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The graduate chemical engineering curriculum at our institution Elmergib University is replete with
both problem-based and project-based learning components. This paper focuses on a complex
methodology of inquiry-based learning (IBL), which has been proven to well prepare graduate
students for a successful career in engineering. IBL requires Students to invest a considerable time
during the class and after working at home learning with the aid of mentoring how to develop and
answer a research question. Teaching both IBL and the development of field-specific simulation
skills challenge professors. That does not allow much of the class time required to cover material
reliance on mathematical tools that often hamper student understanding of the underlying
phenomena and difficulty in providing immersive and exciting visuals that support in-depth learning.
An IBL component was incorporated into a simulation-based design in four successive graduate
courses: Advanced computational Numerical Methods, Advanced heat transfer, Advanced fluid
mechanics, and Advanced transport phenomena. The courses were modified to contain Multiphysics
simulations with application building that develop technical competency by developing modeling
skills, deeper understanding by solving realistic problems, and writing skills by producing technical
reports for each simulation. The use of the Multiphysics application building component adds a new
skillset that further strengthens our program graduates. The paper shows the teaching and learning
strategies efforts have been implemented, course teaching tools Apps structure, student outcome
assessment, and research project exam questions and their simulation results from students’ reports.
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Introduction

The main objective of the master’s program at the department of
chemical engineering of Elmergib University is to refine the skills
and research expertise of the graduate students by expanding their
specialized knowledge of chemical engineering primarily achieved
through course work, research seminars, and technical training.
Academic teaching has been traditionally focused on the theoretical
instructions delivered in classroom lectures. However, chemical
engineering graduate program course tasks and their data processing
and model evaluation are time-consuming. They are not adding much
value to the student’s learning experience as they reduce the available
time for result analysis, critical thinking, and report writing skills
development. In addition, a well-known issue is that processing
experimental knowledge and examination of results against
theoretical models are often time-consuming because of repetitive
and complicated calculations. That holds back the student’s available
time for analysis and discussion resulting into a poor-quality report.

Engineering graduates are facing an emerging class of design
challenges that span multiple disciplines of science and technology.
Sophisticated ~ computational ~ techniques, combining  the
representative physics of multiple domains, are needed to accurately
model and predict results. Most engineering degree programs offer
major specific modeling courses or embed simulations on a limited
basis. For example, chemical engineering graduate students may be
exposed to mass and heat modeling and computational fluid
dynamics problems. Few engineering curricula, including those in
our department, offer multi-physics design and research experiences.
Where available, they are typically restricted to some term projects
for post-graduate studies; consequently, most main graduate courses
curricula have little or no exposure to areas of expertise outside their
own discipline. This is inconsistent with the view that future
graduates need to be more adaptable and versatile to succeed in the
global marketplace [1].

The authors have developed a chemical engineering graduate course
curriculum focused on the methods and techniques used in
multidisciplinary modeling. Students become active participants by
being challenged to solve a series of projects. Contextualized
assignments are selected from high priority research topics. A broad
recognition believes that meaningful learning in engineering requires
that students master fundamental concepts, rather than the
memorization of facts and formulas [2 - 3]. A problem domain that a
student relates to and finds relevant leads to deeper understanding
and a smoother transfer to other domains. Contextualized projects
lead to a more enjoyable experience motivating students to work in a
new way.

To be successful in a knowledge-based global workplace, an
engineering graduate should have the ability to design complex
systems of devices and components that perform in real-world
conditions. In such problems, multiple sets of coupled physics often
apply and interact in both space and time. Therefore, a robust model
must span several disciplines to obtain a solution that can be
experimentally validated.

One approach is to use numerical techniques in which the physical
geometry is represented by a mesh of finite elements that collectively
satisfy the relevant equations. To simplify development, the preferred

