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Sophisticated systems for computer-aided
design can make an important contribution in
the teaching of design. The bulk of the design
programs in the area of chemical process design
have been prepared by large companies or IBM".
These programs simulate the steady-state per-
formance of large, integrated plants consisting
of many interconnected processing units with
considerable recycle.

In order to use such comprehensive execu-
tive programs, it is necessary that the component
subroutines which represent individual process
units are adequately formulated. Practically all
of the subsystem models are of the macroscopic
type, i.e., they consist of well mixed systems
whose output is equal to the value of the depend-
ent variables within the system. However, there
is one characteristic type of process in which a
plug flow distributed parameter model of equip-
ment is required, namely, in processes such as
absorption, ion exchange, and chemical reactors.
Treatment of these types of processes form a
substantial part of the unit operations and design
phase of current chemical engineering curricula.

A rather flexible digital computer program
is described here for absorbers which can be
incorporated in any large executive program.
It also can be used independently as a separate
routine to enable students to gain some insight
into the design of processes in which the plug
flow distributed model is applicable.

There are certain basic requisites which must
be met before an instructor can use such an ap-

proach to design.

®The physical process must be realistically desirable
in mathematical terms.

oThe students must be receptive to this approach to
design, and they must be slightly familiar with computer
programming. It is not necessary that they actually be
able to program the original problem. Rather, they must
be able to introduce data into the program and perhaps
in some cases make very slight modifications in the
program as it stands.
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eSuitable computer facilities must be available  at
reasonable cost. The introduction of time sharing at
many university facilities makes the use of a digital
routine rather simple.

Our experience has been that student en-
thusiasm is high in using such an approach to
design because the approach is novel, it relieves
drudgery, and it seems to be professionally
oriented. Students are able to work in a more
creative and stimulating climate, which is all to
the good, especially when economics are involved
in an optimal design, for the digital program
substantially reduces the tedium of repetitive
calculations.

USE OF THE PROGRAM

The approach used in preparing the students
to work with the computer program is to first
give a sound description of the mathematical
foundations of the program. The basic equations
are described and their methods of solution pre-
sented. Next, methods of obtaining the param-
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The students seek out their own data, cost informa-
tion, and physical parameters and carry out the
assigned design.

eters in the model are discussed in detail, inas-
much as the students are expected to provide
these themselves. Most of the available param-
eters come from literature sources or handbooks,
but in the case of tabulated or graphical ma-
terial, it is necessary to convert the available
information into the form of functions or equa-
tions.

A few very simple problems are solved by
hand, using both graphical and analytical tech-
niques. These problems are posed so that all the
information the student needs is provided, and
he merely introduces the available information
and solves for the requested answer.

Design a packed column that will recover all but
0.5% of the carbon disulfide contained in a nitrogen car-
rier. The CS,-N, mixture has a partial pressure of
CS, equal to 50 mm Hg at 75°F and is blown into the
absorber at atmospheric pressure at the rate of 50,000
cu ft/hr. The absorption oil has an average molecular
weight of 180, viscosity 2 centipoises, and specific gravity
0.81 at 75°F The oil enters the absorber stripped of
essentially all CS, and solutions of oil and CS, are ideal.
The vapor pressure of CS, at 75°F is 346 mm Hg. The
column is packed with 2-inch Raschig rings and operates
isothermally. For a liquid/gas ratio of twice the mini-
mum, determine the required oil feed rate, the diameter of
the column, and the packed height?

Note that the problem statement provides all
the details required to obtain a unique solution.

The last phase of the instruction prior to the
actual use of the program is to describe the logic
of the program and the sequence in which the
calculations are actually made. Then, the stu-
dents are given the prepunched program deck
and instructions for its use. They are assigned
one of the simple problems previously solved by
hand to execute using the program deck. This
stage of the instruction ensures that the student’s
program deck will work and that he understands
how to introduce the data required to solve a
problem.

