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HERE IS GENERAL agreement among engineering

educators that the use of computers in education
should result in the students spending more time on
problem definition/analysis/interpretation of results
and progressively less time on the technical details of
problem solution. The role of the the computer in en-
gineering education has been well articulated in a
study at the University of Texas [6] which concludes
the following:

Course and teaching changes should result in more effec-
tive use of student time. Time-consuming manual calcula-
tions should be supplanted by efficient software designed for
ease of learning and rapid development of ideas.

The computer should become the dominant calculational
tool early in the curriculum so that the . . . problems as-
signed can be more realistic without requiring excessive stu-
dent time outside of the classroom.

Major emphasis should be on how to analyze and solve
problems with existing software including that for simula-
tion to evaluate and check such software with thoroughness
and precision.

While the goals and objectives of appropriate edu-
cational computing are often discussed, very few de-
tails have been reported about practical implementa-
tion of problem solving with personal computers
within engineering education. This paper presents
three specific examples of chemical engineering prob-
lems which can be interactively solved on personal
computers with commerecially available software. Our
purpose is to illustrate the potential impact of interac-
tive problem solving on chemical engineering educa-
tion by discussing how this has been accomplished at
Ben Gurion University (BGU) and the University of
Connecticut (UConn).
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A NUMERICAL COMPUTATIONAL PACKAGE

The general numerical analysis package which has
been utilized is commercially available from Control
Data Corporation under the name of POLYMATH®.
The choice of this package was not entirely unbiased,;
the authors of this paper also designed and developed
POLYMATH, and thus it was tailored for general
educational use with particular application to chemical
engineering. The package runs on an IBM PC/XT and
most compatibles, and a minimum of 128K of memory
and a color graphies board are required.

The package currently consists of the following
programs
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Matrix Manipulator - evaluates matrix expressions containing
all basic operations, solves linear equations, and determines
eigenvalues/eigenvectors.

Nonlinear Equation Solver « handles up to twelve simultaneous
linear and nonlinear algebraic equations.

Differential Equations Simulator « solves up to twelve simul-
taneous first-order ordinary differential equations.

Curve Fitting Program - fits polynomials up to the 5 order
and cubic splines directly to entered data of y versus x. User-
provided functions can be invoked to transform the data before
fitting.

Multiple Regression Program - fits mathematical models con-
taining up to five linear parameters to data consisting of one
dependent and up to four independent variables.

These programs are equation and data oriented in
that all the equations can be typed in their regular
algebraic form with the user’s own notation. The best
solution algorithms are automatically determined, and
solutions are presented in numerical, tabular, or
graphical form. Matrices are entered and edited in a
format similar to that of spread sheets. All of these
programs except the Matrix Manipulator have been
described in considerable detail [4].

There are other programs/packages which are
commercially available and have some of the
capabilities described above. Notable examples are
TK!Solver® for solving algebraic equations and TUT-
SIM® for dynamic simulations. POLYMATH has the
following benefits that are valued relative to other
programs and packages:

e It is specifically tailored to engineering education.
e It is menu driven for easy use by students and faculty.

e It provides all important numerical analysis capabilities
for undergraduate engineering coursework.

IMPACT ON ChE EDUCATION
Solution of More Realistic Problems

The detailed modeling of chemical processes often
leads to systems of nonlinear algebraic or differential
equations. The current practice is to modify these
equations by manipulation or simplification so that an
analytical solution can be found. Often the simplified
models no longer accurately represent the original
model. Use of the calculational package often requires
no simplifications to the original model, and this allows
for a more accurate solution which retains a clear cor-
respondence between the model and the physical/
chemical phenomena of the process.

As Example 1 of the calculational package use,
consider a typical packed bed reactor design problem
found in a textbook by Fogler [1]. This problem con-
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This paper presents three specific examples

of chemical engineering problems which can be
interactively solved on personal computers

with commercially available software.

