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uring their fourth year of undergraduate study, chemi-

cal engineering students at the University of Ottawa

complete a course entitled “Computer-Aided Design
in Chemical Engineering.” This course is intended to pro-
vide students with some knowledge of process simulation and
its use in the design of chemical unit operations.

The computer-aided design course has undergone several
transformations since first being introduced into the Univer-
sity of Ottawa’s chemical engineering undergraduate curricu-
lum. Initially, the course centered on the application of soft-
ware designed by one of the faculty members. The original
intent of the software, however, was as a research tool rather
than a pedagogical one, with the end result that the students
using the package learned nothing about the construction of
process simulators and gained little in the way of additional
engineering skills. It was then decided that the course should
employ a commercial software package—in this case FIDAP®,
a computational fluid dynamics package produced by Fluent,
Inc. While this had the advantage of giving students experience
in using a commercial product, it provided little insight into the
design and construction of process simulators.
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In 1999, the computer-aided design course was redesigned
with an entirely new approach and philosophy in mind: the
revised course required students to design, develop, and test
their own simulators of various unit operations using object-
oriented programming. This article discusses the rationale
behind the changes, provides details regarding the revised
course structure, and presents students’ reactions to the
course’s new focus.

WHY AN OBJECT-ORIENTED APPROACH?

Chemical engineering students at the University of Ottawa
undertake a programming course in procedural language such
as C in their first year. Hence, prior to the computer-aided
design course, these students receive no training in object-
oriented programming. The question then arises, why intro-
duce object-oriented programming into this course?

It so happens that all object-oriented programming lan-
guages share four characteristics that make them particularly
well suited to process simulation: abstraction, encapsulation,
inheritance, and polymorphism. Abstraction is key to the pro-
cess of object-oriented design. As Booch!"! describes it, “An
abstraction denotes the essential characteristics of an object
that distinguish it from all other kinds of objects and thus
provide crisply-defined conceptual boundaries, relative to the
perspective of the viewer.” In other words, the abstractions
are conceptual models of the physical entities we seek to de-
scribe programmatically. These abstractions are represented
in object-oriented programs by independent units of code re-
ferred to as classes. The process of defining classes to repre-
sent the system is therefore intimately linked to the modeling
process itself.
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Encapsulation, also known as data hiding,” refers to the
way in which object-oriented programs combine data and
behavior to assure the greatest degree of code integrity. By
controlling exposure of code through public and private in-
terfaces, encapsulation simplifies program debugging and
assists the designer in building more robust applications.

Inheritance is a mechanism in object-oriented programming
languages that allows one to take an existing class, referred to
as the parent class, and with comparatively little effort, extend
it to produce a second class, called the child class, that describes
a new and distinct component. Through inheritance one can
program from the general to the specific. For example, one may
design code to describe a generic heat exchanger class which is
later extended to represent more specific types, such as counter-
current or co-current exchangers. All of this is done with a mini-
mum of additional programming and without altering the par-
ent class in any way, which, in turn, opens opportunities for
creating highly flexible and reusable code.

Finally, polymorphism, as defined by Kafura,”! is “the abil-
ity to manipulate objects (i.e., instances of classes created
during execution) of distinct classes using only knowledge
of their common properties without regard to their exact
class.”

In practical terms, polymorphism is a mechanism whereby
object-oriented languages can determine the particular ex-
ecution of code at run time rather than during compilation, as
occurs with procedural languages. This allows “execution on
the fly,” in many instances eliminates the need for switch or
other logical control structures, and provides a high degree
of interactivity between the user and the simulation during
execution.

AN ILLUSTRATION

These concepts are best illustrated through a simple example.
Consider the heat exchanger shown in Figure 1. Many design
problems require us to estimate the outlet temperature of one of
the two fluids associated with the exchanger, which in turn de-
pends on the specific heat exchanger used. Standard heat ex-
changer configurations, however, can be analyzed using the NTU
method, which relates the inlet and outlet temperatures of the

In 1999, the computer-aided

design course was redesigned with an
entirely new approach and philosophy in
mind: the revised course required students
to design, develop, and test their own
simulators of various unit operations

using object-oriented programming.

