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his module, simulating a cryogenic hydrogen reac- ing data is greatly reduced. (A batch reactor experi-
tive cooling process, is one of a series of computer ment, which may take three hours in a laboratory, can
simulations initiated by a grant from NSF in 1988. be done within minutes on a computer.)
Comquer su.nulatlons Vesre ch(.)s'e‘n to supplement the chemi- » Computer simulation is relatively inexpensive com-
cal engineering laboratory facilities for a variety of reasons pared to the cost of building, operating, and maintain-
including: : ing complex experimental equipment.
* Size, comp le).ary, and safety of processes will not * Simulated experiments take up little laboratory space
preclude their use. and can serve large classes, the same computer can
* Realistic time and budget constraints can be built into run many different simulations, and several worksta-
the simulation, giving the students a taste of "real tions can run the same simulation simultaneously.
~ world" engineering problems. Previously developed modules have been discussed in
» Emphasis of the experiment can be shifted from the several publications." Each module consists of the follow-
details of operating a particular piece of laboratory ing components:
equipment 1o .[he {rarc gcjneml constderatlon‘s of 1. Video Tape: A twenty-minute video of the actual process,
proper experimental design.and data analysis. furnished by the company, is used to introduce the project.
e The time duration of running simulations and obtain- This typically contains a brief discussion of the appropriate

theory and background, a "visit" to the bench scale and pilot
facilities, a "tour" of the plant, and an overview of how the
process fits into the overall company operations. The aim is
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design, simulation, optimization, plant layout, and educational applica-
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Although computer simulations may offer a number of advantages

over experiments, the experience (and frustrations!) of running traditional experiments

in the laboratory is an important component of chemical engineering education. For this reason, we
require that at least two of the three projects in our senior laboratory course be real experiments.

in the C language, that the students must use to run both the
experiments and the application problem. It uses some IMSL
routines for random number generation, solution of a system
of nonlinear algebraic equations, and numerical integration.
The module can run on any machine that supports the X
Window System. At Purdue it runs on Sun Sparc worksta-
tions with 12 MB of memory. Each module uses less than 10
MB of disk space.

Although computer simulations may offer a number of
advantages over experiments, the experience (and frustra-
tions!) of running traditional experiments in the laboratory is
an important component of chemical engineering education.
For this reason, we require that at least two of the three
projects in our senior laboratory course be real experiments.

In our curriculum, groups of three students are given eight
three-hour laboratory periods (four weeks) to complete the
project. The first two periods are used for planning the
experiments, followed by a conference with the professor.
Experiments and analysis are done during the next three
periods, followed by a fifteen-minute oral presentation which
is video-recorded for a later private discussion with a com-
munication specialist. The application problem is solved in
the last three periods, and a final report is due a week later.

The output values of students' data are randomly perturbed
to simulate experimental error, based on variation param-
eters set by the instructor. In addition, a separate computer
"simulation" of the process (without statistical fluctuations)
is available to the students for validating their parameter
estimates. To use this simulation, the students must first
enter the estimated parameters. The students need only run
this "simulation" at conditions identical to those used in
running the experiments. Results within experimental error
would indicate reasonable estimates of the parameters.

The Air Products
Hydrogen Reactive Cooling Process

B Background

At first glance, the liquefaction of hydrogen appears to be
similar to that for nitrogen, where the gas is compressed,
refrigerated, further cooled by heat exchange to a tempera-
ture near its boiling point, and finally partially condensed by
means of an expansion through a throttling valve (or an
expansion engine). The liquid product is transported to cus-
tomers or sent to storage.

But the hydrogen liquefaction process is complicated by
the fact that hydrogen exists in two forms: ortho and para. As
shown in Figure 1, the equilibrium mixture is about 25%

para-hydrogen at room temperature and nearly 100% para-
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hydrogen at liquid hydrogen temperatures.

Therefore, if we liquefy hydrogen as described above, the
composition of hydrogen leaving the process would be al-
most the same as that entering—25% para-hydrogen. In the
storage tank, this liquid hydrogen will tend to react to reach
100% para-hydrogen (the equilibrium composition at this
low temperature). These are shown by the dashed lines in
Figure 1. Since this ortho- to para-hydrogen reaction is exo-
thermic and the heat of reaction is of the same order of
magnitude as the heat of liquefaction, much of the stored
hydrogen will vaporize.

In order to avoid this boil-off of liquid hydrogen during
storage, it is necessary to accomplish conversion of ortho
hydrogen to the para form as it is being cooled down so that
the stored liquid hydrogen is already near chemical equilib-
rium, minimizing any further reaction.

Our reactive cooling process achieves this aim: the cool-
ing and chemical reaction take place in a single tower (see
Figure 2a). Of course, this places additional cooling require-
ments on the tower since both the sensible heat and the heat
of the exothermic reaction must be removed from the cool-
ing hydrogen stream.

