mixture property calculations and
an investigation of aids to the intermediate and
final design steps. These latter include mechanical
design routines for specific units, plant layout,
piping design calculations, and so forth. An excuse
for the former omission is that the students have
already taken courses from Professors T. M.
Reed, K. E. Gubbins, and/or J. P. O’Connell in
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Thermodynamics where the calculation of prop-
erties is covered in some detail. The implications
in the structuring of CAPD systems should have
been covered if time had permitted.

It is hoped that the students leave this course
with a feel for many of the actual and potential
capabilities of automatically handling the tasks
in Figure 1. For those only casually interested, the
algorithms to derive solution procedures have
been quite useful when solving numerical prob-
lems in their areas of interest.
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