T A S O T e O e o SRSt
siders an isothermal plug flow reactor for the hydro-
dealkylation of mesitylene over a Detol catalyst where
the reactions are

M+ H2 + X + (‘.H4 Reaction 1

X + H2 > T+ CH4 Reaction 2

where M is the reactant mesitylene, X is the desired
metaxylene, and T is the undesired toluene. The pro-
duction of the metaxylene is to be maximized. The
respective rate expressions for the above reactions
are

0.5
T = " Ky CuCr (M
k,C,C.0-3 (2)

L5
T

The differential equations (material balances) for this
plug flow reactor are

dCy/dV = r,/v (3)
dcy/dV = (r, = rp)/v (4)
dC,/dV = (-r, - rp)/v (5)

This system of equations and the numerical con-
stants can be easily entered into the Differential
Equation Simulator program as shown in Figure 1.
The computer solution is accomplished in less than a

The equations:
d cm)/d (vol)=rm/v
d(ch)=(rm-rt)/v
d(cx) {- rn—rt)/u

=53.2
ru=-ki xeuxchx@. 5
k2=30,16
rt= kaxcxxch*lﬁﬂ 5
v=469.

Initial ualues volg= 8.8, cmp- B.8186, chg= B.8213, cxg- 8.0
Final value! wolg='1 150. 30

PROBLEM OPTIONS

-F7 to solve the groble
K ¢4 to alter the problem or helpful informat wn
F8 new problem or llbrarg. ff F18 for the MAIN MEMU.

FIGURE 1. Equations and numerical constants for Exam-
ple 1.
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FIGURE 2. Concentrations of mesitylene (cm), hydrogen
(ch) and metaxylene (cx) in reactor for Example 1.

minute, and the graphical output of the concentration
profiles is presented in Figure 2. Thus, in this example
the problem solution is efficiently obtained from the
equations which describe the reactor. This is in con-
trast to the transformation of variables (typically to
conversions) and the analytical solution approach
which cannot lead to the concentration profiles in this
case as discussed by Fogler [1]. Consideration of tem-
perature effect is also easily accomplished with the
differential equation simulator while this complication
usually makes the traditional analytical approach un-
solvable.

Illustration of Modern Process Design Techniques

Modern process design utilizes complicated tech-
niques such as multistage, multicomponent distillation

Vent
- Isothermal
Feed r z Flash
~=Fp+E,¥+E, L = =
‘>|T_j_:i_+'2" “ k1=2.5258
ik k2=1.56998
978
E=| 28 (lb/hr k3=@0.8329
o) \l
"
F’roduc{

391.9 g.19 @ a A.3038 @ o
ER= 398.8 E2= a 8.5 8 E1= A.2943 B.4529 @
289.3 a g.52 A.1526 #.2971 B.75
Estimated value of the tear streams

r = Calculated value of the tear streams
Molecular weigth for all of the components is 98 lb/mole.

3]

FIGURE 3. Simplified flowsheet for a chemical process,
from Henley [2].
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calculations and multiunit, multicomponent, nonlinear
recycle calculations. It is beneficial for students to
write computer programs which utilize these tech-
niques, but this is very time consuming. Also, it is
possible to give them a computer program which will
provide a “black box” solution. The computational
package allows an effective solution to this educational
dilemma by allowing the efficient execution of the
steps of a design algorithm, one by one. This is illus-
trated in Example 2 in which the methods for acceler-
ation of convergence in a recycle stream are com-
pared.

Example 2 is taken from Henley [2] in which a
chemical process consists of two reactors, three simple
separators, and one isothermal flash unit. This process
contains several recycle streams, and the optimal cal-
culation sequence requires iteration on a single (tear)
stream. In this example, different solution methods
(Quasi-Newton, Newton-Raphson, Direct Iteration,
etc.) are to be compared.

In this system, all of the process units are linear
except the isothermal flash. Thus all the calculations
involving the “linear” units can be combined by using
the “transformation matrix” approach discussed by
Shacham [5]. The simplified process is shown in Fi-
gure 3. The calculation of the recycle system involves
estimation of the flow rates in the tear stream (z),
solution of the isothermal flash problem for the vapor
(V) and liquid (L) flowrates, and calculation of the
values for the tear stream from

r=F, +tEV+EL

Iterations are continued according to the particular
solution method until convergence.

