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0 ver the last fifteen to twenty years, the mass transfer 
operations course at the University of Delaware, 
like those in most other chemical engineering de­

partments around the world, has evolved from a course 
focused primarily on distillation and other equilibrium stage 
processes into a much broader course that tries to expose 
undergraduate students to the wide range of separation pro­
cesses employed in the chemical, petrochemical, pharma­
ceutical, and chemical-related industries. This evolution, and 
the content of current courses in separations, was discussed 
in some detail in a previous issue of Chemical Engineering 
Education. rii The mass transfer operations course at the Uni­
versity of Delaware is taught during the fust semester of the 
senior year, and it covers material on membrane separations, 
pressure swing adsorption, ion exchange, and chromatogra­
phy, in addition to the more classical material on distillation, 
absorption, and extraction. 

One of the real challenges in a course of this nature is 
trying to provide students with a perspective on how to 
properly compare different process alternatives that might 
exist for a given separation, e.g., gas separation membranes 
and di stillation for the removal of H2S from a waste gas. 
This analysis of process alternatives, which Douglas and 
Kirkwood121 describe as conceptual or Level I design , is an 
absolutely essential component of the design process, but it 
is typically given minimal coverage throughout the under-
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graduate chemical engineering curriculum. This is true even 
in the capstone design course, which tends to focus on the 
optimization of a given process flowsheet and the detailed 
design of the individual pieces of equipment within that 
flowsheet (generally referred to as a Level II design analy­
sis) instead of the initial evaluation of a much broader range 
of process alternatives. 

Conceptual design is a creative activity in which the engi­
neer must consider a large number of process alternatives 
under near optimum design conditions in order to develop an 
approximate outline for the best flowsheet. Conceptual de­
sign problems are thus characterized by the combinatorial 
nature of the number of possible solutions. This makes it 
very difficult to expose our undergraduates to thi s type of 
conceptual design analysis, particularly given the enormous 
time constraints that currently exist in the undergraduate 
curriculum in most departments. This paper describes one of 
the approaches currently being used at the University of 
Delaware to remedy this situation and to enhance the overall 
design experience in chemical engineering. 

PROJECT DESCRIPTION 

The mass transfer operations course is in many ways ideal 
for introducing students to many of the key principles in­
volved in conceptual design. The new design problem that 
has been developed as part of the mass transfer operations 
course at Delaware does this and at the same time provides 
an extremely effective review for the wide range of material 
that is covered in the course. The assignment is for the 
students to develop a preliminary economic analysis of 
several different process alternatives for the separation 
of a methane-carbon dioxide gas stream, including speci­
fic recommendations for the future development of this pro­
cess. A detailed discussion of many of the technical and 
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economic considerations in­
volved in the purification and 
production of methane gas, in­
cluding analysis of the CO2-CH4 

separation, is available in a num­
ber of references.13.41 

Conceptual design is a creative activity in 
which the engineer must consider a large 

number of process alternatives under near 
optimum design conditions in order to develop 
an approximate outline for the best flowsheet. 

transfer-limited (e.g., pressure 
swing adsorption and membrane 
separation) processes , the 
project provides an ideal review 
for the wide range of material 
that is covered in the current 
mass transfer operations course. The methane-carbon dioxide 

gas separation was chosen for 
several reasons . First, and prob­
ably most important, a large 
number of very different pro­
cesses have in fact been suc­
cessfully commercialized for the 
CO2-CH4 separation, including 
cryogenic distillation, gas sepa­
ration membranes, pressure 
swing adsorption, and absorp­
tion using a variety of chemical 
and/or physical absorbents (e.g. , 
the ethanolamines). Each of 

Conceptual design problems are thus 
characterized by the combinatorial nature of 

the number of possible solutions. In order to make the project 
more realistic, and at the same 

TABLE 1 time to increase the open-ended 
character of the design analysis, 
students were provided with 
economic data on a variety of 
CH4 products that could poten­
tially be recovered and sold, 
each with its own physical char­
acteristics and selling price (see 
Table L) . In addition, the CO2 

could either be vented to the 
atmosphere or could be recov-

Methane Economics 

Producl 

Waste Gas 

CH, 
Concenlralion Specificalions 

SeUing Price 
($/MMBTU) 

