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ith the support of the U.S. Environmental Protec-

tion Agency, a problem set was developed that

included many of the green engineering concepts
found in Green Engineering — Environmentally Conscious
Design of Chemical Processes, by Allen and Shonnard, with
key heat transfer design concepts found in the widely used
textbook, Fundamentals of Heat and Mass Transfer, by
Incropera and DeWitt.!?) These greened heat transfer prob-
lems were incorporated into an undergraduate, design-ori-
ented heat transfer course offered to chemical engineering
students in the fall of their junior year. Twenty-four prob-
lems were developed to cover topics in 13 chapters of the
heat transfer textbook. Each greened heat transfer problem
references the following: the corresponding heat transfer
section(s) in Incropera and DeWitt, the corresponding
section(s) in the green engineering text by Allen and Shonnard,
and the specific Sandestin green-engineering principles cov-
ered.!">¥ The total percentage of green-engineering principles
covered by the heat transfer problem set can be found in Fig-
ure 1. All of the problems with their detailed solutions can
be found at <www.rowan.edu/greenengineering> and an in-
depth analysis of four of the more popular problems is pre-
sented in a companion paper.” This work assesses the incor-
poration of green engineering concepts into a traditional un-
dergraduate chemical engineering course, and a general road
map for that assessment process is highlighted by the dashed
enclosure on the feedback loop in Figure 2. The primary ob-
jective of this assessment process was to determine whether
or not green engineering concepts could be successfully
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internalized by undergraduate students — so that these
concepts might actually have an impact on industry after
the students graduate.

This work examines the progression of the “green engi-
neering 1Q” of 27 undergraduate chemical engineering stu-
dents during the course of a 14-week semester. The assess-
ment process started at the beginning of the semester when
the students were asked to rate their own environmental
awareness on a scale of 0-10, i.e., quantify their green engi-
neering 1Q. Over the course of the semester they were also
asked to rate each green engineering problem assigned to them
(on ascale of 0-10) with respect to how it affected their green
engineering 1Q. At the end of the semester each student was
required to reevaluate their green engineering 1Q and submit
a two-page analysis of the greened heat transfer course out-
lining how (if at all) the green engineering portion of the
course affected their environmental attitudes, values, and prin-
ciples and how (if at all) their green engineering IQ was al-
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tered. They were asked to reinforce their comments using
specific green engineering problems. Finally, the instructor
used the student surveys of the greened homework problems,
the student surveys that tracked their green engineering 1Q,
the students’ green engineering analyses, and the course
objective surveys as assessment tools to modify the
greened course.

TURNING GREEN ENGINEERING CONCEPTS
INTO PROBLEM SETS

In summary, each problem that was developed consisted
of two parts. The first part addressed key heat transfer design
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Figure 2. Assessment diagram.
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concepts required in most standard heat transfer design cur-
ricula, such as

» Conduction and convection resistance
»  Overall heat transfer coefficients

P Standard heat-exchanger design (e.g., double pipe and
shell and tube)

The second part of each problem then addressed the im-
pact of that design on a specific environment. For example,
the first part of one such problem might require the student
to calculate the necessary insulation thickness for an under-
ground heated transfer line. The second part of that same prob-
lem would then require the student to discuss the possible
consequences of placing that transfer line near a densely popu-
lated area susceptible to earthquakes, soil shifting, or land-
slides. The problems could be used in their entirety or the
greened portion of the problems could be used alone. To il-
lustrate this methodology, an abbreviated version of a greened
heat transfer problem that was used as a take-home project is
presented on page 323, and the different formats in which it
could be offered are outlined. The complete solution is pre-
sented elsewhere.®!