approach is to employ a single solution builder to configure,
constrain, solve, and post-process results. At times, multiple models,
each with specific geometry, materials, constraints, and physics, may
be used sequentially or co-exist and be coupled. As with all numerical
methods, care must be taken to ensure proper convergence and
accuracy of the result. Model creation typically proceeds along these
lines: define problem steps including simplifying assumptions,
identify global constants and expressions, construct physical
geometry including symmetries, and specify domains and material
properties. Other steps are needed to get model results, such as setting
boundary conditions, meshing physical structure into finite elements,
selecting physics for each domain, configure study types and initiate
solver, and results can post-processed for more visualized forms.
Multiphysics software COMSOL can accelerate the timetable needed
to create a working model. A family of graphical interfaces,
organized in a tree structure, guides the development process while
providing contextual help along the way. Geometries can be imported
from leading computer-aided-drawing (CAD) packages. A properties
library is embedded that covers many common materials. Meshing
options include external file import and adaptive techniques where
dynamic adjustments are made during the solving process. If
necessary, users customize the physics further by adding additional
algebraic expressions and partial differential equations. Authors of
this comprehensive teaching philosophy paper based their findings
and discussions on their three publications have been published
throughout the teaching process for the last five years. In the teaching
works in the heat transfer course Edali et al. [4], the transport
phenomena course Sahem et al. [5], and the fluid mechanics course
Edali et al. [6], authors applied COMSOL Multiphysics software and
its new Apps application builder features throughout the teaching
process to reach the main goals which were to maximizing the
efficiency of the learning process. They found that in Engineering
based courses, using simulation apps are helping to expand the
investigation techniques while keeping students engaged to strike
such a balance by introducing students to complex concepts in a
simplified format.

Experiential Courses Curriculum analysis

The courses are three credits each and transpire over a 14-week
semester. Each subject is taught in a computer laboratory with a
maximum of 15 students. The teaching and learning strategies were
developed by the authors who have advanced experience in the
disciplines of chemical engineering and computer science. The
following types of co-teaching are envisioned: lead and support,
team, and alternative. Each course is currently being taught by one
instructor at a time, while other options are being explored.

We now describe the course and student organizational context. In
the authors’ experience, experiential courses are very often overly
reliant on assignments with predetermined results. Students are
tasked to complete and document work where only correct and
predictable outcomes are allowed.

The course design is based on teaching and learning strategies such
as cooperative learning in teams of two, which builds competency in
multidisciplinary modeling, contextualized by focusing on relevant
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topics, and Project-based assignments.

The first and Second strategies involve cooperative learning in which
students work in teams of two. Culver et al. [7] and King et al. [8]
showed that students mature most readily when teaching balances
both a challenge and support. The Challenge incorporates repeated
exposure to and synthesis of the legitimate uncertainties in
knowledge and is supported by high quality mentoring. Student-
centered teaching that includes a rich combination of active and
cooperative learning is advocated by Felder et al. [9-10]. Millis and
Cottell [11] offer thorough and well-documented support for
cooperative learning at the college level provided that students are
trained. While in most courses there is insufficient time for training
[12], by keeping the team members and assessment materials the
same, students learn to effectively perform peer and self-evaluation
[8].

The third strategy heightens motivation by selecting topics from high
priority research areas. Interest is peaked as students become active
participants in the analysis and discovery of relevant and important
design problems.

The fourth strategy is to use project-based assignments, each
containing a high level of hands-on activity. Assignments are
organized into three modules: first, classical projects with prescribed
outcomes, second, higher-level transitional projects, and third, a
student-centric design of a model. This structure builds on existing
skills and knowledge, connects them in a logical way and engages
students in inquiry and learning, gradually developing competence.
The process of multi-physics modeling and the user interfaces of the
software application needs classical projects to familiarize students
with. Teams following a set of procedures, construct working
models, analyze results, and write formal reports. The learning
outcomes associated with this module are to gain familiarity with the
modeling development process, learn the graphical user interface,
complete a modeling project from scratch, and document the results
in a technical report. Transitional projects have defined objectives;
however, some design elements are intentionally left out prompting
students to synthesize a working model so that meaningful results can
be acquired. Although the goal is clearly stated, the task of filling in
the missing pieces is the challenge. The learning outcomes of this
module are to discover missing modeling elements, research and
incorporate relevant information, and synthesize a successful project,
Justify, validate, and document the results. The design of a model is
the culminating experience in which the students are required to
integrate prior skills into an independent research initiative
appropriate for the course. The learning outcomes of this module are
to generate concepts and filter down to a single proposal, research
and utilize relevant information, evaluate alternatives within the
construct of the model, synthesize a design and generate a solution,
manage the project within time constraints, formally document the
findings, and deliver a formal oral presentation.