Low Energy Gas 

Medium Energy Gas 

High Energy Gas 

Pipeline Gas 

Liquefied Natural Gas 

< 10% 

10-40% 1.2 

40-70% 2.0 

70-90% 3.0 

98% 4.0 

<50 ppm CO
2 

600 psig 

600 psig 5.0 

these processes has its own dis-
tinct economic and technical advantages and disadvantages, 
depending in large part upon the specific characteristics of 
the feed stream. Second, the problem itself is very self­
contained, a11owing the students to focus on the different 
separation processes that can be used without having to 
consider the design of a reactor or the development 
of a complex separation train . This "simplicity" also makes 
it possible to perform a fairly extensive conceptual 
design analysis without being completely overwhelmed by 
the sheer number and complexity of the design calculations. 
Finally, there is a wealth of thermodynamic and transport 
data available in the literature on both CO2 and CH4 and 
on many of the different separating agents that can be used 
in the purification. 

The overall objectives of this project were for the students 
to explore the behavior of a number of different processes 
for the CO2-CH4 separation, to determine the relative eco­
nomic benefits of each of the processes, and to then prepare 
a forrnal written report (possibly in combination with an oral 
presentation) that summarizes the key results and makes 
specific recommendations for the future development of this 
project. The design analyses were to focus on the overall 
economic behavior of these processes without getting overly 
involved in the details of the specific design calculations 
(e.g., in the sizing of the various pumps or the consideration 
of different construction materials). This type of design prob­
lem thus complements the more detailed design calculations 
that our students encounter in the capstone (senior-year) 
design course taught in the semester that follows the mass 
transfer operations course. In addition, since the students 
were specifically asked to evaluate the economics of both 
equilibrium-stage (e.g. , distillation and absorption) and mass 
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ered at a purity of 99% CO2 and 
sold at a price of $0.013/standard cubic foot for the subse­
quent production of dry ice. This product flexibility means 
that the students must consider a wide range of product 
specifications in developing their designs. This is really a 
very important aspect ofthis type of conceptual design analy­
sis, and it provides the students with a very different per­
spective than that obtained from the more standard home­
work problems in mass transfer operations in which the 
product purities and/or recoveries are an integral part of the 
initial specifications for the given design problem. Just as 
important, this range of potential products allows the less 
selective separation processes (like gas separation mem­
branes) to effectively compete with a much more selective 
process like cryogenic distillation. 

Although the students were encouraged to obtain the nec­
essary therrnodynarnic data for the CO2-methane system 
directly from appropriate literature sources, I have generally 
provided some of the more obscure data in handouts that 
accompany the project assignment. This includes, for ex­
ample, inforrnation on the CO2 and methane perrneabilities 
through available gas separation membranes as well as data 
on the equilibrium adsorption isotherms for both CO2 and 
CH4 adsorption onto activated carbon. 

Since most of our students have had only minimal expo­
sure to engineering economics at this point in the curricu­
lum, every effort was made to simplify the economic analy­
sis so that they could really focus on the conceptual aspects 
of the design problem. They were told to estimate the total 
capital costs for the cryogenic distillation column directly 
from the number of plates, e.g. , the average cost per year 
(accounting for depreciation, maintenance, labor costs, etc.) 
was simply estimated as $300,000/plate. The operating costs 
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for the cryogenic distillation were assumed to be dominated 
by the refrigeration costs, which were esti mated directly 
from the electrical power requirements for the condenser. 
Similarly, the capital costs for the absorption columns were 
estimated directly from the number of plates (in thi s case, 
$50,000/plate). The operating costs for the column were 
dominated by the required inventory of the absorbent (as­
sumed to be a one-day supply that had to be replaced on a 
yearly basis to make up for the inevitable losses in the 
absorbent during operation of the column), along with any 
required heating, cooling, or pressurization. The capital costs 
for the membrane unit were assumed to be directly propor­
tional to the membrane area, with the operating costs domi­
nated by any required pressurization of the feed and/or re­
cycle streams, with the pressurization costs determined di­
rectly from the power requirements for the compressor. These 
costs were developed from available economic data on the 
processes, with necessary adjustments made to insure that 
the design calculations resulted in processes that were in fact 
economically competitive. Additional information on the 
economic data used for the different unit operations are 
available directly from the author upon request. 