QUANTIFYING GREEN ENGINEERING IQ

For this study, the concept of a greened heat transfer course
was received with a mixed response (at best) from the junior
chemical engineering class when it was presented to them at
the beginning of the semester. The discussion began with an
explanation of “the concept of green engineering.” The stu-
dents were told that they would be part of a semester-long
study to determine whether or not this methodology would
heighten the awareness of students to the concept of green
engineering. The students were told how importantly the con-
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cept of green engineering was viewed by such influential
agencies as the EPA, and about the large number of funded
projects that addressed the single issue of green engineering.
In spite of this buildup, the predominant response from the
class was, “You’re trying to make us environmental engi-
neers.” Indeed, the initial response from the class was so lack-
luster, and at times belligerent, that it required the rewriting
of the course syllabus so that a specific percentage of the
final grade was allocated toward green engineering. From
the instructor’s point of view, it would have been easy to re-
turn to the status quo for the course at this point. Yet such a
significant amount of time and money had already been in-
vested in the development of the greened problem sets (with
similar slotted for the future) that it was necessary to persevere
in order to quantify the “transferability” of the enthusiasm and
interest in green engineering from the faculty to the students.

At the beginning of the semester, each student was given a
two-sided handout that was to be submitted with each home-
work assignment during the semester and submitted for the
last time at the end of the semester, with the final exam. One
side of the handout stated a widely used definition of green
engineering, and the student was asked to rate their own green
engineering 1Q, from 0-10, based on this definition."”-*
This handout is seen in Figure 3. The student also used

this same sheet to reevaluate their green engineering 1Q
at the end of the semester.

STUDENT EVALUATION OF GREENED
PROBLEMS

The second side of the handout, seen in Figure 4, asked the
students to rate each individual greened heat transfer prob-
lem as it was presented to them with respect to what impact
(if any) it had on their green engineering 1Q. Over the period
of a 14-week semester students were given eight homework
assignments. Typically one week was allowed for comple-
tion of each assignment. Each assignment varied in length
from one problem to five problems, depending on the diffi-
culty of each problem. The students completed a total of 27
heat transfer problems over the course of the semester, of
which 11 problems (approximately 40%) were taken from
the newly developed greened heat transfer problem set. The
remaining 16 homework problems were taken from a variety
of sources — the predominant sources being the instructor’s
notes and the text, Process Heat Transfer, by Kern.”’ The
Incropera and DeWitt text was used as a reference text for
the course.

Of the 27 students in the class, 26 students successfully
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NAME
On Wednesday, September 22, 2004, on a scale of 0-10 (0 = completely unaware, 10 =
completely aware) | give the following statement a rating of:
Figure 3.
Handout | understand the mechanisms that determine how chemicals are transported and
for students to transformed in the environment and what their environmental and human health impacts
viite Hhely are, and how it is possible to incorporate environmental objectives into the design of
chemical processes and products — with respect to heat transfer.
green
engineering
1Q. 0|1|2‘3|4|5|6‘7|8|9|10‘
Please rate the following homework problems (on a scale of 0-10) as to how they helped
Figure 4. increase your awareness of how heat transfer design and its related applications impact the
Handout environment.
for students to
rate each Chapter | Problem | Date Rating
green engineering 3 1 0 1 2 3 4 5 6 7 8 9 10
problem and how
it increased ! z
their awareness. 2 1
2 2
3 1
13 1
13 2
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Problem Statement

Heated swimming pools can extend the swimming season well
beyond the summer. It is required to determine the optimum time
of day to turn on a swimming pool heater such that:

Model T

a) The bulk temperature of the pool, lel, remains at
approximately 80 °F between the hours of 12 p.m.
and 8 p.m.

b) The energy consumption is minimized.

as a function of time. Note that T and the tem-
pool pool

perature of the water at the surface, T, are considered equal
and the terms may be used flI[e’I‘('/l(Iﬂgédb[)'. The temperature
very far from the pool, T =490 R, is considered constant. The
swimming pool volume and its free surface area (surface ex-
posed to air) are approximately 35,000 gal. (4679 f¥*) and 1,300
[t respectively. The power of the pool heater is 333,000 BTU/hr.
The pool loses heat to the outside air via three mechanisms:
radiation, surface evaporation, and natural convection.

The solution to this unsteady-state problem revolved around an
energy balance between the heat input to the pool by the heater,
the heat retained by the pool, and the heat lost from the pool due
to convection, radiation, and evaporation. The problem had the
option of being presented in three formats, each format offering
a different level of difficulty.