two fluids to the capacity of these fluids (C
effectiveness factor, ¢:

and C_ ) and the

hot

Chot (THol,in _THot.out ) - Ccold (TCOId.oul _TCOId.in ) =g (1)
it OBl — TCold.in ) Coiin Thtoin _TCoId.in )

where C__is the minimum of C,  andC

cold”

The effectiveness factor depends on the type of heat ex-
changer in operation, the exchanger’s heat transfer charac-
teristics, (i.e., its heat transfer coefficient, surface area prod-
uct, UA), and the capacity rates of the fluids. For a counter-
current heat exchanger, for example, we have
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In both cases, C_ refers to the maximum of C, and C_.
Since the effectiveness factor depends only on the fluid-ca-
pacity rates and exchanger heat-transfer characteristics, it can

be determined without knowing the fluid tem-

peratures. One can then evaluate any of the four
fluid stream temperatures by setting the other
three, calculating the effectiveness factor for the
given exchanger and subsequently solving the
first equation.

To apply abstraction to the problem, we con-
sider the nature of the device itself. Here, we
focus on the noun “heat exchanger” in order to
consider those features of the physical sys-
tem that are relevant to our analysis. The
closer this conceptual model is to the origi-

Figure 1. Schematic diagram of a heat exchanger.
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nal system, the better will be our object-ori-
ented representation. For simplicity’s sake,
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however, we will only consider the unit operation in the
context of the NTU analysis.

It turns out that this problem is ideally suited to the appli-
cation of inheritance, since there are numerous forms of heat
exchangers that can be analyzed using the NTU method. We
therefore begin by defining a generic

HeatExchanger

class that will serve as a template for the more specific de-
scriptions. We then define various child classes, such as a

CounterCurrentHeatExchanger
class and a
CocurrentHeatExchanger

class that reprusent specific forms of the generic heat ex-
changer (see Figure 2).

Through encapsulation, our
HeatExchanger

class will contain both properties (through its instance vari-
ables) and behavior (via its methods). We decide which in-
stance variables and methods to include by considering those
properties and behaviors common to the NTU analysis of
any heat exchanger. For example, the UA product is com-
mon to all heat exchangers, so we will include it as an in-
stance variable in our parent class. Likewise, all heat exchang-
ers will rearrange Eq. (1) to calculate one of the stream tem-
peratures—hence we include in the parent class a method
such as

getHotOutletTemp:

public double getHotOutletTemp

(double THotIn, double TColdIn,
double CHot, double CCold)

{

double CMin;

if (CHot<CCold) CHot=CMin;

else CCold=CMin;

return getEFactor (CHot,CCold)
*CMin* (TColdIn-THotIn) /CHot+THotIn;

}
Note that this method makes use of another method:
getEFactor

The latter method calculates the appropriate effectiveness
factor using the capacity rates passed to it. The details of this
method, however, will not be defined in the parent class. In-
stead, each child class, e.g.,

CounterCurrentHeatExchanger

will redefine this method, using its appropriate definition of
the effectiveness factor. Meanwhile, the child class will in-
herit the parent’s

getHotOutletTemp

method and its UA product and, as a result, will not need to
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Figure 2. Inheritance structure between various heat
exchanger classes. Child classes
(CounterCurrentHeatExchanger and
CocurrentHeatExchanger) derive properties and
behavior from the parent class (HeatExchanger).

include code for these elements. In other words, to create a
new heat exchanger class, we need only write code that rede-
fines the

getEFactor

method for the particular exchanger. The rest of the function-
ality is inherited from the parent class and needs not be ex-
plicitly defined.

Now suppose we want to design a simulator in which the
user can select, during the simulation, the type of heat ex-
changer to be included in the calculations. Using a proce-
dural language, we would have to include a switch statement
or other logical structure within the code identifying the spe-
cific heat exchanger to be used.

Object-oriented programming and polymorphism make the
process far simpler for us. In this case, we create a simulator
class containing a method

calcHeatTransfer
that includes the generic
HeatExchanger

in its parameter list. This method will carry out the necessary
heat transfer calculations using the object-oriented represen-
tation of the heat exchanger. During run time, the user can
select the particular heat exchanger to be used in the calcula-
tions. The program then creates an instance of this particular
heat exchanger class, e.g., a

CounterCurrentHeatExchanger

object and passes it to
calcHeatTransfer

Although this method is unaware of the type of
HeatExchanger

it has received, it simply expects a generic
HeatExchanger

and it will still use the form of the
getEFactor

method appropriate for the specific heat exchanger object
passed to it, without the need for any switch statements or
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logic controls. It is polymorphism that makes this possible.

