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Abstract: It is crucial that engineering students
develop creative and critical thinking skills as part of
the skill set needed to become real world problem
solvers. Incorporating exercises that encourage and
develop creative and critical thinking skills in students
is essential for a syllabus to achieve outcomes that
demonstrate adequate preparation of the student of
engineering to face real world challenges. In this
paper, we report on the inclusion of open ended design
(OED) type projects that students work on in teams as
part of the requirements for both a freshman level
introduction to chemical engineering design course
and for a senior level core chemical engineering
course or kinetics and reactor design. The paper
outlines the key components of such exercises and
articulates on the specifics of how these are assigned
to students, the process by which the students work in
collaborative groups and teams to develop the open-
ended solution and discourses on the rubric that
students are provided so that they are aware of how the
assessment and evaluation of their work will be
conducted. The paper articulates on the components
of the final report and presentations that the students
teams are expected to develop and deliver. Finally, we
discuss the student educational outcomes that are
being appropriately addressed through such OED
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projects, and report on our experience in terms of the
achievement of the highlighted outcomes by the
students.
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1. Introduction

Engineering and engineering education has been
evolving over the past century or more as technology
and society have themselves evolved and developed.
As a formal discipline, engineering education only
began in the late 19th/early 20th century. There have
been a series of policy reports that have been
developed and produced by various learned, scholarly
and professional societies over the years focused on
engineering education content, curricula and
pedagogy, and these demonstrate the changes that
have occurred in the conceptualization of engineering
education (Cheville, 2014).

The first rigorous policy paper on engineering
education was the Mann Report (1918), which had
been commissioned by three engineering societies
through the Carnegie Foundation. The Mann Report
took as it's premise that the purpose of engineering
was to improve industrial production and also to
elevate the mechanical arts to a learned profession. It
saw the role of the engineer as that of a manager with
the charge to apply scientific principles to industrial
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production. Preparation for an engineer included
learning science, applying science in the mechanic
arts, developing managerial skills and building
character. Thus engineering education programs were
to balance scientific, technical, and humanistic studies
to produce graduates with a measure of knowledge
and character who could be active in their roles in
industry; the focus was highly pragmatic. Although
taught in universities, engineering was not to be a
purely academic discipline, and should emphasize
both doing and knowing. Engineers clearly worked in
the human realm and were more valuable in their
practice if they could manage both human and
material resources. The concluding sentence neatly
summarizes these definitions: *...the modern
conception of the professional engineer, not as a
conglomerate of classical scholarship and mechanical
skill, but as the creator of machines and the interpreter
of their human significance, well qualified to increase
the material rewards of human labor and to organize
industry for the more intelligent development of
men.” (Wickendenetal, 1930).

It would be almost five decades later that the
next major policy paper on engineering education
emerged. This was the Grinter Report (1955), which
was released at a time of growing U.S. global
hegemony and a very rapid pace of economic
expansion. Grinter shifted the focus of engineering
education from focusing on the scientific, technical
and human elements of industrial production to the
actual scientific basis of the engineering itself. The
goal of engineering was the application of science,
and thus creative work and research started to occupy
an elevated status, soon rising to the peak. The new
emphasis was on research for the purpose of discovery
and creation of new products and processes. This
report saw the main role of the engineer as the
provider of technical advances to the larger economic
system. Engineering education was conceptualized as
being predominantly technical with a concomitant de-
emphasis of the humanities and the social sciences.
There was also the development of the two tier
system, with the creation of undergraduate and
graduate education and degrees.

In 1964, the National Academy of
Engineering (NAE) was founded under the umbrella
of the National Academy of Sciences, and a national
conference was held in 1966 to determine what role
the NAE should play in engineering education.
Presentations were made by various engineering

education stakeholders, including representatives
from industry and academia, the Engineering Council
for Professional Development (ECPD, which would
later become the Accreditation Board of Engineering
and Technology (ABET)), the American Society of
Engineering Education (ASEE), as well as others.
There was little consensus that emerged from that
national conference. This is reflected in the tensions
even in the definitions of engineering: should
engineers address technical or social problems? What
was the role of the engineer to be in the future? The
picture one drew from a reading of these reports from
that period was that engineering education was in a
crisis, unsure exactly where it wanted to go and what it
wanted to be (Walker etal, 1968).

Almost two decades later, the NAE again came out
with a report on Engineering Education and Practice
in the United States (EEPUS, 1985), which
summarized a series of NAE panels and workshops
under the umbrella of the Committee on Education
and Utilization of the Engineer. Interestingly, in this
repOrt the conceptualization of engineering broadens
tremendously, with the recognition of engineering asa
system function than a role or a profession.
Engineering purpose was re-imagined to mean to
serve necessary technical functions in a much larger
system, and the report viewed the role of the
engineering as very much a member of a
multidisciplinary team including management and
technicians. The paradigm shift was in placing the
engineer within the context of a larger economic and
social system, and acknowledging the need for the
contextualization of the definition of what an engineer
was and did. Thus, the emphasis on preparation of an
engineer was that the technical preparation was to
occur within a social context, with a large emphasis on
the ability of the educated engineer to function on an
interdisciplinary team (Davis, 1985).