Level 1: Perform an energy balance on the pool and
model the temperature of the water in the heated pool as
a function of time, assuming a constant air temperature
and manually turning the heater on and off.

Level 2: Model the temperature of the water in the
heated pool as a function of time, assuming a variation
in the temperature of the air (based on a 24-hour cycle)
and then determine the optimum time of day to manually
turn the heat off and on by trial and error so as to
minimize energy consumption.

Level 3: Model the temperature of the water in the heated
pool as a function of time, assuming a variation in the
temperature of the air (based on a 24-hour cycle) while
the heater is turned off and on automatically by use of a

Student Rating

ol
o

thermostat so as to minimize energy consumption.
@ Average Rating

11 112 211 212 3//11 3/12 4//1 9112 6//2 811 91

Green Heat Transfer Problem
(Chapter//Number)

N W A OO
o o o o o

-
o

Figure 5. The average rating for each greened heat
transfer problem presented to the class.
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completed the greened heat transfer problem evaluation. The
results were tabulated (on a scale of 0-10) and the average
rating for each greened heat transfer problem presented to
the class is shown in Figure 5. The standard deviation of these
ratings varied from 1.6 to 2.7. Note that the numbers on the
x-axis on Figure 5 denote the chapter and problem number of
each problem from the Rowan Web site.

The results from Figure 5 combined with student comments
submitted in the green engineering analyses at the end of the
semester show that the ratings of the green engineering prob-
lems tended to increase as the semester progressed, not be-
cause the students were warming to the concept of green en-
gineering, but rather because they simply /iked the problems
that were presented at the end of the semester better. Student
comments from the green engineering analyses regarding
these early problems included, “Too much looking up,”
“Didn’t seem like a real engineering problem,” and “Needs
more calculations.” For example, greened problems for early
topics in Incropera and DeWitt tended to be very general and
introductory in nature. Problem titles included: Green Engi-
neering Responsibilities (avg. rating = 2.2), Energy Savings
and Environmental Awareness (avg. rating = 3.3), and Proper
Disposal of Spent Fuel (avg. rating = 3.4).

Student responses to these early problems in the green en-
gineering analyses included: “Waste of time,” “Only com-
mon sense,” and “Busywork.” The difficulty arose in the fact
that early on in the semester, the students had little in the way
of heat transfer design capability and the greened heat trans-
fer problems tended to be qualitative in nature out of neces-
sity. Overall, the ratings for the early greened problems were
low and the comments were relatively negative.

In contrast, the problems that were distributed toward the
end of the semester were rated slightly higher by the students
and garnered extremely positive comments in the green en-
gineering analyses. For example, of the 27 students that sub-
mitted a green engineering analysis, 27 out of 27 cited the
“Rain Forest” problem (avg. rating = 5.1) as a favorite and
23 out of 27 sited the “Argon-Filled Windows” problem as a
favorite (avg. rating = 4.7).) Sample student comments in-
cluded: “Inspiring,” “Why can’t all homework problems be
like this?”, “Changed the way I think about green engineer-
ing,” and “Made me think I can make a difference.”

PRESENTATION OF GREENED PROBLEMS
AND STUDENTS’ GREEN ENGINEERING 1Q

As previously stated, 27 students were asked at the begin-
ning of the semester to quantify their awareness of the con-
cept of green engineering, i.e., their green engineering 1Q. At
the end of a 14-week semester after the students had worked
through 11 heat transfer homework problems that contained
multiple green engineering concepts, the students were once
again asked to quantify their green engineering IQ. This was
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done in order to determine if the greened heat transfer prob-
lem set had had any impact on their environmental aware-
ness and the concept of green engineering. Of the 27 stu-
dents in the class, only 25 students successfully completed
the green engineering IQ evaluation. The results of the evalu-
ation are shown in Table 1.

The results show that the average green engineering IQ of
25 students was 3.0 at the beginning of the semester and in-
creased to 6.8 by the end of the semester. The increase in
green engineering IQ from the beginning of the semester to
the end of the semester was 3.9 points on average for each
student. In other words, the green engineering IQ of each
student more than doubled over the course of a 14-week se-
mester as a result of being exposed to homework problems
that contained a variety of green engineering concepts.