Now suppose that we decide to extend our list of available
heat exchangers. In this case, we need only create the appro-
priate child class, defining the new

getEFactor

method there, and adding it to the list of exchangers avail-
able to the user during run time. When the user selects this
new exchanger type, it is passed to the simulator’s

calcHeatTransfer
method. No alteration or recompilation is required by
calcHeatTransfer

Once again, this extensibility and flexibility in the simulator
is possible because of polymorphism.

OBJECT-ORIENTED PROGRAMMING IN JAVA

When introducing object-oriented programming into a
course, one is faced with the further decision of which lan-
guage to use. There are a number of languages from which to
choose, perhaps the most popular being C++; however, Java
was selected for the computer-aided design course for the
following reasons:

e Java is easier to learn than C++

* because Java and C++ share a similar syntax, upon
mastering Java it is relatively straightforward to
migrate to C++, should one wish

* given the current trend toward delivering information
and services via the Internet, it makes sense to exploit
a language that is “Internet-ready,” namely, Java

THE INITIAL OFFERING

In designing the content and structure of the computer-aided
design course, two objectives were kept in mind: to provide
students with a solid grounding in object-oriented design and
programming, and to provide them with experience in de-
signing, building, and employing process simulators. In or-
der to achieve the first objective, the course content centered
on object-oriented design and the Java language. Students
learned about classes, objects, and the principles of object-
oriented design. They were taught the language syntax, as well
as Java’s means for handling errors at run time and the use of
streams (Java’s mechanisms for input and output). They were
also given instruction in the building of graphical user inter-
faces using Java.

Meanwhile, matters surrounding the design and construction
of process simulators were introduced via numerous in-class
examples, through assignments and by means of a major project
in which small groups (four students or less) designed and con-
structed simulators of a particular chemical unit operation. As
part of the project, each group produced two interim reports, a
final report, and made an oral presentation to the class. The
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students were also required to write a final exam.

When the revised version of the computer-aided design
course was first introduced in 1999, it centered largely on
weekly lectures when the students would receive formal pre-
sentations of the course material along with in-class demon-
strations. The lectures also exploited collaborative learning'
on a regular basis. In this case, the class was divided into
small groups and each group was routinely given the same
problem to work on. After 10 to 15 minutes, one of the groups
was randomly selected to present its findings. In this way the
in-class group problem sessions served to identify areas of
confusion for the students and to act as a springboard for
further discussions.

In addition to the regular lectures, four hours of operational
tutorials were also provided in one of the university’s computer
labs. During these tutorials, students received small program-
ming assignments to work on while the professor circulated
through the classroom to assist where needed. A web site was
also built from which students could obtain lecture material,
download assignments and solutions, view course announce-
ments, and retrieve their marks.

OF REVOLUTION AND EVOLUTION:
RESPONDING TO STUDENT FEEDBACK

All lecture courses taught at the University of Ottawa un-
dergo student evaluation near the end of term. The evaluations
include a set of standard questions seeking feedback re-
garding the course content and its delivery by the profes-
sor, as well as space for students to provide their anony-
mous written comments.

Presented here are the students’ responses to four of these
questions that focus on course content and structure. The first
question asked the students to evaluate the course overall, rank-
ing it from very poor to excellent. The second question asked
for the students’ perspective regarding organization of the course.
The third question asked the students to rank how well the course
provided feedback of their progress throughout the term, while
the fourth question asked for their impressions of the course
workload relative to others in the program.

The students’ responses to these questions during the 1999
course evaluation are given in Figure 3 (next page). As the fig-
ure shows, students were, for the most part, satisfied with the
course overall, including its organization and feedback mecha-
nisms. Based on the students’ comments, it is also clear that
they enjoyed the general structure of the lectures, as evidenced
by the typical response:

» ‘I really enjoyed the overall organization of this course;
multimedia presentations (PowerPoint slides, in-class
running programs), in-class problems, etc.”

It was clear from both the questionnaire and from the written
comments, however, that the students found the workload in
the course much heavier than in their other courses. As one
student stated on a comment sheet,
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»  “There is too much material to cover. The course load
needs to be smaller in order to allow students to
actually learn OOP, especially since most of us only
know Fortran.”