Our most recent and current definition of
engineering and engineering education now come
from the NAE report “The Engineering of 2020”. The
report's definition of engineering is worth quoting
here: “Engineering is a profoundly creative process. A
most elegant description is that engineering is design
under constraint. The engineer designs devices,
components, subsystems, and systems and, to create a
successful design, n the sense that it leads directly or
indirectly to an improvement in our quality of life,
must work within the constraints provided by
technical, economic, business, political, social and
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ethical issues.” The purpose of engineering was re-
defined to be a component in the system, the creative
element of a socio-technological system, with the
main charges of increasing prosperity and averting
catastrophe! Engineers were no longer just solvers of
narrow focused technical problems; instead engineers
have an obligation to advance technological
breakthroughs for the betterment of life, take
leadership in the problem solving process and to be
able to focus on tackling societal problems. The
emphasis in terms of the preparation of an engineer
was now to be able to function on multidisciplinary
teams to address the major challenges and issues
within socio-technical systems. The preparation of an
engineer now included the ability to lead and manage
within these multidisciplinary teams to address the
grand challenges facing human kind.

Considering this abridged history of the evolution
of engineering education to its current form requiring
that certain well defined student educational
outcomes (Table 1) are achieved, it is clear that both
creative thinking skills and critical thinking skills are
essential components of the skill-set of an engineer
today. Critical thinking skills can be developed in
students by articulating what exactly it means to be
able to think critically. When challenged with a
problem, the critical thinking approach is to first seek
clarification on the issues. This includes questioning
the assumptions made, as well as questioning the
viewpoints and perspectives from which one
approaches the problems. Critical thinking requires
that our approach be based on reason and evidence,
logic and data. And perhaps most important, to be
objectively critical, one must also probe the
implications and consequences of suggested solutions
and approaches. Creative thinking, on the other hand,
requires the problem solver to be able to ask pertinent
“What if...?” questions, and being able to probe the
extent and reach of a particular solution.

In this paper, we report on the use of open-ended
design (OED) type projects at both the freshman and
senior level to foster and develop creative and critical
thinking skills in students in our program. At the
freshman level, these OED type projects are assigned
to four-person student teams in the Introduction to
Chemical Engineering Design course, which is the
second semester freshman introductory course in the
Bachelor of Science in Chemical Engineering
(BSChE) four-year program. The students in this
course at this level have already had Calculus | and are
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in their second semester of general chemistry, and the
projects involve solving simultaneous algebraic
equations using the POLY MATH software package.

Table 1: Accreditation Board of Engineering and
Technology mandated student educational
outcomes for accredited engineering
undergraduate degree programs

a) |an ability to apply knowledge of mathematics,
science, and engineering

b)|an ability to design and conduct experiments, as
well astoanalyze and interpret data

c)|an ability to design a system, component, or
process to meet desired needs within realistic
constraints such as economic, environmental,
social, political, ethical, health and safety,
manufacturability, and sustainability

d)| anability to function on multi disciplinary teams

e)|an ability to identify, formulate, and solve
engineering problems

f) |an understanding of professional and ethical
responsibility

g) | an ability to communicate effectively

h)| the broad education necessary to understand the
impact of engineering solutions in a global,
economic, environmental, and societal context

i) |a recognition of the need for, and an ability to
engage in life-long learning

j) | aknowledge of contemporary issues

k) | an ability to use the techniques, skills, and modern
engineering tools necessary for engineering
practice.

At the senior level, the OED projects are assigned
in the Chemical Reaction Engineering course. These
projects are senior level projects involving kinetics,
mass transfer, heat transfer and reactor design, and
require the simultaneous solution of ordinary
differential equations. Differential equations is a pre-
requisite for the senior level course and so the students
have the theoretical preparation. Senior students also
use the POLYMATH software, taking advantage of
POLYMATH's ordinary differential equation solver.

Referring to Table 1, the OED projects address
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several outcomes and such problems can be used
effectively to assess student achievement of those
outcomes. First and foremost, outcome (a) is
addressed, as the development of the project report for
the OED requires the application of scientific,
mathematical and engineering knowledge.
Application of this knowledge is demonstrated by the
students by their conceptualizing a system, applying a
fundamental principle to develop a model for the
system including determining parameters that affect
the behavior of the system, and outcome (e),
identifying, formulating and solving the engineering
problems presented in the OED project. At both the
freshman and senior levels, student teams are required
to develop a project report addressing the deliverables
expected from the OED. This written report addresses
outcome (g), the ability to communicate in writing
effectively. In the senior course, student teams also
make oral presentations of their project reports,
further addressing the communications outcome.
Finally, to develop their reports, the students must
“run” their models under various scenarios of system
parametric variation. This requires multiple solutions
of, in the case of the freshman, systems of algebraic
equations that are the mass balances for the systems
they are investigating in their OEDs, and in the case of
the seniors, systems of ordinary differential equations
that are the mole balances for the reacting systems the
senior students are investigating. Students can chose
to use the supplied POLYMATH software with it's
fairly straightforward user interface, or they use
MATLAB, in either case demonstrating outcome (k),
which is the ability to use a modern engineering tool
(POLYMATH or MATLAB) necessary for
engineering practice. Critically structuring the OED
project, at both levels, to ensure that these outcomes
are addressed is possible by clearly articulating the set
of expectations and deliverables that the student teams
must work together to develop and submit, and
present, in the case of the seniors.