It should be noted that none of the students had been previ-
ously introduced to green engineering concepts in a formal
classroom environment. While the chemical engineering de-
partment at Manhattan offers a variety of classes

gineering students bring an increased awareness of green
engineering concepts into industry upon graduation. Table 2
outlines the extent to which this objective was successfully
achieved.

CONCLUSIONS

Based on the results of the assessment outlined in Table 2 —
specifically the green engineering IQ, the green engineering
analysis, and the course objectives survey — the objective
of increasing the awareness among chemical engineering stu-
dents to green engineering concepts was successfully
achieved. In addition, the success of the project was further
punctuated by the fact that three students in the course ap-
proached the instructor on two occasions to find out how they
could get further involved in green engineering as a result of
their exposure to the greened heat transfer problems presented
in class. One student indicated that she would like to spend
time doing research on projects that have a green engineer-

incorporating environmental concepts — such as
Air Pollution, Pollution Prevention, and Accident TABLE 1
and Emergency Management — all of them are Impact of Greened Heat Tra.nsfer_ Problems
available only to graduate students and a select on Stndents’ Green Engincering 1Q
group of seniors. Therefore, in theory, it was ex- Green Engineering 1Q
pected that the green .engineering IQ of all the Student Start of End of Rating ;
students at the beginning of the semester would Semester Semester Increase % Increase
hover around 0. This lack of awareness of green 1 2 5 3 150
engineering concepts by some of the students was 2 1 5 2 200
also evident in early homework discussions. For 3 4 6 2 50
example, only a few of the 27 students actually 4 5 9 2 80
knew what a rain forest was and only one stu- 5 1 7 6 600
dent had ever been to a rain forest. 6 1 3 > 200
COURSE ASSESSMENT : : : . 1o
AND MODIFICATION 9 1 2 3 300
The Accreditation Board for Engineering and 10 1 3 2 200
Technology (ABET) has in recent years placed 11 4 9 5 125
an emphasis on the concept of a continuous feed- 12 4 10 6 150
back loop for engineering and technology 13 1 9 8 800
courses. It is a closed-loop process with the goal 14 2 10 8 400
of successfully achieving a course’s objectives 15 3 8 5 167
by continuous evaluation and modification of the 16 6 8 2 33
course over time. A model similar to that found 17 2 6 4 200
in ABET was used in this study. 18 3 6 3 100
There was one objective for this study: to de- L 2 ! 4 133
termine whether or not the awareness chemical 20 2 i ? 250
engineering students had of green engineering l . o e by
was increased by incorporating green engi- = = S B 80
neering concepts into heat transfer homework 3 3 2 3 6
problems. 24 8 g L 13
25 2 6 4 200
This objective is directed toward achieving the
overall, long-term goal of having chemical en- Average 3.0 6.8 3.9 126
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TABLE 2

Assessment and Course Modification Analysis

Assessment Tool

Assessment

Course Modifications

Student rating of greened heat
transfer problems with respect
to how the problem increased
their green engineering 1Q

The average ratings for the problems from early
chapters (1, 2, 3) were lower than the problems
from later chapters (4, 6, 8, 9).

Even though some of the later chapters received
ratings of 8 or 9 from individual students, none
of the combined average rating for any one
problem was greater than 5.5

Eliminate the problems from early chapters in the future.
Multiple assessment tools showed that the students found them
too general and ineffective toward achieving the project
objectives.

Refine the rating system. It may be naive to expect the majority
of students to “like” anything about homework and probably
accounts for the overall low ratings. Also, there was too much
resolution in the rating system. In addition, each student had a
different point of reference. The rating system should be more
qualitative and less quantitative. For example, once the project
objective has been given to the student, he/she could simply
rate the problem as to whether it was either effective or
ineffective toward achieving that objective.

The rating of the students’
green engineering IQ at the
beginning of the semester and
at the end of the semester
after the students had been
exposed to greened homework
problems.

The green engineering IQ of the students went
up an average of 3.9 points or approximately
200% over the course of the semester.