For illustration, the Quasi-Newton method of solu-
tion requires updating the H matrix which is an ap-
proximation to the inverse of the matrix of partial
derivatives. Therefore

H, = H, ~ L.y, - P.JP "H 1/P "Hoy, (6)
where
Py =2, -2,
¥ = Fzy) - Fz5)
f(z) =z-r

and the subscript represents the iteration number.
The solution of this example requires the Matrix
Manipulator and the Nonlinear Equations Solver
programs from the computational package. The calcu-
lations for H, are shown in Figure 4 where the compli-
cated matrix operations can be entered into the Ma-
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FIGURE 4. Defined matrices and desired matrix expres-
sion for Example 2.

tric Manipulator in a form almost identical to Eq. (6).
The corresponding nonlinear equations for this exam-
ple are shown in Figure 5 as they have been entered
into the Nonlinear Equations Solver.

Thus a comparison of the several methods for this
recycle stream calculation can be obtained in a period
of several hours of a student’s time with the use of the
calculational package. This provides a valuable educa-
tional experience for the student without the burden
of writing/debugging a source code computer program
which would take significantly more student time.
This approach requires that the student have a funda-
mental appreciation of the various methods available.

Analysis and Simulation of Laboratory Experiments

The educational value of laboratory experimenta-
tion can be significantly enhanced by efficient data
reduction and simulation of the experiment with the
computational package. In such an exercise, the stu-
dent must come prepared to 1) conduct the experi-
ment, 2) treat the data to develop a mathematical
model and possibly evaluate model parameters, and 3)

TABLE 1
Data for Example 3 (from Hill [3])
Data Point Time Total Pressure
Number (s) (kPa)
1 0 101.32
2 50 93.81
3 100 87.85
4 150 83.05
5 200 79.12
6 250 75.86
7 300 73.13
8 350 70.82
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91-
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13
Initial values: ag= 9.5800, z1g= 392,88, z2g-= 298.00
z3g= 289,00 a e -

PROBLEM OPTIONS
£ F7 to solve this problem. .
{r-4- to alter the problem, new problem or library.
£y F18 for the MAIN MENU. F6 for helpful information.

FIGURE 5. Nonlinear equations utilized for Example 2.

simulate the experiment to verify the analysis. The
computational package is typically useful in evaluating
models and determining model parameter values, and
additionally it is quite helpful in simulating the exper-
iment to verify model suitability.
Example 3 uses the “student” data shown in Table

1 for the gas phase dimerization of trifluorochloro-
ethylene as reported by Hill [3]. This reaction is sim-
ply written as 2A - C, which occurs in a constant
volume batch reactor at 440 °C. The reactor pressure
change was measured as shown in Table 1. In this
example, the reaction rate coefficient and overall
order of the reaction are to be determined, and the
experiment is to be simulated to confirm model valid-
ity.

: The differential equation in terms of conversion
for this batch reactor has the form

- ke @b (q - x )@
dX,/ dt = kCyo 2TH (1 - X,) (8)

where the reaction rate constant, k, and the order of
reaction, a, are to be determined from the data of
Table 1. The relationship between conversion and
total pressure is given by

X, =2(1.0 - P/P;) (9)

A
where P, is the initial pressure, 101.32 kr.

The differential analysis approach for this example
requires that Eq. (8) be linearized by taking the

logarithm of each side of the equation. This results in
gn(dX,/dt) = an(kC, @71) + a en(1 - X,) (10)

In order to use this linear relationship to deter-
mine k and a, it is first necessary to obtain dX,/dt
Continued on page 34.
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discussed. There will be difficulties in accomplishing
this goal, however, including the lack of faculty back-
ground. But the situation seems to be changing.

Perhaps faculty would be more inclined to include
safety and health in their courses if it was relatively
easy for them to do so. This could be accomplished by
the inclusion of relevant material in textbooks and a
ready availability of supplemental materials with
guidelines on where and how they could be used. Em-
phasis should be placed not only on problem solutions,
but also on the reading and understanding of the con-
cepts presented in the problem statement (e.g., the
process, specific reactions). Professors could demon-
strate to students, preferably quantitatively, the ethi-
cal and economic ramifications of what they are doing.
Reinforcement of why and how safety and health are
important and integral to chemical engineering is im-
portant.

Faculty background and interest in safety and
health could be heightened by providing opportunities
for related research, through consulting, and through
summer positions. The motivation to present safety
and health materials in the curriculum would also be
increased if industry expressed a desire for graduate
engineers with more awareness of health, safety and
loss prevention. Lastly, more specific accreditation re-

quirements for safety and health could be initiated by
ABET.
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Continued from page 21.

from the X, versus t curve given by using the Curve
Fitting Program. In this program, the original data
can be entered, and the transformation function de-
fined by Eq. (9) to determine dX,/dt at various X,.
Either the Curve Fitting Program or the Multiple
Regression. Program can then be used again with
transformation functions to estimate both k and a from
Eq. (10). For this example the results are a=1.43 and
k=0.0185 (I/gmole)°*/s.