Finally, the student is assigned a rather gen-
eral problem in which he is asked to design some
particular piece of equipment either using the
program deck or not using it as he sees fit. In
most cases the problem involves a simple eco-
nomic balance of operating, fixed, and overhead
costs, and thus requires a case study analysis to
achieve some type of economic design. It would
be possible to use the program in conjunction
with a general nonlinear programming optimiza-
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tion routine. However, the case study method is
more intuitively appreciated by the student than
a more formal optimization routine.

The students seek out their own data and
carry out the assigned design. They are required
to obtain their own cost information as well as
the physical parameters involved in the problem.

Such a problem assignment overwhelms many
of the students at the start, inasmuch as practi-
cally all of their prior experience has been with
canned problems in which all the information
was available and the known solution variable
specifically assigned. However, as they enmesh
themselves in the problem, many of them find
for the first time that they become interested in
solving a problem, primarily for one of two rea-
sons. Either the problem appears very realistic
to them, whereas most previous problems were
rather insipid, or else they are challenged by the
computer programming aspects of the problem
and feel that they are now working with one of
man’s most modern tools.

From the instructional viewpoint, the digital
computer program makes it possible to assign
much more comprehensive and realistic design
problems. Many more variables can be allowed
to change, the various parameters in the process
model can be varied, and, as mentioned above, the
factor of economic analysis can be introduced on
a modest scale.

GAS ABSORBER COMPUTATIONS

Packed column gas absorber calculations are
based on a continuous contact model in which
the interphase transfer is given by the product
of an overall mass transfer coefficient, K,a, and
a difference in gas phase compositions

d(y - GY')/dz = Kya(y =y (1)

where y = mole fraction of solute in gas phase

y. = solute mole fraction in equilibrium

with liquid
GY’' = total gas rate in moles/hr-ft?

Let us consider the mass transfer in a packed
zone of a differential height, dZ. In order to
integrate eq. 1 over the packed height, Z, the
total gas rate is replaced by the solute-free gas
rate, GY, which is a constant. For the designer’s
convenience in making graphical calculations,
the mole fraction, y, is replaced by the mole ratio,
Y = y/(1-y). The intergation of eq. 1 over the
whole column? leads to the following approximate
expressions:
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Computer-aided design enables students to work in a
more creative and stimulating climate especially when
economics is involved in an optimal design.

K a(l - Y)
¢pdY y LM
SY" a-o(r-vy = oY ydz (2%)
Ya 0

1
HTU

The left hand side of equ. 2a is commonly
called the number of transfer units, NTU, and
the reciprocal of the group in front of the inte-
gral sign on the right hand side is called the
height of a transfer unit, HTU. The relative
velocity factor, ®, is the transfer velocity in the
gas phase relative to the interface. The quantity
(1-Y)wy is the log mean of the concentration
difference of the non-diffusing species.

The value of NTU may be calculated analyti-
cally using the left hand side of equ. 2, or it may
be calculated by numerical integration as in the
computer program. The value of the HTU must
be obtained from empirical correlations, many of
which are available in the literature. Because the
basis for the values of the NTU and the HTU is
the overall gas phase resistance, the following
equation gives the HTU, hereafter called HOY:

NTU = (2) (2b)

HOY = HY + HX(mGY/GXgp) (3)

where m = slope o fthe equilibrium solubility
line
HY = individual gas-phase resistance in
feet
HX = individual liquid-phase resistance in
feet
GX = solute-free liquid rate in moles/hr-
ft2
The individual resistances can be calculated from
the following empirical relations :

HX = i(cmv/u)“sf'5 (&)

0.33

HY = (1.01)GYAV0'31/GXAV (5)

where a,n = constants characteristic of the type
of packing
p = liquid viscosity in lb/ft-hr.
Sc Schmidt group, p/pDVX, dimen-
sionless
GXAV, GYAV = average rates for liquid and
gas, resp., in 1b/hr-ft> Equ. 4 and 5 are valid for
systems in which the liquid is either water or
light hydrocarbons.* Furthermore, equ. 5 is ac-
curate only for estimating the HY of 1-inch and
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2-inch Raschig rings®. The Wilke® equation is
used to calculate the liquid diffusivity, DVX, that
is needed in the Schmidt group in equ. 4.