In summary, the course integrates four teaching and learning
strategies in an innovative way. Project-based assignments focused
on relevant research topics, are delivered using a scaffolding process
and conducted in a cooperative learning environment.

Results and Discussion

The authors of this paper and their efforts throughout the last few
years of renewing the curriculum of the core of postgraduate courses
at the department of chemical engineering at Elmergib University
proved that using simulation Apps to be an extremely useful tool for
professors. They are concluding their detailed findings through
teaching the advanced courses and collecting the student solution,
documentation, presentations, and surveys that they can design
systems more efficiently by reducing the required number of
experiments. They also say that some of the main challenges in
teaching postgraduate engineering courses lie in the newer domains
and technologies, such as nanotechnologies and advanced biological
systems. Professors, as well as students, would be greatly beneficial
when simulations in these new and advanced courses have been
introduced. The following representation of the four main advanced
course teaching experiences will be concluded in a short description
for each subject relying more on the figures, which were condensed

to work as much representative as possible due to the limited allowed
pages in this conference paper.

1. Advanced Numerical
Engineering Course

Methods in  Chemical

This master’s program course at the department of chemical
engineering of Elmergib University is designed to have a google
classroom as a learning management system (LMS), as in Fig. 1.

= Advanced Numerical Methods Stem Gk Peogle  Grde & © e

Advanced Numerical Methods

Classcode mdchl [
\

1

Fig. 1: Advanced Numerical Methods/Google
classroom learning management system (LMS)

This LMS aims to engage students in learning online, simplify
creating, distributing, handing their solved assignment and
programmed model of exams and grading system in efficient ways.
Today’s Engineering educational curriculum is evolving at a faster
pace than any other period in recent history’s
instruments and innovation.

The course objective is to spend the first few weeks on model
development solving PDE’ in programmed Excel sheets under the
environment of visual basic. Different finite difference techniques to
be followed and stability of the solution are assessed as can be seen
in the course used teaching Apps in Fig. 2, and Fig. 3. The associated
first exam demonstrated that the students had a satisfactory grasp of
the principles of deriving ordinary and partial differential equations
and their boundary conditions and were able to appreciate the
physical situations to which they corresponded.
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Fig. 2: -Heat Transfer Numerical Problem by FTCS — Explicit App 1

JOPAS Vol.20 No. 3 2021

66



Chemical Engineering Graduate Courses Curriculum Development with Simulation Components

Edali et al.

a8 | c o e £l e . ' f Kol U 1w | N o p mEmE
+ | Heat Eq FTCS - Explicit | I |

2 dt= 0.10 k= 0834781424 A = 002087 - A

B Cupa e T | dr= 200 alpha= k dt/dx*2
4 FTCS Oeasity 27
s &1 or| e vou
o |k—=— coame

a

900 oos orzs  00e2 20024 80
184008

lo
oy
lo2
o3
o4
los 900 ser  owas o2 st 8
og
loz

can  oure st ]

W00 1130225 0soxy  o0rr  ssstn SO [ Ts

800 1252500 _0sant _oars  eatsk S0 1

—— e oy — — ] e
“Th)att=6sec

! g

= Ti att=95ec

= Tiat 1= 120
e =Tixlat 2 0500

L B " Longh
» 2 I s st TAT00T
5 W0 oa7m somss s 1saom 8
Decrtasion Hest (g FICS aplt | Shaes o .
! '

Fig. 3: Heat Transfer Numerical Problem by FTCS — Explicit App 2

The remainder of the course was directed towards the numerical
solution of the equations using COMSOL which requires some
background in mathematical topics that the students had not all seen
before. Classes were explicitly provided for matrix manipulations
and vector and tensor calculus. The lectures of the course cover the
derivation and set-up of differential equation models for transport
and reaction in chemical engineering. We cover lumped models,
boundary-value problems, boundary conditions, elliptic Laplace
equation PDEs, parabolic heat/diffusion equation PDES, convection
first-order PDEs and briefly mentioned wave equation hyperbolic
PDEs. Instruction in using the COMSOL watch and do a method-
based program took place in a computer lab. Fortunately, the students
nearly unanimously preferred to use COMSOL to solve the model
project analysis based on final exam questions to the idea of returning
to Excel and using finite differences, as can be noticed in Fig. 4, Fig.
5, and Fig. 6. The students’ numerical responses and written
comments indicated a strong degree of satisfaction with the course,
feeling that they had learned useful material and become better
computer users in an engineering context.
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Fig. 4: Advance Numerical Methods Course Final Exam Research
Problem