Figure 2b shows the warm and cold streams in one section
of the tower, with different points in the streams numbered.
After the warm stream is cooled (2), it is passed through an
adiabatic converter in which the stream is heated to T by the
exothermic heat of reaction, hence T; > T,. Optimal design
considerations require that this stream which exits the reac-
tor be returned to the heat exchanger (we call this the recycle
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Figure 1. Equilibrium composition of para-hydrogen.
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point) at the location at which T, = T,. Then, since inlet
temperatures, flow rates, and heat transfer areas for the stream
between points 1 and 2 are identical to those between points
3 and 4, the temperatures of these two streams must be equal
at same elevations in the column. In particular, T, = T,.

Note that (a) the enthalpy gained by the cold stream in the
adiabatic heat exchanger must equal the enthalpy lost by the
warm stream, and (b) the effective flow rate of the warm
stream is twice as much below the recycle point as it is
above the recycle point. This results in a temperature-en-
thalpy diagram for the reactive heat exchanger cooling tower
as shown in Figure 3.

M The Problem Statement

The students are told that the supplier of the compact heat
exchanger modules has developed a new welding technique
that will enable them to redesign the module to make it
more efficient. The supplier has furnished a prototype mod-
ule. Since the module must be redesigned, the students
are told that this is an appropriate time to also incorporate
the use of Air Products' newly developed ortho-para
hydrogen catalyst.

In order to properly design the tower, the students must
first plan and perform a set of laboratory experiments to
determine:

* The heat transfer coefficients of the new heat exchanger
module

e The rate constants of the reaction over the new catalyst as a
function of temperature.

B Heat Transfer Experiments

Neglecting heat transfer resistance through the metal par-
titions, the overall heat transfer coefficient based on the cold
side, U, for the heat exchanger can be correlated by

I 1 1
= +
UA. hcA;  hyA,,

For many different types of heat exchanger surfaces (e.g.,
circular tubes, plain plate-fin surfaces), the heat transfer
coefficients, h, have been correlated in the form

2.3 b
Nst(NPr) = a(NRe)
where
h CpH pvd
Ngi = . Np=—=2, Ng=—"1»H
pvep k¢ H

N, (Np,)?? is also known as the Colburn j jactor for heat
transfer. Students must design a series of experiments (using
the prototype module) in which the countercurrent flow rates
and temperatures (80 - 120 K) of hydrogen can be varied
within specified limits to determine the heat transfer coeffi-
cients. The above correlations can then be used to extrapo-
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late to the much lower temperatures and higher flow rates
used in the plant.

W Reaction Experiments

Laboratory experiments must also be designed to deter-
mine the rate constants of the ortho-para hydrogen reaction
as a function of temperature. The kinetics are complicated
by mass transfer effects. Since we are interested in the cata-
lyzed reaction, we might expect the reaction rate to be corre-
lated in terms of the surface concentration of the adsorbed
species C, and a surface reaction rate constant k.. For ex-
ample, the rate of the forward reaction might be

r=kg Cq
But since it is very difficult to measure the surface concen-
tration of the adsorbed species, we use an empirical reaction
rate model based on the para-hydrogen concentration in the
gas phase, an apparent rate constant, k, for the forward
reaction and equilibrium compositions. The analysis assumes

* The temperature difference between the bulk flowing
hydrogen stream and the surface of the catalyst particles is
negligibly small.

» The temperature difference between the interior and
exterior of the catalyst particles is also negligible.

» The concentration gradients between the bulk gas and
catalyst particles surface are considered negligible.

* The concentration gradients between the surface and the
interior of the catalyst pellet are taken into account by
means of a pore diffusion effectiveness factor.

For a first-order reversible rate law, written in terms of the
bulk concentrations for an isothermal plug flow reactor, the
final integrated expression is
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Figure 2. (a) Reactive cooling tower; (b) Expanded view of
one heat exchanger-reactor combination unit.
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where k is the rate constant corresponding to the conversion
of ortho- to para-hydrogen, and the effectiveness factor is

o (e SR _3<D(coth<1>)—l
P" @ tanhd @) ° @2

@ is the dimensionless Thiele modulus, which in turn is
given by

_dp \/ kppRT

"~ 2 | MDgyP

Students are provided with an isothermal plug flow reactor
and are expected to design experiments in which the flow
rates and temperatures may be varied and the compositions
of the inlet and exit streams are measured. This data would
allow the estimation of the two parameters in the equation
k = ke E/RT. An iterative calculation scheme may be used
to account for the effectiveness factor.