Because the values of m, ®, and (Y-Y,) in
equs. 2a and 3 generally change with distance in
a packed column, the computer program employs
the following technique to calculate the NTU
and HOY. The packed section is divided into
small increments of variable height in which the
change in gas composition, (Y,.,-Y,), is arbi-
trarily set at —0.005. A loop in the program
makes a mass balance around each incremental
section, solves for the liquid composition change,
and then uses eq. 2a to calculate the NTU. This
technique has been described elsewhere.”

An equilibrium equation of the following
form has been used to relate the gas and liquid
compositions,

y = (PVP/P)x (6)

where P is the total pressure, PVP is the Henry’s
Law solubility constant for the system, and x is
mole fraction in the liquid. The slope, m, is the
coefficient of x in equ. 6. For those systems that
approach ideal solubility, PVP becomes the vapor
pressure of the solute at the design temperature.

The gas rate, GY, which appears in equ. 3, is
the product of the gas flooding rate, GYF, and
the fraction of flooding, FF, at which the column
is operated. The value of GYF is calculated from
the following equation:

1890/02'33 J ‘
7)

CYF = -
[A.BSE °'°*(1/pxpy)°'33 + 6.0 O'I(GY/Gpr)0'67

where C; = packing factor in ft—*

p = liquid viscosity in cp.
Py, Px = gas and liquid density, respectively,
in lb/ft?
Equ. 7 has been redived from an appropriate re-
arrangement of Bertetti’s equation®, which is an
analytical form of the well-known graphical
flooding relationship®. The numerical constant
in the numerator of equ. 7 has been increased by
a factor of 1.258 and th packing factor, C;, re-
places the ratio a,/e* where
a, = packing surface area per unit volume
in ft—
e = void fraction.
These two changes bring the GYF predicted by
equ. 7 into closer agreement with the GYF ob-
tained from the latest graphical correlation®®.
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A set of oscilloscope subroutines is added to the pro-
gram to give a visuval display of the results.

from the latest graphical correlation'’.

The input data that the student must intro-
duce into the computer are those data that are
typically known to the designer : the column oper-
ating temperature, the gas pressure, the volu-
metric gas feed rate, and the compositions (mole
fraction) of the entering gas and liquid and the
effluent gas. A number of other required para-
meters related to the physical and chemical prop-
erties of the gas and liquid must also be intro-
duced, such as the molecular weights of the
solute, liquid, and gas; the viscosity and density
of the liquid; and the molar volume and equili-
brium relationship for the solute. Several para-
meters related to the packing are also required
inputs: the packing factor, the packing cost per
cubic foot, and the constants « and n in eqn. (4).
The user specifies a certain multiple (called
FACTR) of the minimum liquid-to-gas ratio at
which to operate. Also, the operating gas rate
is set at a certain fraction (called FF) of the
flooding rate.

The computer obtains the following results:
column diameter, liquid feed rate, packed height,
and effluent liquid composition. These results may
be used directly to compute and minimize those
costs that are significant. Often these will be the
yearly depreciation (TC) on the installation and
two or more operating costs, such as the cost of
operating the gas blower (BC) and the cost of
recovering the solute (DC) from the more or less
dilute solvent liquid'* 2. The student is expected
to calculate these costs or to insert into the pro-
gram appropriate equations to calculate them.
Note that the user must specify the cost in dollars
per pound to recover the solute from the liquid
stream.

All of the design variables can easily be
changed by the user, either separately or in com-
bination, to simulate the column operation and
allow him to observe the changes in column,
diameter, packed height, and liquid rate and com-
position. There are four groups of variables, cor-
responding to four separate loops in the program.
The first group (NDES) contains the parameters
that are held constant for a single design, such
as the molecular weights of the solute, liquid, and
gas, the density of the liquid, the molar volume
of the solute, the feed compositions, and the gas
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feed rate. The other parameters are placed in
three groups to allow for variations on a single
design. The second group of variables (NTEMP)
permits the user to vary the operating tempera-
ture (PVP in the equilibrium eqn. 6 and viscosity
must be changed together with temperature) and
the pressure. The third group (NPACK) con-
tains the parameters for each kind or size of
packing to be tested. The fourth group (NFACT)
contains each set of FACTR and FF at which the
column is to be operated. The four loops in the
program thus will compute a design variation
for each set of data in each group, or a product
of the numbers (NFACT) (NPACK) (NTEMP)
(NDES).