1
i

Fig. 5: Excel VBA App, to teach Finite Difference Techniques to
solve a Parabolic PDE in FTCS, BTCS, Crank Nicholson, and ADI

Numerical Methods 2016

2. Advanced Heat Transfer in Chemical Engineering
Course

This course is designed to have a google classroom as a learning
management system (LMS) as in Fig. 7, then lectures show how
postgraduates are introduced to computational Heat Transfer in
research projects. The students first solve problems in their textbook
which is good at presenting the fundamentals, where most of the
problems are one-dimensional since that is the limit of the
mathematical ability of most postgraduates. Real-life examples
motivate students, but they have limited time.

a;e

Fig. 7: Advanced Heat Transfer Course/  Google
classroom learning management system (LMS)

With the advent of sophisticated software, however, it becomes
possible for postgraduates to solve meaningful transport problems in
two and three dimensions. This part presents the methods used to
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introduce postgraduates to COMSOL Multiphysics and the problems
they solve in a research project format. First, students learn to solve
problems in their textbooks and validate the solution with the use of
course teaching Apps as in Fig. 8. This technique gives confidence
that the computer program is solving the right equations. Next, they
solve more complicated 2D problems by removing previous 1D
assumptions, which go beyond their textbooks.

ALPL CONMACTION NEAT TRANSELR:STLADY STATE A oM

HEAT
TRANSHER

Appl_Conducion Heat  Transfer-Steady  State/
Heat-Transfer- Transient State/

Fig. 8:
App2_Conduction
App3_Convection-Conduction Heat Transfer/ App4_Convection
Heat Transfer

Students made to prove the necessity of solving the problem correctly
using a computer program to estimate the numerical error even
though there is no analytic solution. They learn how to investigate
the accuracy of the solution by checking their data input to the
program, mesh refinement and explore the many ways to analyze and
view the results. Fig. 9 to Fig.14 show how-to for students to answer
research problems in the final exam of the course following different
teaching stages that occur throughout the course. Their solution
reports produced include 1D hand derivation and compared to 2D
solutions in detail to show the analysis techniques and then solve
extensions to them by removing assumptions. A simple version of
their ultimate problem to be solved to learn how to verify their
solution and finally, they solve the research problem in full.

FACULTY OF ENGINEERING & APPLIED SCIENCE FACULTY OF ENGINEERING & APPLIED SCIENCE
ADVANCED HEAT TRANSFER, ASSIGNMENT #5
DATE: MAY 22, 2019

ADVANCED HEAT TRANSFER, ASSIGNMENT #5

DATE: MAY 22, 2019
m m
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Fig. 9: Advanced Heat Transfer Course Final Exam Problem
Statement and requested simulation work.

Fig. 10: COMSOL Model Student Solution for Final Exam design
Problem, Geometry Setting

Fig. 11: COMSOL Model Student Solution for Final Exam design
Problem, Design Scenarios, and Surface Temperature Distribution

Navigation

sentois B Dres @ B B - -
Fig. 12: COMSOL Model Student Solution for Final Exam desig
Problem Report
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54 Results Edali et. al. 2017 Paper Results
Scenario | Innerlayer | Midlayer | Outerlayer Q (Wim) Q (W/m)
S1 Steel Insulation Glass 29.076 29
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Fig. 13: Total Heat Flux Magnitude, Student work validation with
[11] (W/m)
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Fig. 14: App-3 Chamber Insulation Design Problem, Validation with
[11].

3. Advanced Fluid Mechanics in Chemical Engineering
Course

The Advanced Fluid Mechanics course is arranged to have a google

classroom as a first step to register the students as a learning

management system (LMS) as in Fig. 15.

« c @ dassroom google comy MJITNZGSNTOSMFa % e # BN o

Advanced Fluid Mechanics Course 2048

Class code Tumed off

Y- © 2
e Mohamed Edall, PhD, PEng

®

@

Fig. 15: Advanced Fluid
classroom learning management system (LMS).