B Budgetary Limitations

Each student group is given a $35,000 budget to complete
the laboratory experiments. Liquid hydrogen and nitrogen
cost $10,000 and $5,000, respectively. In addition, $700 per
reaction experiment and $500 per heat exchanger experi-
ment are also charged against their budget. A consultation
fee of $500 per session is charged (after the initial free
introductory lecture). The data which is collected includes
statistical fluctuations. Hence, the students are expected to
perform replicate runs as necessary to report confidence
limits on the constants they estimate.

The students should complete this part of the project by
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Figure 3. Reactive heat exchanger cooling curve for
three units in series.
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the fifth (of eight) laboratory periods. Then they must present
their results during a fifteen-minute oral presentation, after
which they use the estimated parameters to design the reac-
tive cooling tower (during the last three laboratory periods).

B Optimal Reactive Cooling Tower Design

The reactive cooling tower is a series of vertically ar-
ranged units, as shown in Figure 2a. Each unit is comprised
of a heat exchanger and a converter (Figure 2b). The design
variables of interest are the number of units, the length of
each heat exchanger, and the amount of catalyst in each
converter. The annualized cost of the tower as a function of
design variables and parameters is provided.

Referring to Figure 2b, after ortho-to-para conversion in
the reactor, the hydrogen stream is fed into the heat ex-
changer (at the recycle point) and is further cooled before
exiting from the heat exchanger. Thus, even if the reaction
were to reach equilibrium at the recycle point, the last sec-
tion of cooling (3 to 4) forces the stream temperature away
from the equilibrium temperature. Hence, one can see that
the longer the individual exchanger units, the further away
the final composition will be from equilibrium. This will
lead to greater H, boil-off during storage.

Using a larger number of shorter units may be an alterna-
tive. Every heat exchanger, however, has 1.1 feet of header
that distributes the flow properly throughout the unit, but in
which no heat transfer takes place. Thus, if a tower 21 feet
high is designed with 10 units, each 2.1 feet high, only one
foot of each unit (or a total of 10 feet of the tower) is
available for heat transfer. A large number of short heat
exchanger units will, therefore, result in closer approach to
equilibrium (and consequently less H, boil-off) but with
higher heat exchanger costs.

Since the total available heat transfer area in the column is
relatively less for this configuration, a cold stream inlet
temperature of 20 K may not be realizable in the simulation.
These competing trends will result in an optimal design. For
the optimal design, the students must determine the number
of units, length of each unit and the amount of catalyst in
each reactor, for fixed warm- and cold-stream flow rates and
inlet temperatures, 98% equilibrium in each reactor, and a
tower height limitation of 21 feet. A screen-dump of a typi-
cal reactive cooling simulation is shown in Figure 4.

COURSE GRADING

Each section normally has twenty-four students working
in eight groups of three students. Each group is required to
complete three one-month-long projects, of which one, at
most, may be a computer simulation of the type described in
this paper. The three students in each group are assigned to
function as either group leader, experimental engineer, or
design engineer, and during the semester each student serves
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once in each capacity. A summary of our grading system is
given in Table 1.

Please note that our Communication Specialist, Dr. Frank
Oreovicz, assigns grades for report writing and presention
style. These two grades, reflecting a student's communica-
tion skills, add up to 150 out of the leader's 550 points for the
project. If the leader does not pass in the communication
skills category, he or she fails the project regardless of the
quality of technical work.

ABET CRITERIA

The projects in this laboratory clearly meet the ABET
design criteria. In particular, the Air Products project is an
open-ended problem that requires students to make deci-
sions in designing their own laboratory experiments. Within
a carefully estimated limited budget, students must decide
on the type, number, and operating conditions of each ex-
periment. Safety, environmental, and other issues are cov-
ered in the opening lecture by the professor. The data col-
lected from the computer includes statistical fluctuations
which must be properly handled by the student. The project
requires the students to demonstrate their abilities to work in
a team and to communicate both orally and in writing.

POSTSCRIPT

The Air Products module was used for the first time in the
spring 1994 at Purdue University and is also undergoing a
test at Georgia Institute of Technology. To date, at least one
of the Purdue-Industry modules has been used at twenty-five
schools, and the response has been encouraging. Apart from
the undergraduate design laboratory, the modules have also
been used successfully in kinetics, reactor design, and pro-
cess control courses at Connecticut, Carnegie-Mellon, West
Virginia Institute of Technology, and Utah (see, for ex-
ample, reference 6).

The module is written in the C and FORTRAN languages,
with graphics based on the X Window System. At Purdue,
the software runs on Sun Sparc workstations. A project to
port these modules to other Unix platforms like HP, DEC,
IBM, and Silicon Graphics has recently been funded by the
National Science Foundtion. This work is expected to more
than double the current usage. Porting of the software onto
personal computers is also being considered.