There are some limitations in this program as
it stands. One limitation is that the designer must
check the computed column diameter to be sure
that it is at least eight times the characteristic
length of the packing selected. The choice of eqns.
4 and 5 restricts this program to systems in which
the liquid is water or light hydrocarbons and the
packing is Raschig rings, but other correlations
can be substituted for these. Finally, the form of
eqn. 3 provides an accurate estimate of the HOY
only for those systems which do not have a large
liquid composition difference between the bulk and
the interfacial values.

STUDENT RESULTS

This absorber design program has been used
for three semesters as an instruction aid in teach-
ing junior chemical engineering students. Toward
the end of the first semester, an informal survey
was made to determine the program’s effective-
ness. The results of the survey and the unsolicited
remarks to the instructor indicate that the stu-
dents derived a lot of benefit from using the pro-
gram. Some of the students generated a notice-
able enthusiasm for the design problem and pro-
gram. Several students eagerly modified the pro-
gram to make it compatible with the IBM 1620
(it was written for the CDC 6600) and others
executed it on the teletype time sharing system.

The students found the original program,
which had only two “do loops,” inconvenient, so
they added two more loops and thus contributed
much to the final form of the program. In answer
to the question, “What aspect of the design
method seems most difficult to understand?”’ a
large majority indicated that the concept of the
height of a transfer unit (HTU) was the greatest
problem. The students estimated that they needed
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about 30 minutes to look up the required para-
meters, punch the data cards, submit their deck,
and then pick up the output. This was in contrast
to about four hours to do a single design by hand.

It was interesting to discover that only eight
out of thirty-four students had taken a computer
science course. Nearly all of the class had a work-
ing knowledge of how to submit a deck with data
and get the results from the computer. Some had
learned this from using the computer in physical
chemistry laboratory and from a fluid flow and
heat transfer course.

A set of oscilloscope subroutines has been
added to the original program so that the results
can be displayed visually as the student operates
the computer (an SDS 930) from a keyboard.
The display on the cathode ray tube includes the
Y-X coordinates, the equilibrium line, and the
operating line. The transfer units are constructed
between the operating and equilibrium lines using
the approximate method of White and Baker=.
The numerical answers are also displayed on the
oscilloscope. In this way, the operator can explore
the effects of numerous variations in just a few
minutes time. The student response to this modi-
fied program has been even more enthusiastic
than it was with the printed output only.

The authors wish to emphasize that the pro-
gram should not be made available to the students

until they first have learned to complete a full
design by hand calculation. The program is such
a timesaver that one is tempted to use it before
it is understood. Readers may obtain copies of the
program notation, flowchart, and Fortran listing
from the authors.
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PROGRAMS IN WATER POLLUTICN CONTROL

D. W. SUNDSTROM

H. E. KLEI

The University of Connecticut
Storrs, Conn. 06268

During the last three years, the University of
Connecticut ChE Department has offered a pro-
gram of study in water pollution control. The
treatment of industrial and municipal wastes re-
quires a variety of techniques and processes in-
volving unit operations, transfer processes, reac-
tion kinetics, and process control. Thus, the chem-
ical engineer has substantial background that is
applicable to pollution problems. To contribute
effectively to a broad range of pollution problems,
the chemical engineer needs additional training
in biological processes and sanitary engineering.
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Training programs are offered on both the
undergraduate and graduate level. Students in
these programs are educated as chemical engi-
neers with specialized background in environ-
mental engineering. Graduates from these pro-
grams meet all requirements for a degree in
chemical engineering. In addition, they take a
sequence of courses and conduct research in water
pollution control.

Undergraduate Program

Although the major emphasis is on graduate
activities, we feel industry needs BS degree chem-
ical engineers with a background in pollution con-
trol. These engineers would be of special value
to smaller chemical firms that could not justify
a full-time pollution engineer.
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