The green engineering IQ rating system was a success and a
useful tool to determine how much the students themselves felt
that their awareness of green engineering concepts had
increased. It should be included in the course in the future.
Unlike the homework problem rating system, the 1Q rating
system worked well in this situation because the most important
metric was the change in 1Q.

Green engineering analysis
submitted by each student at
the end of the semester.

Of the 27 students that submitted a report, 26
described the experience of being exposed to
green engineering concepts in a positive
manner. One student agreed that the exposure
to greened heat transfer problems increased his
awareness of green engineering concepts but
he, however, found the knowledge useless.

Many students commented that some of the
heat exchanger design calculations in the
greened heat transfer problems did not always
correlate well with the material taught in class,
partly because Incropera & DeWitt was not the
primary textbook for the course. This was
verbalized by the students during the semester
and repeated in the end-of-semester analysis.

Many students commented that they would like
to spend more time in class in a round-table
format discussing the solutions to the green
engineering section of the problems. They also
commented that they would like an entire
course devoted solely to green chemical
engineering (and made the distinction between
such a course and an environmental engineer-
ing course)

This was a less quantitative tool than the previous two
numerical rating tools and therefore offered less concrete
information when used as a tool to make modifications to the
course. In many cases, however, it offered the students an
opportunity to express themselves other than by assigning a
value to their thoughts. In many cases, the students were clearly
inspired by the concept of green engineering and were quite
eloquent in expressing their thoughts. This was also a useful
motivational tool for the instructor going forward.

Based on the inconsistent correlation between the course notes
and greened heat transfer problem, an informal assessment and
course modification were made midway through the semester.
This included providing the students with the problems and
solutions to the design part of the problem (only). The students
were then only responsible for the parts of the problem that
pertained to green engineering. This allowed them to focus
more, the students were happier, and the homework grades
increased. This approach should be used in the future if the I&D
text is not the primary textbook for the course.

The instructor will make a conscious effort in the future to
provide discussion time for the green engineering solutions.

The green engineering analysis counted as 5% of the final
grade. This seemed to minimize the number of students who
simply wrote what they thought the instructor might want to
hear or students who simply “mailed it in.” It should be given
equal consideration in the future if included in the course.

Course objectives survey:
Objective 8: To develop an
awareness of the concept of
green engineering and to
become aware of the impact
that heat transfer and heat
exchanger design can have on
the environment.

20/26 (77%) of the students rated this course
objective as either “excellent” or “good™ with
respect to how the objective was met. 4/26
(15%) said that this objective was met
“adequately” and 2/26 (8%) said that this
objective was met “poorly.”

Achievement of this course objective was a success since 24/26
(92%) students were satisfied with the outcome.

It is felt, however, that the course objective was developed at
the beginning of the semester and the second part of the
statement was too specific and far-reaching with respect to heat
exchanger design. In the future it should include only: To
develop an awareness of the concept of green engineering.

Fall 2005
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ing component. Two of the other students expressed a desire
to one day own their own consulting firm that specialized in
green engineering. Quite simply, they wanted to get more
involved in other greened chemical engineering courses. They
expressed an interest in courses on such topics as greened
reactor design and environmentally conscious plant design.
In addition, these three students subsequently formed a stu-

ronmental issues in mind can be beneficial in many ways, not
Jjust for trees.”

» “I learned to not always think with my wallet but rather

the health of myself, others, and the environment. Over-
all, I no longer see these assignments as a waste of time
or busywork, because of the impact it had on my sense of
ethics in the engineering world.”

dent task force to perform a supplementary assessment of the

newly greened course. While the com-
plete assessment has been submitted for
publication elsewhere, the most signifi-
cant results are presented here.!'” The re-
sults of the student assessment show that
the student task force identified five criti-
cal elements that are necessary for the
successful integration of green engineer-
ing concepts into a traditional, design-ori-
ented, nongreen class. The five critical
elements are as follows:

1. Provide students with a short,
introductory text.

2. Periodically test students on their
green engineering knowledge.

3. Include significant classroom
discussion before and after home-
work assignments have been
completed.

4. Assign group research projects.

5. Include homework assignments that
address world issues and are
industry based.

“There are those within
society who must carry a
greater burden; those
who have the intelli-
gence, knowledge, and
ability to destroy the
world, and those who see
the truth. While wisdom
requires intelligence,
intelligence does not
imply wisdom, and
wisdom often trails far
behind knowledge.
Green engineering is an
attempt to combine these
powerful attributes, and
should be embraced by
society.”
Student feedback extracted
from the green engineering analyses

» “In my own experience with solving these problems I feel that

[ have gained a greater knowledge of
what, indeed, green engineering is, and
they have influenced me to pursue a ca-
reer in the green engineering field.”