Although these economic analyses were clearly oversim­
plified, they were carefully developed to capture the key 
design features of each of the processes. Thus, by providing 
information on both the capital (cost/plate) and operating 
(refrigeration) costs for the cryogenic di stillation , the design 
analysis correctly leads to an optimal reflux ratio for the 
di stillation column. In this case, the use of a very low reflux 
ratio resulted in a process that was no longer economical 
because of the large capital costs associated with the col­
umn, while the use of a very high reflux ratio was uneco­
nomical because of the large refrigeration costs for the con­
denser. And of course, the detailed choice of this optimal 
reflux ratio depended upon the specific temperature and 
pressure chosen for the column operation as well as the 
choice of the product specifications used in the design calcu­
lations. Similar effects were seen with each of the other unit 
operations as well, with the balance between the operating 
and capital costs providing specific constraints on the oper­
ating pressure, membrane area, and number of stages for the 
membrane unit; the column length and diameter for the PSA 
system; and the number of stages, absorbent flow rate, and 
operating temperature in the absorption column. 

SPECIAL FEATURES 

Since this assignment was really quite extensive, the stu­
dents were required to work in small groups (typically of 3-4 
students). Generally, the groups divided up the work so that 
each student became an "expert" on one of the processes. It 
was critically important, however, for the entire group to 
work together to develop an appropriate strategy for attack­
ing the design problem and for considering the different 
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possible products and the wide range of possible operating 
conditions for the different processes. In many ways, this 
was one of the most difficu lt aspects of the project, and 
several of the groups had some very heated discussions 
about how to most effectively approach this type of very 
open-ended problem. 

The most effective groups realized that it was possible to 
quickly eliminate some of the processes from further consid­
eration based on the results of simple approximate calcula­
tions focusing on the behavior of highly "idealized" pro­
cesses. For example, in some cases it was possible to show 
that absorption was economical ly uncompetitive even if the 
system were operated at the minimum absorbent flow rate 
using the minimum possible number of plates (with Nmin 

calculated assuming infinite liquid flow). Even though this 
type of column could never actually be built or operated, the 
analysis of thi s type of best-case scenario provided the stu­
dents with considerable insights into the overall behavior of 
the different processes, and it made it possible for them to 
really focus their analysis on those processes that were most 
likely to lead to an effective separation of the particular C02-

CH4 feed stream. 

In order to improve the overall effectiveness of the assign­
ment, each group of students was provided with one of three 
very different "scenarios" for the source of their particular 
COr CH4 gas mixture: 

1. Our gas exploration division has recently identified a new 
natural gas well in the United States. Results from our 
initial drilling indicate that the well gas is an essentially 
pure COrCH4 mixture (with negligible H2S contamina­
tion). We are interested in determining the commercial 
prospects for the production of this well gas. 

2. Our company has recently acquired a large landfill in the 
Northeast corridor of the United States. The landfill 
generates methane gas through anaerobic decomposition of 
the solid waste. This methane gas has a relatively high CO2 

concentration and is available at essentially atmospheric 
pressure. The gas is currently vented to the atmosphere, 
which is a potential contributor to the problem of global 
warming. We are interested in the possibility of upgrading 
this gas for subsequent resale and need to determine the 
economic viability of this process. 