Computational fluid dynamics, CFD fundamentals were introduced
to this advanced course by implementing COMSOL software to teach
fluid dynamics more effectively. In recent years, CFD has become an

Mechanics/Google

important part of fluid dynamics; however, postgraduate students at
our department at EImergib University have limited access to those
new software techniques. In many engineering problems, simulation
has become an essential step in designing and optimizing processes.
Therefore, the COMSOL simulation Apps teaching project was
assigned to be a teaching process as shown in Fig. 15. This paper
presents a case study of a postgraduate advanced fluid dynamics
project where students were challenged to design a shape, estimate
different research models through the COMSOL Apps simulation
tool. This teaching process techniques aimed to enhance the students
to understand the use of simulation on the model testing where
quizzes were assigned to evaluate the simulation of fluid concepts
and student surveys to evaluate how the simulation contributed to
their learning experience. Employing the COMSOL simulation on
fluid dynamics on simple fluid problems as a part of research exam
questions, as can be seen in Fig. 16 to Fig. 21, which show the
teaching steps starting with the use of a prepared set of CFD Apps
students work on throughout the lectures to be an effective learning
way.

The add on the traditional chemical engineering curriculum
represented in CFD Apps proved their teaching effectiveness
assessed by the evaluation results based on pre-post knowledge and
skill experiments, and student survey results to successful learning

outcomes and effectiveness of the approach.
APP1_ LAMINAR FLOW BETWEEN TWO PLATES DESIGN — APP2_ LAMINAR FLOW BETWEEN TWO PLATES DESIGN
PROBLEM PROBLEM
Part 1 - Prevelocity Profile Imposed Part 2 - Flat Velocity Profile Imposed

— —— 2
APP3_ LAMINAR FLOW BETWEEN TWO PLATES DESIGN
PROBLEM
Part 3 - Flow Due Top Moving Plate APPs_ BINGHAM FLOW DESIGN PROBLEM

Fig. 16: Appl_ Laminar Flow Between Two Plates Pre-Velocity
Profile Imposed/ App2_ Flat Velocity Profile Imposed/ App3_ Flow
Due Top Moving Plate/ App4_ Laminar Flow Over 3d Sphere Design
Problem.

Ml ALY [ 8T LAR L =l R

(e COMSOL b P st ot ched T s v b
bt e et v o, el o et e
s gt ot s it e B o

(el brsubiabdmbendgabnl | -2 | 2
eyl abiteras o

¥ o Dot e o ok o v e 05 ) | 0
Dot e e vl e | 123
passtlw ke fueiprinpone. |

Fig. 17: Advanced Fluid Mechanics Course Final Exam Problem
Statement and requested simulation work, and COMSOL Model
Student Solution for Final Exam design Problem, Geometry Setting.
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Fig. 18: COMSOL Model Student Solution for Final Exam design
Problem, COMSOL Program solving - a fluid flow through a
channel, Surface Velocity Distribution
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Fig. 19: COMSOL Program solving, a fluid flow through a channel,
Velocity Profile at Line Graphs at three different cutlines along the
channel.

Fig. 20: COMSOL Program solving, a fluid flow through a channel,
Case 2, of a fluid at different exponent 2, and Velocity Profile at Line
Graphs at three different cutlines along the channel.
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Case 2, of a fluid at different exponents 0.5, 1, 1.5 and 2, and Velocity
Profile at Line Graphs at three different cutlines along the channel.

4. Advanced Transport Phenomena in Chemical
Engineering Course

Finding new ways to enhance the Advanced Transport Phenomena
Course in our department at EImergib University was one of the tasks
followed to improve the curriculum and strategies of teaching the
course. Fig. 22 shows the registration part of the postgraduate
students to the course into a google classroom as a main step to the
arrangement of the learning management system (LMS). Transport
phenomena processes, such as fluid mechanics, heat transfer, and
mass transfer are crucial to several engineering applications. For
postgraduate students who passed successfully the first three
advanced courses mentioned above, students were acquainted with
partial differential equations and boundary conditions and the use of
up to date simulation techniques, this course curricula on transport
phenomena will not be challenging. At our chemical Engineering
department at Elmergib University, introducing simulation apps to
the new engineering curriculum of the advanced courses of separate
disciplines of numerical methods, heat transfer, and fluid mechanics
helps students gain a deeper understanding of transport processes
through visualization. Transport phenomena courses are as difficult
to teach as most of the professors would agree and that they are
important to graduate students who find it difficult and is not an easy
task to translate Fourier’s law or Navier—Stokes equations into real-
life problems. The associated material properties comprising most
transport equations are nonlinear partial differential and integral
equations that also often involve complex coupled systems are often
a function of temperature, pressure, and several other parameters.