» “Pollution exists in many forms and av-
enues of which people are ignorant. The
green problems counteract this general
lack of knowledge by introducing real-
life situations in which the environment
is involved. When considering the prob-
lems concerning the environment, igno-
rance is the greatest problem and knowl-
edge is the greatest weapon.”
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The first critical element, providing stu-

dents with an introductory text, emerged
as the most important modification to the
previous greened heat transfer course that should be made in
order to improve the effectiveness of the curriculum.

It seems only fitting that this paper should conclude with
thoughts from the students involved in the project (extracted
from the green engineering analyses and unedited) — since the
students (and their thoughts) are a constant source of inspira-
tion for all who teach.

» “There are those within society who must carry a greater bur-
den; those who have the intelligence, knowledge, and ability
to destroy the world, and those who see the truth. While wis-
dom requires intelligence, intelligence does not imply wis-
dom, and wisdom often trails far behind knowledge. Green
engineering is an attempt to combine these powerful at-
tributes, and should be embraced by society.”

» “The green engineering problems this semester helped stu-
dents to learn a new method of thinking. In the past many
students assumed that operating with concern for the envi-
ronment meant sacrificing profit and eating a lot of granola.
The problems helped show students that operating with envi-
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Learning in Industry: The Sucralose Process
Continued from page 319

rized the work in order to present it in a meeting. Courses
such as technical writing and public speech would have helped
the student for a more concise oral briefing and the written
report. Upon approval of the report by her direct mentor, a
meeting was held among engineers, managers, and project
coordinators in order to decide on the most profitable solu-
tion. While the student’s direct mentor attended the meeting
to advocate the student’s work, the student was also invited
to the meeting to explain her work and to answer any ques-
tions that attendees might have regarding the report. Con-
struction downtime, the cost of construction, and the produc-
tion rate increase, as well as other ongoing projects that in-
fluence the studied system, were major factors which affected
the final decision. The decision was made to implement the
option which achieved an intermediate heat transfer rate and
that minimized downtime and investment until issues in other
areas that are subject to bottleneck would be resolved.

CONCLUSIONS

The benefit this type of project gives to students is beyond
what one can expect from textbooks or classroom lectures.
From finding out about minor instrument factors to keeping
meticulous track of details — such as accounting for the en-
ergy loss due to friction through the pipelines and operational

Fall 2005

equipment — the student combines and applies principles
learned at school in a practical situation. The skills used are
often not limited to those learned from the core engineering
courses required for the degree being pursued. Rather, they
also included statistics, time-management skills, communi-
cation and presentation skills, and knowledge about economic
analysis. The sequence of Tate & Lyle Sucralose, Inc.’s, co-
op program demands that when the students return to their
successive work-terms, they rotate from one specialized area
to another — operations, maintenance, project management,
and research and development. This benefits the students as
an excellent opportunity to gain experiences in various engi-
neering emphases. Likewise, the company recognizes the
benefit brought by the students upon successful completion
of projects and assignments.

ACKNOWLEDGMENTS

The authors acknowledge support by James E. Wiley and
Susan E. Green, technology and maintenance department
managers at Tate & Lyle Sucralose, Inc.

REFERENCES
1. <http://diet-studies.com/graphics/sucralose.gif>
2. McCabe, W.L., P. Harriott, and J.C. Smith, Unit Operations of Chemi-
cal Engineering, 4th Edition, McGraw-Hill, Inc., New York, Chapter
11 (1985)
3. Green, Susan E., and James E. Wiley, Tate & Lyle Sucralose, Inc.,
personal communications (7

327



