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MODEL DEVELOPMENT AND VALIDATION
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At the turn of the last century the prevailing view
in Western science and philosophy was that
mankind inhabited a "clockwork" universe, wound
up in some way by a Creator and unfurled according
to deterministic laws. We seemed to be free to ap-
proach certainty in cosmic modeling as closely as
time and diligent application allowed.

Since they are fed a steady diet of analysis, nu-
merical methods, and computer-based calculations,
today's chemical engineering undergraduates can be
excused if they too feel that modeling is an exact
science. However, for many students the worries
about the value of process modeling that begin to
surface in the undergraduate laboratory (where ex-
periments "fail to agree with the theory") are con-
firmed early in their working life. For them, model-
ing is of very limited value in the "real world" that
exists beyond the bounds of academia.

As we move toward the turn of this century,
however, one of the few certainties we can hold on to
is the increasing role computers will play in all of
our lives. For engineers, productivity pressure and
the need for quick answers mean that there will be
increased reliance on software modeling packages
with which they may have had only limited experi-
ence. For some, the result could be a blind accep-
tance of someone else's model predictions.

The way forward, of course, embodies neither
complete rejection of, nor blind obedience to, process
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modeling. An important challenge is for engineering
departments to foster in their graduates a more re-
alistic (and critical) attitude toward process model-
ing. One approach to this challenge is to present
projects which are structured to include the follow-
ing three phases:

1. Development of an initial model from first principles

2. Collection of experimental data against which the
model predictions can be compared

3. Modification of the original model in light of any
significant disagreement with the experimental data

The first of these steps is familiar to all engineer-
ing students, but the idea of model validation as a
possibly iterative process involving data collection
and model refinement seems to get little attention in
most curricula.

While part of an existing undergraduate labora-
tory could be used, my preference is to employ every-
day examples with which the student is familiar but
for which no analysis is available. Such projects can
well form part of an existing laboratory course, re-
placing some of the more structured experiments.
Given the need for both analytic and experimental
work (as well as the iterative nature of the process)
it is best to conduct such projects through a whole
semester.

It should be pointed out, however, that the role of
the supervisor in such projects is crucial. I make no
attempt to lead a student to the "correct” answer; 1
merely act as a technical sounding board for their
ideas. This can be quite trying for both parties—
particularly in the early stages of the project.

EXAMPLE PROJECT

I have frequently explained chemical engineering
to the uninitiated in terms of the unit operations
involved in making a cup of coffee: the size reduction
of the beans; extraction of soluble coffee; separation
of the coffee from the spent beans; mixing the coffee
with milk; and heat transfer as the coffee cools.
Even this everyday task can provide a whole range
of simple student modeling projects. The one I de-
scribe here is the cooling of a cup of coffee, using the

Chemical Engineering Education



results obtained by a student whom I have code-
named John.

Stage 1: Initial Model Development

The key point in this stage is that the student has
to develop his/her own model—the necessary analy-
sis should not be available in a text or paper. Based
upon undergraduate heat and mass transfer theory
and a reasonable set of assumptions, John's first
model consisted of just one equation: an unsteady-
state energy balance on the coffee (see Figure 1)

(C*M)dT/dt:ZQi (i=1,...,5)

Even at this stage John was beginning to appre-
ciate the joy of model development. His model con-
tained parameters (such as the thermal conductivity
of ceramic material and the emissivity of glazed
surfaces) for which the literature gave quite variable
values. The temperature dependence of the gaseous
physical properties (such as the diffusivity of water
vapor in air) seemed to be important. He was faced
with heat transfer modes (for example, natural con-
vection) that had received scant attention in lec-
tures. All such problems, however, could be over-
come with a certain amount of literature review,
discussion, and engineering judgement.

Solution of the initial model prior to any experi-
mentation gave rise to mixed emotions. On the posi-
tive side, both the time scale of the temperature
changes and the amount of water evaporated seemed
realistic. On the downside, however, the results gave
rise to some concern. In particular, the predicted
results showed that evaporative heat losses were
dominant, particularly at high water temperatures.
The model calculated this heat transfer component
(Q4) by first calculating the amount of mass transfer
using a heat and mass transfer analogy, Sh = o.Nu,

Radiation from liquid surface (Q3)

Evaporation (Q4)

Convection from liquid
T surface (Q5)

—— —

Radiation from
COFFEE (M grams ) > wall (Q2)

Convection from
wall (Q1)

CERAMIC CUP

INSULATED BASE

Figure 1. Heat transfer modes considered.
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to give the mass transfer coefficient (contained in
the Sherwood number). Unfortunately, predicted val-
ues of o varied from being essentially constant
(around 0.9) to being highly temperature dependent
(reaching values around 3 when the water tempera-
ture is high). The time was obviously right for some
experimental work!