FUTURE DIRECTIONS

Interactive multimedia is making inroads into the educa-
tional arena,”™ although the power of "true" multimedia has
not been well exploited. Work is currently progressing on
the development of an integrated multimedia application
involving a coffee decaffeination process. Some new fea-
tures include integration of animation, video, pictures, and
audio into the simulation in order to present realistic indus-
trial equipment operation, measurement, and safety details.
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This three-year project is sponsored by Procter and Gamble.

CONCLUSION

The display of the commercial reality of the processes via
video technology, the ease of its presentation and use, its
applicability to both laboratory and lectures, and a true-
to-life simulated budget and time constraints, together
with other aspects, make projects of this kind very effective
in the chemical engineering curriculum. Although these
modules have been used in chemical engineering, the
ideas presented in this paper are equally applicable to all
engineering domains.
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Figure 4. A typical simulation of the reactive cooling unit
for hydrogen liquefaction. The simulation corresponds to
five heat exchangers, each 3.82 ft., and about 100 Ibs. of
catalyst in each adiabatic converter. The cold stream inlet
temperature is 20K, which is a requirement of the validity
of the design.

TABLE 1
Grading System
Project  Experimental  Design
Leader Engineer  Engineer
Planning conference 50 50 50
Written Report: (Technical)
Leader's Section 100 25 25:
Experimental Engineer's Section 100 100 25
Design Engineer's Section 100 25 100
Total 300 150 150
Written Report: Writing 100 100 100
Oral Report: Technical 50 25 25
Oral Report: Presentation 50 - -
Total Points 550 325 325
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NOMENCLATURE
ab Colburn j factor parameters
A Heat exchange area
(& Para-hydrogen mole fraction
c, Heat capacity
dy Hydraulic diameter of one side of heat ex-
changer
dp Catalyst particle diameter
D Pore diffusivity inside catalyst pellet
E Activation energy
Ep Pore diffusion effectiveness factor
F Flow rate
h Heat transfer (film) coefficient
k ortho—para-hydrogen rate constant
k, Preexponential (frequency) factor
k, Thermal conductivity
M Molecular weight of H,
NN N Stanton, Prandtl, and Reynolds numbers
P Pressure

R Universal gas constant

i3 Temperature

U Overall heat transfer coefficient

v Linear flow velocity

' Mass of catalyst
T Density (unsubscripted —*Hydrogen)
u Viscosity

(O] Thiele modulus

Subscripts and Superscripts

Cold side of heat exchanger
Equilibrium

Inlet

Outlet

Catalyst particle

Surface of the catalyst

Warm side of heat exchanger

€ WY O ~ 0 0
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REVIEW: Linear Control Systems

Continued from page 16.
pages) in addition to the detailed solutions (seventy-one pages).

Chapter 1 provides a concise review of the necessary mathemati-
cal background, including linear algebra, random sequences, matri-
ces over rings, and matrix equations over rings. Thirty-two prob-
lems illustrate these concepts.

Chapter 2 reviews discrete-time linear systems theory, including
converting differential equation models to discrete-time models.
Included are the standard concepts of reachability, controllability,
observability, constructability, stabilizability and detectability, in-
put/output (transfer function) models, and invertibility. A number
of the twenty-four problems provide nice illustrative examples of
the techniques. Control problems include cattle population, inven-
tory, ball and beam, antenna, aircraft, and stirred-tank concentra-
tion.

Chapter 3 introduces state feedback (including pole placement),
deadbeat control, and the linear quadratic regulator. Results for
both state-space and transfer-function models are presented. There
are nine illustrative examples. A number of the twenty-two prob-
lems are extensions to problems in Chapter 2.

Chapter 4 covers state estimation, including the linear quadratic
predictor (Kalman filter) and offers six illustrative examples and
eighteen problems. Chapter 5 presents output feedback (including
the linear quadratic compensator) in both state space and input/
output forms. There are eight illustrative examples and twenty
problems.

Chapters 3 through 5 cover control system design techniques
which take an initial state to a desired final state. Chapter 6 devel-
ops control designs which achieve desired closed-loop relation-
ships between setpoints or load disturbances and outputs. There are
thirteen illustrative examples and twenty problems.

Faculty who are teaching advanced process control courses may
want to use portions of this book for background material, particu-
larly for the concise review of discrete-time linear system theory
concepts. A number of the problems can serve as nice illustrations
of the theory, in addition to the homework and example problems. I
doubt, however, that any chemical engineering faculty will want to
adopt this as a textbook since most advanced process control courses
devote less than one quarter of a semester to the material covered in
this text. Indeed, most courses cover the continuous time version of
this material.

Graduate students taking optimal control courses may wish to
use this text for supplementary material. The book should be avail-
able in any well-stocked university library but will not be necessary
for most personal libraries. Despite the desires of the author, this
text will not meet the needs of the practicing process control engi-
neer. It will also be of limited use to faculty and students conduct-
ing process control research since important topics such as con-
straints and robustness are not covered at all. (3
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