Verification of the model is efficiently obtained by
solving Eq. (8) with the Differential Equations
Simulator of the computational package. The equa-
tions needed for this simulation are given in Figure 6.
A tabular output of the pressure P versus time from
this program is also inserted into Figure 6 where
there is good agreement between experiment and the
model.

Use of the Computational Package in ChE Curricula

At BGU, the computational package has been used
in a third year undergraduate course, “Introduction
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to Computation for Chemical Engineers,” and in a
graduate course, “Chemical Process Simulation.” In
the undergraduate course, the students learn to for-
mulate the equations which describe various phenom-
ena or process equipment (e.g., dew point/bubble
point calculations; batch, CSTR and plug flow reac-
tors) and become familiar with the numerical methods
to solve the appropriate equations. Problem assign-
ments must be solved in three different ways: a com-
plete student program in Fortran, a student program
which calls for subroutines from the IMSL subroutine
library, and a POLYMATH program. Students con-
sistently relate that the most convenient and least
time consuming of the three solutions involves the use
of POLYMATH, and many continue to use the pack-
age in other courses.

In the graduate “Chemical Process Simulation”
course at BGU, the computational package is used to
experience different iterative methods for the solution
of recycle systems (as in Example 2) and to simulate
fairly complicated process units such as are found in
distillation columns. In the course they also use com-
mercially available simulators where results can be

CHEMICAL ENGINEERING EDUCATION




The equations:

dixa)/d (t)= kxcaBek(alp-1)x(1-xa)*xalp
pl-101,32
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FIGURE 6. Equations and constants for Example 3 (insert

is results table).

compared for simple systems. This use of the
POLYMATH package contributes to the student’s un-
derstanding of the various solution methods.

At UConn, the POLYMATH package is given to
all juniors in chemical engineering. Two three-hour
workshops are given to the students at the beginning
of the academic year which cover the five programs
and their capabilities. A problem assignment with typ-
ical chemical engineering applications completes the
introduction to the package. All students can receive
their own set of POLYMATH programs or utilize
them in several PC computer labs on campus.

Undergraduate students are then able to utilize
the package in any of their courses as appropriate.
This allows use of the computer to solve numerical
problems which previously would have been very
time-comsuming or not even attempted. Particular
use has been made in chemical reaction engineering
and process dynamies and control courses. Details re-
garding the numerical analysis techniques are pro-
vided in an elective “Chemical Engineering Analysis”
course. In general, students may use POLYMATH®
in conjunction with many of their regular courses and
in some independent study courses as well.

CONCLUSIONS

Our experience has clearly demonstrated that a
personal computer can be used to considerable advan-
tage in numerical problem solving in many chemical
engineering courses. The capability to easily apply
numerical methods with packages such as
POLYMATH will allow the solution of more realistic
problems without requiring excessive student time.
This new calculation tool will allow the appropriate
use of computing within our curricula. It supports the
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concept of providing open-ended realistic problem sol-
ving which is being emphasized by ABET require-
ments.

Students and faculty seem to enjoy problem solv-
ing that is interactive, user-friendly, and readily ac-
complished through the use of personal computers.
We expect that the capability of solving realistic prob-
lems efficiently will have a major impact on chemical
engineering education by shifting the emphasis from
the technical details of the computer solution to the
formulation/analysis of the particular problem or pro-
cess. It is a continuing challenge to the educator, how-
ever, to make sure that the student understands the
numerical procedures that are being applied to obtain
the solutions.

NOMENCLATURE

order of reaction

concentration

equipment transfer matrix

vector of feed flow rates

vector of functions

estimate of the inverse of the matrix of partial
derivatives

= reaction rate coefficient

vector of liquid flow rates

variable in Eq. (6)

total pressure

initial total pressure

= rate of reaction

calculated value of a “tear” stream
= time

volumetric flow rate

volume of a reactor

vector of vapor flow rates
conversion of component A
variable in Eq. (6)

= estimated value of a “tear” stream
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