Stage 2: Experimental Results

A major reason for using projects such as this one
is that the student can readily design, build, and run
an appropriate piece of experimental equipment.
John's rig consisted quite simply of a digital balance,
a couple of thermometers, an electric kettle, and
several sheets of cardboard that formed a draft
excluder. An attempt was made to alter the rela-
tive importance of the various heat transfer modes
by restricting the evaporative losses (using an annu-
lar, acrylic ring floated on the surface) and using
cups with different aspect ratios (H/D values of 1.07
to 0.74). The experimental results showed that at
low water temperatures (below 80°C) the mass trans-
fer rates measured were in good agreement with
those predicted assuming a simple heat and mass
transfer analogy with an essentially constant o
factor (see Figure 2), although in some runs, at
higher water temperatures there was some evi-
dence of mass transfer rate enhancement due to
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Figure 2. Comparison of experimental and predicted
(with and without mass-transfer enhancement)
evaporation rates.
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vapor condensation as predicted by Hills and
Szekely.l] Without experimentation, there was no
way of knowing whether mass transfer rate enhance-
ment would, in fact, occur.

The experimental temperature profiles clearly
showed that neglecting the heat capacity of the cup
was a gross simplification since the water tempera-
ture measured "immediately" after its addition to
the cup was in the range of 80-90°C. Using this
measured value as the initial temperature of the
liquid in the cup, and assuming no mass transfer
enhancement, gave predicted temperature profiles
that were in reasonable agreement with the experi-
mental results (see Figure 3).

It is worth noting that a sensitivity analysis in-
volving likely variations in the assumed model pa-
rameters (such as the thermal conductivity of the
cup) was easy to perform and really should be part of
any model-development program. However, my ob-
servation to John that values quoted for such pa-
rameters should only be regarded as representative,
and that a variation of +20% was probably conserva-
tive, was initially treated as bordering on heresy
(could Perry be wrong?). However, in this case it
turned out that the original model could not be res-
cued simply by adjusting poorly known parameters.
At this stage, therefore, it did seem that the major
deficiency in the original model was in neglecting
the heat capacity of the cup.

Stage 3: Model Modification

To improve the accuracy of the model, the student
is forced to modify the original model. It should be
pointed out that, in general, any number of model
modifications are possible, varying both in the
amount of additional model complexity and the ex-
tent of model improvement. The skill is in deciding,
based on engineering judgement and the available
results, which is the most fruitful option. Here, the
most obvious modification was to include the heat
capacity of the cup in the model. Assuming negli-
gible resistance to heat transfer between the coffee
and the cup, the transient one-dimensional conduc-
tion equation was used to calculate the temperature
profile in the cup as a function of time and position
(by now John was getting adventurous!). This equa-
tion was solved by a finite difference method using
four internal node points. The results showed that it
only took on the order of 30-s for the cup to heat up
(from room temperature) and the coffee to cool down.
This meant that the average rate of change in the
temperature of the coffee over this period was about
25-35°C/min, showing how difficult it was to obtain
an "initial" measured temperature for the coffee in
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Figure 3. Comparison of experimental and predicted
temperature profiles.

the original model.

Once the heat capacity of the cup was taken into
account, there was good agreement between the ex-
perimental and model temperature profiles, as shown
for example in Figure 3. The modified model was not
perfect. It was, however, a validated engineering
model, capable of explaining the available experi-
mental data and providing a predictive tool for cases
where such data were unavailable.

CONCLUSIONS

The frontiers of science will never be in any real
danger from such projects—but that is not the aim of
the exercise. Using the skills acquired as part of
their training, students learn not only that they can
accurately model an unfamiliar (from an engineer-
ing-analysis point of view) process, but also, and
more importantly, that developing an acceptably ac-
curate model (even for a "simple" process) is an it-
erative procedure involving analysis, validation
against experimental data, and model refinement.
The development of such validated models is as close
to absolute certainty as engineering gets.