Students also expressed dismay with the course textbook, but
showed considerable support for the tutorial sessions:
» “Thanks for the extra tutorials, we need more — i.e. to
be taught in front of the computer.”

Bearing these comments in mind, the following changes

were implemented the next year. First and foremost, the three
hours per week of contact time were divided equally between
formal lectures and structured tutorials in which students
worked on assigned problems while the professor and the
teaching assistant circulated through the class to provide them
with guidance as needed. The completed assignments would
be handed in at the end of each tutorial and, during certain
weeks, were graded. The total number of homework assign-
ments was reduced somewhat, as was the scope of the major
project. (In the latter case, the oral presentation was elimi-
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Figure 3. Student responses to the course evaluation questions for years 1999 and 2000: evaluations of (a) the course
overall, (b) its organization, (c) feedback provided to students during the term, and (d) the workload.
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nated and students were required to complete only a single
report.) Finally, the professor began creating extensive course
notes to compensate for the lack of a suitable text.

The student evaluations following these changes are also
found in Figure 3. The overall rating of the course improved
significantly, without sacrificing the course’s organization or
feedback from the students’ perspective. Furthermore, it is
clear that, while students still found the workload heavier
than in other courses, the situation had improved significantly
from the previous year. The student comments likewise sup-
ported these changes.

» “Considering this was the first time almost any of us
have used Java (or even object-oriented type of code),
the class was quite good. The tutorials were a great
idea... I also liked the fact that we learned through
examples.”

» “Excellent course. Java is a LOT more interesting than
other languages we have learned.”

»  “I liked that you used lots of chemical engineering-
relevant examples... it made it a lot easier to see just
how OOP works and what it can do.”

LOOKING BACK AND LOOKING FORWARD

Object-oriented methodologies offer several significant
advantages when designing and building process simula-
tors. After two years of teaching these approaches to
fourth-year chemical engineering students at the Univer-
sity of Ottawa, it appears that most of these students are
able both to grasp the basic concepts of object-oriented
programming and to apply these to design problems within
a single semester course. Further, it is clear that Java pro-
vides an effective tool with which students can explore
these concepts. Success, however, also depends to a great
extent on the opportunities for practical application of
object-oriented programming through structured tutorials,
assignments, and projects.

A course of this nature continues to face challenges. First
and foremost, chemical engineering students must be ex-
posed to object-oriented design within the context of pro-
cesses and systems familiar to them—there is little ben-
efit in illustrating object-oriented programming in Java
with a bubble-sort routine. Unfortunately, while there is a
plethora of Java-related texts available on the market, none
of these is well suited to a course in computer-aided de-
sign. This gap must then be filled by well-conceived ex-
amples and detailed notes from the instructor.

While some engineering schools have introduced ob-
ject-oriented languages such as Java and C++ during the
sophomore year of their undergraduate program, the en-
gineering program at the University of Ottawa continues
to teach a procedural language (in this case, C) to most of
its undergraduates. Therefore, when undertaking the com-
puter-aided design course described here, our students
must first learn the basic syntax of Java. More importantly,
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Ietter to the editor )

Dear Editor:

Query: A colleague told me that the following equa-
tion

6\1/3
= .1073 5 £, 10°
f=1.375-10 |il +(._0.000 D + Re
reproduces the turbulent part of the friction factor chart
very well. I have tested it; it does. It is much easier to
use than any other such function that I know of, because
it is explicit in each of the three variables.

Alas, my colleague does not know where it came from.
I would like very much to know the benefactor of our
profession who invented this function, and I would like
to give credit when I cite it.

If any of our readers can tell me who the author is and
cite a proper reference for this function, I will be most
grateful.

Noel de Nevers

University of Utah
<Noel.deNevers@m.cc.utah.edu>

they must also rethink the programming process, often
“unlearning” approaches adopted during their study of
procedural languages. Both of these activities limit the
time available within this single semester course to present
more complex examples of object-oriented process simu-
lation.

A more effective approach, in the author’s opinion,
would be to offer a programming course in Java to all
engineering students during their first year of study, leav-
ing more time to focus on practical applications of the lan-
guage in later stages of the undergraduate curriculum.
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