Transport Phenomena Course 2019

ok )

0

Fig. 22:  Advanced Transport Phenomena  /Google-
classroom learning management system (LMS)
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In the classroom, students were typically used to learn solving these
transport problems by linearizing, approximating, and using accepted
assumptions as simplifications. It is well known academically that
those approximations are the best way of developing a basic
understanding of solving numerical problems. The solutions are
erroneous due to those simplifications where and it is normally
impossible to even estimate the magnitude of the error without any
external empirical data from real-world applications, and that is
considered problematic. As can be concluded by looking at Fig. 23
to Fig. 30, COMSOL Multiphysics software proved the ability to
couple multiple physics, adding custom materials, and define the
complex domain and boundary conditions in order to result in a
simple solution representing a focus on the actual physical processes.
Through the course work, real-life research questions in some cases,
conducting virtual demonstrations and numerical experiments using
simulation tools is low risk; quick; and provides a more attractive
visual medium than a physical experiment.

APP1 - DILUTED SPECIES TRANSPORT / FALLING FILM ~ APP2- DILUTED SPECIES TRANSPORT / TURBULENT

DESIGN PROBLEM FLOW DESIGN PROBLEM

APP3- DILUTED SPECIES TRANSPORT / LAMINAR FLOW ~ APP4= FORCED AND NATURAL CONVECTION DESIGN
DESIGN PROBLEM PROBLEM

,
r—

TRANSPORT
PHINOMENA

- I - i
Fig. 23: Appl- Diluted Species Transport / /App2- Diluted Species
Transport / Turbulent Flow/App3- Diluted Species Transport/
Laminar Flow Design Problem, / App4- Forced and Natural
Convection Design Problem

Absorption chamber
oftheaminar

et absorber,

Fig. 24: Advanced Transport Phenomena Course Final Exam
Problem Statement and requested simulation work, results and
discussion expected from following the experiment of CO:
absorption to Water Laminar Jet.
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Fig. 25: Final Exam Problem Statement and requested simulation
work, and COMSOL Model Student Solution for Final Exam design
Problem, Geometry Setting at 1D.

Fig. 26: COMSOL Model Student Solution for Final Exam design
Problem Report

Fig. 27: Final Exam Problem Statement and requested simulation
work, and COMSOL Model Student Solution for Final Exam design
Problem, Geometry Setting at 2D.
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Fig. 28: Final Exam Problem Solution of CO2 absorption to Water
Laminar Jet Transport Diluted

Fig. 29: Final Exam Problem Solution of CO2 absorption to Water
Laminar Jet Line, Concentration Distribution Line Graphs at three
different cutlines along the domain.
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Fig. 30: Final Exam Problem Solution of CO2 absorption to Water
Laminar Jet Line, Concentration Distribution Line Graphs at three-
Dimensional domain.

Conclusion
This paper contains practical suggestions and references for

implementing a unified strategy for teaching simulation to their
postgraduate students, starting early in the master's program and
continuing in subsequent courses. We believe that simulation
packages are a fundamental tool for future chemical engineers. The
postgraduate graduate chemical engineering curriculum at our
institution Elmergib University has proven the teaching efficiency
using both problem-based and project-based learning components.
The complex methodology inquiry-based learning has been proven
too well prepare a postgraduate student for a successful career in
engineering. The new curricula incorporated into a simulation-based
design in four successive graduate courses: Advanced computational
Numerical Methods, Advanced heat transfer, Advanced fluid
mechanics, and Advanced transport phenomena developed technical
competency by developing modeling simulation skills. Practical
suggestions and references are concluded in short in this paper for
implementing a unified strategy for teaching simulation to
postgraduate students, starting early in the program, and continuing
in subsequent courses. Authors believe that simulation packages are
a fundamental tool for the future of a chemical engineer. Finally, with
only the efforts of staff, with a wide range of academic, industrial,
and lab experience which mirrors the wide-ranging background and
experience of engineers, the program can be achieved, and that
graduates will work within future roles.
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