So—you are interested but feel your students
need more of a challenge? How about a project in-
volving the transient behavior of a distributed pa-
rameter system, with simultaneous heat and mass
transfer, time varying physical properties, and com-
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plex (but poorly known) kinetics? Consider baking a
potato. Bon Appetit!
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One of the areas of study frequently missing from the
chemical engineer's undergraduate education in the United
States is safety and loss prevention. It also happens that
safety is one of the areas that practicing engineers all need
to have in their repertoire. Chemical Process Safety is the
first text designed for undergraduate study, and its mes-
sage can be incorporated into the curriculum by faculty
who do not have any specialized background in safety. I
have used it as the text for classes in chemical process
safety and find it to be an excellent basis for such a course.
Like any other teacher, I have incorporated other material
into my course and provided a background flavored by my
own experience, but that in no way detracts from the text.

Chapter 1 introduces the subject with some statistics
and a little background on relative risks and our percep-
tion of them. That seems particularly important because
we seldom hear the word "chemical” in the news without
an adjective like hazardous or dangerous preceding it.
There is also a summary of three significant accidents: the
cyclohexane explosion at Flixborough, England; the methyl
isocyanate release at Bhopal, India; and the 2, 3, 7, 8-
tetrachlorodibenzoparadioxin release at Sevesco, Italy.

Chapter 2 provides a brief background in toxicology. It
covers the importance of dose versus response, and details
the routes of entry into the body for toxic materials. The
definitions for various traditional and legal values of expo-
sure levels are provided, along with a brief background in
the analysis of probability curves for assessing response.
Probit analysis is shown to be useful for interpolating (and
sometimes extrapolating) toxicology data.

Industrial hygiene is covered in Chapter 3. Methods of
estimating exposure are presented and some control tech-
niques are discussed. There are some inconsistencies in
some of the methods described (for example, vapor emis-
sion during drum filling assumes that the air space in a
drum is saturated with vapor, but a calculation is still
made for the evaporation rate from the liquid surface), but
the methods presented are useful for preliminary esti-
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mates of ventilation requirements.

Chapter 4 is a review of source models used to estimate
the input rates for atmospheric dispersion models. It is
primarily a review of fluid mechanics because most source
models presume the release originates at a broken pipe or
from an orifice in a pipe or vessel. Liquid, compressible
fluid, and two-phase fluid flow are all considered, as are
vaporization rates from open liquid pools. These methods
provide realistic source rates providing the orifice can be
well characterized.

The fifth chapter uses the source rates to determine the
size of plume that might be formed by a leaking gas or by a
vapor from a volatile liquid spill. The dispersion models
presented are far from the most sophisticated models avail-
able today, but they are appropriate for the level of under-
standing of students with little or no knowledge in disper-
sion. They provide a basic understanding of the process
and methods used for estimation of the extent of potential
danger for toxic or flammable vapors following a release.

Chapter 6 begins the discussion of fires and explosions.
The flammability characteristics of liquids and vapors are
presented, including the fundamental concepts of flamma-
bility limits, minimum oxygen concentration, and flash
point. The often-overlooked area of dust explosions is cov-
ered in detail, including a description of the equipment
used for testing dusts for explosion potential. Methods for
estimating the potential for damage from explosions, based
on the idea of TNT equivalence, are discussed.

Once the potential for explosions and fires has been
presented, methods are discussed for preventing them.
Chapter 7 discusses inerting and purging, static electric-
ity and its control, explosion-proof equipment, and venti-
lation as methods of prevention of fires and explosions.
The section on static electricity and its control seems par-
ticularly hard for students to grasp, partly because it is so
highly summarized and partly because it is foreign to
chemical engineers. However, static electricity is impor-
tant to cover because it is not well understood by chemical
engineers and because prevention of static buildup is es-
sential to plant safety.

Chapters 8 and 9 cover the design of relief systems.
They include not only the philosophy behind relief sys-
tems, but also methods of determining relief sizes. Meth-
ods are included for liquids, gases, and two-phase flow.
Simplified methods using DIERS results for venting react-
ing systems are presented, along with the latest NFPA
methods for deflagration venting.

Hazard identification and safety reviews are presented
in Chapter 10. The quantitative assessment of risk, using
probability analysis and fault trees is covered in Chapter
11. These relatively simple procedures are valuable in
identifying and correcting potential safety problems in
plants, but are seldom covered in undergraduate courses.

The text concludes with chapters on accident investiga-
tions (Chapter 12) and case histories (Chapter 13). These
are particularly useful to the teacher who does not have a
broad background in safety because they provide some
real-life illustrations of determining what went wrong,
Continued on page 112.
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