3. Our gas recovery group has proposed using an enhanced 
oil recovery system to extend the effective life of one of our 
Texas oil fields. This field is currently shut down, but 
additional gas can potentially be obtained from the field by 
injecting high pressure CO2 into the ground around the 
periphery of the fie ld to force the gas up through the 
existing well. We need to determine the economic feasibility 
of this project using 5 MMSCFD CO2 at 1000 psi (with less 
than 5% CH4 contamination) to recover the gas. The 
required high pressure CO2 is to be generated directly from 
the purification of the outlet gas stream. 

In addition , each group of students was provided with their 
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own specific set of characteristics for the CO2-CH4 mixture. 
Thus, one group of students was given a well gas (scenario 
1) that had 20% CO2 and was available at a pressure of 500 
psig and a flow rate of 10 MMSCFD (10 million standard 
cubic feet per day), while another group was to analyze a 
similar well gas but with 10% CO2, a pressure of 700 psig, 
and a flow rate of 5 MMSCFD. Likewise, one group of 
students studying the landfill gas might have a feed at a 
pressure of 1.2 atm and a 50% CO2 content, while another 
group had a pressure of 1 atm and a 40% CO2 concentration. 
A summary of the range of specifications for the different 
feed scenarios that have been used in previous years is 
given in Table 2. Thus, each 

esting perspective on their own work as well as on the 
project as a whole. 

In order to reduce the time burden associated with this 
project, I have made a concerted effort to assign problem 
sets throughout the semester that revolve around the CO2-

CH4 system. For example, one of the homework problems 
on di stillation was to examine the use of cryogenic distilla­
tion to separate a particular CO2-CH4 mixture. But in this 
case the column temperature and pressure, as well as the 
distillate and bottom compositions, were all specified in the 
problem statement, with the students simply asked to deter­
mine the number of plates required for the separation at a 

given reflux ratio. Similarly, one 
group was , in at least some 
sense, provided with its own 
unique design problem (with­
out having to provide a differ-

TABLE2 
of the homework problems on 
absorption focused on the use 
of monoethanolamines for 
CO2 removal, including the de­
velopment of the appropriate en­
thalpy balances required to de­
termine the temperature profiles 
within the column (an excel-

Range of Feed Stream Characteristics 

ent set of economic data and FeedScenario 

process information for every 
group of students) . 

Natural Gas Well 

Landfill Gas 

CO, Concentralion 

7-30% 

40- 50% 

The advantages of this ap- Enhanced Recovery 60 - 90% 

proach were several-fold. First, 
it tended to discourage groups 
from simply "copying" from one another (although they 
were still able to share general ideas and approaches to the 
design problem). Second, it eliminated much of the anxiety 
that occurs when different groups of students get different 
"answers." This is particularly important if there is a group 
of very strong students whose results would tend to preju­
dice the work of the rest of the class. In fact, by properly 
choosing the feed characteristics (and economic informa­
tion) it was possible to design the project so that it generated 
many different "correct" answers depending on the feed 
properties and the design approach. This included the possi­
bility that the best process was actually to do absolutely 
nothing, e.g., for some choices of the feed stream character­
istics it turned out that all of the proposed separation pro­
cesses were economically unattractive. 

An interesting aspect of the final (written) report for this 
project was the requirement that the students prepare a set of 
specific recommendations for the future development of the 
process. These recommendations not only gave the students 
an opportunity to think about how their results might ulti­
mately be used by a real company, but it also provided a 
chance for the students to perform a self-evaluation of their 
own design analyses. Thus, many of the groups included 
specific comments on the weaknesses in their calculations, 
the need for improved physical property data under certain 
conditions, the need to strengthen some of the economic 
assumptions, and the possibilities for reducing overall costs 
through more effective process integration (e.g., the intro­
duction of heat exchangers). These self-critiques were really 
very insightful, and they provided the students with an inter-
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Pressure Flow Rale 

400 - 800 psig 5 - 30 MMSCFD 

I - 1.5 atm I - 5 MMSCFD 

40 - 200 psig 5 - 30 MMSCFD 

lent discussion of this parti­
cular problem is provided by 

Kingr51). In each case, the students were encouraged to 
develop appropriate computer programs for the analysis, 
with the specific goal of having these programs in hand 
for use in the final project. 

