operations course. Process efficiency and Rankine-
cycle efficiency as a function of turn-down ratio
can be discussed from a thermodynamic viewpoint.
The advantages of a 6:1 turndown ratio with good
operability, lack of heat-exchange tube burnout
and reduced start-up can be discussed in terms of
process efficiency. The problem is open-ended, lim-
ited by student time and knowledge. The project
was extremely well-received by the students, who
became very interested in the design.

ADVANTAGES-DISADVANTAGES

Major advantages of the integrated design in-
clude

e student motivation—making the subject more con-
crete, rather than an abstract subject

e emphasis on interrelation of variables (such as ef-
ficiency) with process design operability concepts

e reinforcement of particular thermodynamic concepts
by use in the design analysis.

An ultimate test is whether the students feel
more comfortable and able using thermodynamics
in subsequent work. In one case of design problem
subsequently on separations, the students used
Debye-Huckel theory to calculate mixed-salt ionic
activity coefficients to find solubility limits in a
crystallization problem.

Disadvantages are mostly time committments.
Design takes class time, and the philosophical de-
cision on such time must be made as to the worth
of design integration at that point in a curriculum.
If the design is done in conjunction with a second
course, then some planning and integration be-
tween faculty instructors is necessary. If an indi-
vidual instructor decides to add this design ele-
ment to his course independently, then a full un-
derstanding should be present that this component
replaces some more details on particular topics.

We are convinced that this approach is a worth-
while concept. O

COMPUTER-GENERATED PHASE DIAGRAMS

FOR BINARY MIXTURES

KENNETH R. JOLLS,* JOHN BURNET,
AND JEFFREY T. HASEMAN?

Towa State University

Ames, A 50011

PREVIOUS PUBLICATIONS [1,2,3,4,5] have described

programs that generate projections of thermo-
dynamic phase surfaces through computer graph-
ics. Using these techniques, we have produced
diagrams representing the properties of water and
steam and the pressure-volume-temperature be-
havior of most of the common equations of state.
These programs have been used successfully with
a variety of output devices, such as CalComp and
Versatec plotters, Tektronix storage terminals,
and an Evans and Sutherland Multi-Picture Sys-
tem. In addition to making possible phase dia-
grams that have previously been unattainable, our
programs also offer several options that enable the
user to emphasize thermodynamic features of spe-
cial interest.

10n leave 1981-82 at the University of California at
Berkeley. 2Currently with Eli Lilly and Company, Lafay-
ette, Indiana.
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BENEDICT-WEBB-RUBIN
EQUATION OF STATE
FOR ETHYLENE
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NON-LINEAR SCALE IN PRESSURE AND VOLUME

FIGURE 1. Benedict-Webb-Rubin equation of state for
ethylene.

Fig. 1 presents a P-V-T diagram drawn with
this technique. The surface is generated by the
Benedict-Webb-Rubin equation as applied to ethy-
lene. A two-phase region consistent with that equa-
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tion has been superimposed on the surface through
use of an algorithm due to Balzhiser et al [6].

The principal use for these diagrams has been
in teaching. Thermodynamics, because of its level
of abstraction, has gained a longstanding unpopu-
larity among students. Even the best teaching ef-
forts have often been ineffective because of the
gap in understanding between instructor and stu-
dent. The reason for this has often been that
words, symbols, and equations have not been ade-
quate to present abstract ideas to students with
any assurance of their being grasped. Something
more tangible has been needed to catalyze compre-
hension until more of the subtleties of thermody-
namics are understood and the enormous value of
the subject appreciated.

Phase diagrams offer a vehicle for doing this.
By utilizing the geometrical interpretation of
property relationships, they provide a more con-
crete model of physical behavior than do the
theoretical statements from which they are de-
rived. While the experienced thermodynamicist
sees instinctively how properties influence pro-
cesses—inversion in a Joule-Thomson expansion,
for example—students may not understand this
and may require more explanation. On a model of
the enthalpy-pressure-temperature surface, the
Joule-Thomson inversion curve stands out as a
distinct topographic feature. If presented with
such a model, students will see this and expect a
system to behave differently on opposite sides of
the curve as experiments show.

Phase diagrams . . . provide a more

concrete model of physical behavior than do
the theoretical statements from

which they are derived.

If problems with conceptualization exist in
pure systems, they are even more prevalent in
mixtures. Since the properties of multicomponent
systems depend on more than two independent
variables, complete phase diagrams in such cases
are beyond construction through conventional
graphics. One or more variables must be elimi-
nated and our attention restricted to subsets of the
data possessing three-dimensional character.

The loci of saturated-liquid and saturated-
vapor states in a system of two components com-
prise such subsets. These surfaces (called bubble-
point and dew-point) may be plotted in pressure-
temperature-composition (P-T-x,y) space to give
an envelope portraying all states that coexist in
liquid-vapor equilibrium. Such information is im-
portant in separation processes and also reveals
the macroscopic behavior resulting from a given
solution model.