2. Methods
Freshman Course

The freshman course is the Introduction to
Chemical Engineering Design second semester core
chemical engineering course that our freshmen are
required to take. In this course, the basic mass balance
equation is presented and student's work on several
problem sets to gain familiarity with the concept and
it's application. In the open-ended design project, they
work in teams to investigate the behavior of a system

for seawater desalination involving a membrane unit.
The parameter they are asked to vary is the
concentration of salt in the produced brine, and to
investigate how changes in this affect the amount and
rate of freshwater production. A second open-ended
project, involves the processing of wet sludge for
dewatering, by processing it first through a centrifuge
and then a dryer. The parameters for this system
include the amount of water the centrifuge can remove
and the amount that remains to be removed in the
dryer to achieve the process design objective of adried
sludge. The open-ended project assignment is shown
inFigurel.

Senior Course

The senior course is the Chemical Reaction
Engineering course, a core senior-level course in our
BSChE program. In this course, students have three
open-ended design projects that they must work on in
groups. The first involves the straightforward
modeling of a 2-species predator-prey system, in this
case an island with an infinite supply of grass for
rabbits, who only have foxes as a their predator. This
simple system get students used to the idea of
developing a system of ordinary differential equations
governing the variation in time of the populations of
predators (foxes) and prey (rabbits) and then
programming that system of equations into
POLYMATH and solving the system of equations
with varying parameters, in this first case the birth and
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Figure 1: Freshmen Level Open Ended Design Project
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death rates of the rabbits and the foxes (Fogler, 2006).

The second open-ended project requires the
student team to investigate the behavior of a
membrane reactor (MR) and comparing the MR to a
regular plug flow reactor (PFR). Student teams must
develop the mole balance equations for the two
reactor configurations and determine what Kinetic,
mass transfer and process parameters affect the
behavior of the system. After developing the model
equations, student teams then investigate, through the
utilization of POLYMATH or MATLAB, how the
variation in the different parameters affect the outputs
from the model they developed. This OED project is
shown in Figure 2 (Fogler, 2006).

The third open-ended project for the senior
students involves the investigation of a continuously
stirred tank reactor (CSTR) in which an exothermic
reaction is taking place and the reactor is a jacketed
vessel with heat exchange occurring. In this project,
the students work to develop the mole and energy
balances for the continuous flow reacting system and
then simultaneously solve the mole and energy
balances in their model, while varying the various
parameters that emerged as governing the behaviour
of the model. In this third project, the student teams
are expected to both develop a written final report as
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Figure 2: Senior Level Open Ended Design Group
Project Assignment
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well as make a presentation on the results of their
modelling and investigation of the non-isothermal
reacting system they were presented with. This third
and final OED for the senior students provides the
students a clear opportunity to demonstrate that they
have indeed achieved the outcomes that were
articulated earlier in this paper pertinent to this senior
level core chemical engineering course.

Student Outcomes

Student achievement of outcomes in both courses
was assessed through group project reports and
presentations. In terms of the open ended solution
developed, students were assessed on the adequacy of
the model equations to characterize the system, the
appropriateness of the choice of system parameters to
vary including an adequate range of parametric
variability, the pertinent choice of model outputs to
report, the interpretation of the results, the deduction
of second order results and the ability to coherently
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report as group on the findings in the form of a group
project report and, in the case of the seniors, a
presentation. The evaluation and assessment table
completed for each student team is presented in Fig. 3.

Creative and Critical Thinking

When presented with the open-ended nature of the
project assignments, the students have to exercise
their creativity in choosing what range of parameters
they use in the development of their solutions and in
production of their final project report. And their
critical thinking skills are exercised as they interpret
and analyze the outputs from the computer model
experiments they run and as they extract second order
results from their analyses, showing how parametric
variation affects system behavior and outcomes. It is
insufficient for the student teams to present the direct
results of the solutions of the model equations for
several values of different parameters. As students are
reminded, these are straightforward first-order results
that come directly from the outputs of the model
solutions, and, for a report to meet standards
demonstrating analytical and critical thinking, second
order results that need to be extracted from the direct
outputs from the models solutions also need to be
presented. Thus students cannotsimply turn in outputs
from their POLYMATH runs; they need to take these
outputs, further analyze them to extract and develop
second order model results, which must be included in
their reports and their oral presentations.

Conclusions

3. Creative and critical thinking skills need to be
developed in engineering students in order for them to
be successful in today's socio-technological
environment. Incorporating open ended design type
projects that students work on in teams is one way for
these important employability skills to be encouraged
and fostered in engineering students.
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