These problem sets not only reduced the amount of time 
required for completing the final project, they also insured 
that all of the groups were able to make an effective start on 
the design calculations. In fact, many of the students 
began their work on this project by pulling out their old 
problem sets and carefully reexamining the detailed design 
calculations for the different unit operations, thus providing 
an ideal review for much of the material that was covered 
early in the semester. 

SUMMARY 

Overall, I have been extremely pleased with the response 
to this design project. It has provided our students with an 
important introduction to the principles and approaches re­
quired for the development of this type of conceptual design 
and for the analysis of different process alternatives for a 
given separation. This type of expanded design experience is 
also very much in line with the new ABET guidelines for an 
enhanced design component throughout the curriculum (and 
not just in a single capstone design course). The project has 
also served as an excelJent review for the wide range of 
material covered in the mass transfer operations course, and 
it has "forced" students to go back and reexamine and then 
actually apply the governing design equations for distilla­
tion, absorption, membrane separations, and pressure swing 
_______________ Continued on page 190 
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provide a baseline measurement of the present quality , with 
the average results being presented in Figure 3 and ranging 
from -4 to 9.3. The quality surveys then indicate areas for 
improvement of each experiment, and academic and profes­
sional staff are presently using them to improve the quality 
of our laboratory courses by targeting those areas high­
lighted as deficient by this quality measurement. We then 
plan to apply the same quality measures next year, to assess 
the effectiveness of the actions taken to improve the quality 
of the processes in our teaching laboratories. 

CONCLUSIONS 

This paper has described a KAIZEN process-oriented ap­
proach for improving the quality of existing teaching labora­
tories that provides relevant quality measurements and indi­
cates how the quality could be improved. Use of such 
P(rocess)-criteria neatly sidesteps the difficulty of defining 
quality for laboratory experiments and allows separation of 
student assessment from quality measurement. Efforts made 
to improve the quality can then be assessed by the improve­
ment not only in these P-criteria but also in the R(esult)­
criteria measured by the standard student surveys for subject 
and teacher evaluation. 
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adsorption. The students were also given at least a flavor of 
how these different processes are able to compete economi­
cally, depending upon differences in the feed specifications 
and product requirements. 

The scope of the actual student reports has varied enor­
mously. Some groups tended to get overly involved in the 
minutiae of the design calculations (e.g., constructing nu­
merous McCabe-Thiele diagrams at different temperatures 
and distillate/bottoms compositions for the distillation) while 
other groups have made very effective use of available ap­
proximate methods like the Fenske and Gilliland equations. 
Some groups have actually tried to integrate heat exchangers 
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into several of the processes in order to reduce the overall 
energy costs. And many of the groups have examined the 
behavior of several hybrid processes for the CO2-CH4 sepa­
ration, e.g., using a combined membrane and distillation 
system to obtain high purity CO2 and CH4 products at a 
significantly reduced overall cost. 

Although it is always difficult to judge student response to 
an assignment of this nature, my impression is that the 
students have found this project to be a very positive addi­
tion to the mass transfer operations course and to the overall 
coverage of engineering design. Almost all of the students 
have appreciated the "reality" of the project and the enor­
mous range of possibilities that they were able to explore. 
I think they have also been fascinated by the different 
answers obtained by the individual groups arising simply 
from the differences in the feed characteristics (often 
coupled with differences in the design strategies used by the 
different groups) . 

Some of the students have been frustrated by what they 
viewed as a lack of "structure" for the project. While these 
students often had a great deal of difficulty developing an 
effective approach to the design analysis, even they 
seemed to develop a much better appreciation for the 
underlying principles of engineering design and of the criti­
cal importance of developing an effective strategy for 
attacking this type of open-ended design problem (instead 
of simply using the type of brute-force approach that gener­
ally works so well for most standard chemical engineering 
homework problems). 

Overall, I feel that this project has had an extremely posi­
tive impact on the teaching of mass transfer operations, and I 
can strongly recommend using this type of conceptual de­
sign analysis in similar classes at other universities. 
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