Some notable attempts have been made to con-
struct these figures by hand [7,8], but only a small
number are available, and even these are often
limited in detail. Even through computer graphics,
solution diagrams require more effort than those
for pure components. In the latter case the gen-
erating equations are straightforward, and we are

Kenneth Jolls earned his BSChE
at North Carolina State University
and his graduate degrees at the
University of lllinois, where he
worked for T. J. Hanratty. After five
years at the Polytechnic Institute
of Brooklyn, he moved to lowa
State University where he is pres-
ently on the faculty. His chemical
engineering interests are in thermo-
dynamics and applied electronics,
and he has held several NSF grants
related to teaching improvements in
both areas. The last of these are
supporting his current sabbatical
year at Berkeley. Outside of engineering, Dr. Jolls has a strong interest
in music. He has a degree in music from Duke University and is a

regularly performing jazz player. (L)

John Burnet studied computer science at lowa State University and
obtained experience there in applications programming related to
thermodynamic property diagrams. He is currently a free-lance pro-
grammer in Berkeley, CA, and continues to develop graphics software
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able to compute and plot simultaneously. Con-
structing P-T-x,y diagrams, however, requires far
more effort, both for the acquisition and for the
management of data. Determining the gamut of
vapor-liquid equilibrium states for any binary sys-
tem would be too costly, and some type of com-
promise is necessary.

THERMODYNAMIC DATA BASE

For the work reported here, the program of
M. S. Han and K. E. Starling [9] was used as a
data base for mixtures. This program is based on
the modification of the BWR equation described
by Cox et al [10]. Extension to mixture-property
prediction is through mixing rules analogous to
those developed by Bishnoi and Robinson [11] and
by means of a generalized correlation of the prop-
erties of pure fluids [12]. Predictions of density
and enthalpy departure with this program com-
pare favorably with experimental data, and vapor
pressures are also accurately determined.

An interaction parameter k;; accounts for devi-
ations from ideal solution behavior for each pair
of components accessible to this program. Since k;;
strongly influences vapor-liquid equilibrium cal-
culations, its values are based on VLE data. Ref-
erence [13] presents a tabulation of k;; values along
with phase-equilibrium predictions that justify
their use in this method.

As obtained from the authors, the Han-Starling
(H-S) program operated in batch mode and pro-
duced output summarizing the properties of a
pure component or mixture either in a specified
state or in a final state resulting from a specified
process. For this project, the H-S routines were
fixed within an executive program that directed
computation along paths of constant temperature,
pressure, and composition in the bubble- and dew-
point surfaces. A bi-cubic spline program deter-
mined a “best surface” through the true points,
and the projections of the smoothed isotherms,
isobars, and isopleths were produced in the same
manner as for the pure-component diagrams [14].

DETAILS OF CONSTRUCTION

Fig. 2 shows the P-T-x,y diagram for the sys-
tem normal butane-normal heptane. Four complete
isothermal sections and four complete isobaric
sections are drawn. Tie lines which mark the inter-
sections between isobars and isotherms have been
added by hand to connect coexisting liquid and
vapor states. The initial estimates required by the
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PRESSURE, psia

TIE LINES ARE DOTTED

FIGURE 2. P-T-x,y diagram for normal butane-normal
heptane.

——— COMPUTER - GENERATEN

H-S subprograms that perform bubble-point and
dew-point calculations were derived geometrically.

Computational difficulties with the Han-
Starling program prevented us from obtaining
convergence in the vicinity of the critical locus. It
was, therefore, not possible to construct the pre-
cise critical curves that match the P-T-x,y dia-
grams shown in this paper. The dashed curves that
are shown were obtained by using the method of
Prausnitz and Chueh [15], first to estimate critical
temperatures and volumes, and then to compute
the critical pressures from a modified Redlich-
Kwong equation. Construction of isotherms and
isobars between the pure-component criticals was
begun in the usual way, but when a composition
was reached where convergence could no longer be
obtained, the section was left open at that point.

The final step in each drawing involved the
construction of dew-point and bubble-point iso-
pleths. Data for these curves were accumulated in
earlier steps, then arranged into bubble-point and
dew-point arrays, and finally fitted to smooth iso-
pleths using a 2-D spline.
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P-T-X, 4 DIAGRAMS

PRESSURE, psia

FIGURE 3. P-T-x,y diagram predicted by Raoult's Law.
Vapor-pressure curves are for nC, and nC,.

€0, CRITICAL POINT

C Mg CRITICAL POINT
0N T Te =90 %
i W Pe = 708 psia

PRESSURE, psia

TIE LINES ARE DOTTED

FIGURE 4, P-T-x,y diagram for CO,-ethane,
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These procedures yielded a wireframe model of
the bubble- and dew-point surfaces with border
regions and tic marks added for completeness.
Embellishments beyond the basic structure have
been added by hand to give the result shown in
Fig. 2.

COMPARISON WITH OTHER P-T-x,y DIAGRAMS

Because of their chemical similarity, butane
and heptane form nearly ideal solutions which, at
low pressures, conform closely to the model pre-
dicted by Raoult’s law. This is illustrated by com-
parison to Fig. 8 where the P-T-x,y diagram pre-
dicted by Raoult’s law has been constructed for a
mixture of pure components with vapor-pressure
curves identical to butane and heptane.* Having
no critical region, Fig. 3 has been left open at the
top with unterminated isopleths to signify con-
tinuing ideality. The surfaces in Fig. 2 do develop
a negative deviation at higher pressures as shown
by the bubble-point isotherm at 290° F.

More pronounced nonideality is seen in Fig. 4
where, for the carbon dioxide-ethane system, the
Han-Starling program predicts a minimum-boiling
azeotrope over the entire range for which constant-
property sections were determined. This is in good
agreement with data reported by Gugnoni et al [16]
and by Khazanova et al [17]. Although Fig. 4 was
constructed in the same manner as the diagrams
representing nonazeotropic systems, computa-
tional procedures were sufficiently different to
necessitate a separate version of the program.

GRAPHICAL OPTIONS

Constructing phase diagrams through com-
puter graphics gives one control over various
artistic effects. These effects can often enhance a
diagram and emphasize topographic features of
thermodynamic interest. Nonlinear scaling and
automatic smoothing are examples of this and
were both used in the construction of Fig. 1. Vari-
able orientation, adjustable perspective, variable
line structure, and the drawing of superimposed
views and stereo pairs are further options.

Controlling the degree of perspective in the
drawings gives a depth effect to the three-dimen-
sional figures. While this is desirable in a pictorial
view, it would not be so in the side or top view one

*Fig. 3 was drawn with a Versatec electrostatic plotter
and uses heavier lines for bubble-point curves than for dew-
point curves.
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FIGURE 5. Pressure-composition projection of Fig. 2.

obtains by setting the orientation angles at 0°, 90°,
ete. As an example of this, Fig. 5 shows the “flat”
view of the butane-heptane diagram that com-
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prises the pressure-composition plot. Similarly,
Fig. 6 shows the T-x,y projection for the CO.-
ethane system.

CLOSURE

Modern computer graphics provides the means
for constructing thermodynamic phase diagrams
in number and variety never before possible.
Individually or in groups, these diagrams have
the ability to convey information about properties
and processes that would otherwise require tedious
—and often confusing—explanation. The dia-
grams described in this paper, or any of their
variants, can be compressed, expanded, molded, or
altered in any way that makes thermodynamic
subtleties easier for students to wunderstand.
Coupled with an approach that attempts to explain
physical property behavior in terms of funda-
mental concepts, phase diagrams can complete the
picture the teacher wishes to draw. Such ideas
were not overlooked by Gibbs [18] as he began his
first paper on graphical methods in 1873:

Although geometrical representations of propositions in
the thermodynamics of fluids are in general use, and
have done good service in disseminating clear notions
in this science, yet they have by no means received the
extension in respect to variety and generality of which
they are capable.
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SUPPLEMENTAL TV TAPED PROBLEMS w——

ROBERT G. SQUIRES AND
DAVID V. FRANK
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West Lafayette, IN 47907

LARGE INCREASES IN engineering enrollments in
recent years have caused instructional prob-
lems in many departments. For example, since
1974 chemical engineering enrollment at Purdue
has increased from 243 to 558 while the faculty
has gone from 19 to 21. This has resulted in an
increase in class size—the fall chemical engineer-
ing thermodynamics (Ch 311) enrollment has in-
creased from 50 to 135. This class size increase
presents particular instructional difficulties in a
problem-oriented engineering course such as ChE
311. The purpose of this project was to develop a
series of sample TV taped chemical engineering
problems which could be used by the student, out-
side of class at his or her own pace, to supplement
the course material.

COURSE DESCRIPTION

ChE 311 is a semester course with 45 classes of
fifty minutes each. The 15 week course is divided
into five major sections (see Table 1). In order to
rapidly introduce the first and second law in the
beginning of the course, we use steam as the work-
ing fluid in the first two sections of the course. In
section three, additional first and second law prob-

The purpose of this project

was to develop a series of sample TV

taped chemical engineering problems which
could be used by the student, outside of class at
his or her own pace, to supplement

the course material.
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TABLE 1
Course Outline

NO. OF NO. OF COPIES
TOPIC TAPES IN LIBRARY
First Law 3 3
First & Second Law 3 3
Equations of State 4 2
Phase Equilibrium 5 2
Chemical Equilibrium 5 2
20

lems are presented using other equations of state
including the generalized charts, other tabular and
analytical expressions. The last two sections cover
applications of interest to chemical engineers—
phase and chemical equilibrium.

The lecture material for each topic area is
covered in lectures at the beginning of the section.
In the remaining periods, a series of practical
problems of increasing complexity are discussed.
The problems are presented in three parallel
methods:

¢ Discussed by the professor and students in class

o A photocopied solution handed out to each student

e A video taped discussion of supplemental problems are
on file in the library and available at the student’s
request.

At the end of each section, all students simul-
taneously take a common exam. This method has
the following advantages :

e The better students may work ahead at their own
pace, checking out the video taped problem solution
from the library. They need not attend classes in
which material they already understand is being dis-
cussed. Inasmuch as these students do not attend the
problem discussion classes, the class size is reduced
and more individual attention can be given to the
remaining students.

e Students attending class but still having difficulty

it




