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Project-Based Learning (PBL) – An Effective Tool to Teach an 

Undergraduate CFD Course 
 

 

Abstract 

An undergraduate technical elective Computational Fluid Dynamics (CFD) was developed. The 

course was designed to be a balance between theoretical foundation of the subject and hands-on 

experience. Project-Based Learning (PBL) was used as part of the course to provide training for 

a commercial CFD package. A set of projects was used in the PBL track to teach the package 

where the level of technical challenge was increased from one project to the following one. At 

the end of the PBL track, the students were asked to develop a full CFD study and use a 

simplified Design of Experiment (DOE) to study the aerodynamics of their own car. Details of 

the method are presented with samples from the students’ work and their feedback. Results from 

the first offering of the courses showed that PBL is an effective tool to train the students for a 

commercial CFD package through a practice-to-learn approach. The increasing technical 

challenges through the PBL track increased the students’ interest in the subject and enhanced the 

learning. 

 

Introduction 

 

In the last two decades computer-based methods such as Computer Aided Design (CAD), Finite 

Element Analysis (FEA) and Computational Fluid Dynamics (CFD) have evolved from the 

research stage to industrial-ready application. It is now an expected skill from a new engineering 

graduate to have knowledge in CAD and sometimes FEA. Most of the engineering schools offer 

CAD courses even in the freshman year. FEA started to be a common undergraduate course in 

some engineering programs. Others introduce FEA as a design tool in the upper level Machine 

Design courses. CFD started recently to find its way to undergraduate programs. The usual 

challenges in introducing these tools are the level of math needed for these subjects and 

sometimes the programming skills required to develop the numerical codes. The advances made 

in commercial software allow engineering educator to overcome these challenges and introduce 

these numerical methods as design and analysis tools.  

 

Mazumder
1
 introduced undergraduate students to advanced CFD research. The students went 

through a set of training sessions using Fluent. The research was for multi-phase flow studies. 

The author indicated that he was successful to get the students to a reasonable level of skills in 

CFD and they were able to use the tool efficiently. Mokhtar et al. 
2,3

 introduced CFD as a design 

and analysis tool in an undergraduate Fluid Mechanics course through a couple of training 

sessions and design projects. The projects included the use of CFD, CAD, Rapid Prototyping and 

wind tunnel for aerodynamic applications. The method showed success and some of the students 

were able to work with the author and publish research paper after the course, Mokhtar
4,5,6

. Deng 

et al. 
7 

introduced CFD as a design and analysis tool in a senior capstone project. The students 

used a CFD code (WIND) to perform a thermal analysis for the electromagnetic control of 

hypersonic shockwaves for re-entry bodies. The authors indicated that no CFD course was taught 

in the program and they spent some of the lab time to introduce the students to the fundamental 

concepts of CFD. Topics such as finite difference methods, grid generation, boundary conditions, 

and post processing were covered. Assessment and evaluation data were presented to show the 
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success of the method. In another senior project, Burban et al.
8
, a team of Mechanical 

Engineering students used CAD, CFD and wind tunnel testing to design a super-mileage vehicle 

for the SAE competition. The faculty advisor, course instructor, taught the students the use of a 

CFD package through simple applications and tutorials.  

 

Sert et al.
9
, LaRoche et al.

10
, and Blekhman

11
 described the use of a simple CFD teaching tool 

(FlowLab) to introduce the undergraduate students to CFD. The focus in this tool is to help the 

students to understand the flow physics without deep knowledge of CFD theory. Simple cases 

such as flow around a cylinder and airfoils were used in the tool. Stern et al.
12

 described the 

development of a CFD interface using Fluent for teaching undergraduate courses. The focus of 

this teaching tool was to introduce the students to CFD concepts through a step by step guidance 

in a user friendly interface. Ormiston
13

 discussed the skills needed to teach CFD fundamentals in 

the undergraduate level. He presented the evolution of an undergraduate course through nearly 

ten years of offering and identified the main teaching challenges in terms of student skills and 

available resources. Haily et al.
14

 introduced some CFD topics in a junior level Fluid Mechanics 

course as a first exposure. Then the students used a commercial CFD code in senior level 

elective courses such as HVAC. Also they offered a senior level course in CFD. The objective of 

introducing CFD in the junior year was to motivate the students to take the senior level CFD 

elective and to improve the students understanding of basic fluid mechanics. Cumming et al.
15

 

taught CFD in an undergraduate Aerodynamics course. The authors indicated that the use of a 

commercial CFD package allowed the students to gain enough skills to perform an accurate 

computational aerodynamics. Navaz et at.
16

 discussed the introduction of CFD in two senior 

level undergraduate courses. The first one focused on the theoretical foundation of CFD. The 

second course focused on the compressible flow where the students used CFD to solve advanced 

problems. The authors indicated that the two courses were successful in introducing 

undergraduate students to CFD. Guessous et al.
17

 taught CFD in the undergraduate level using a 

combination of wind tunnel testing and numerical simulations. The authors indicated that the use 

of commercial packages allowed the teaching of CFD as a tool that the students should know its 

limits and capabilities without deep knowledge of the theoretical foundation.  

 

Present Method 

 

It is clear from these examples that CFD was successfully introduced to undergraduate 

engineering students as a part of Fluid Mechanics courses, a design and analysis tool, in 

undergraduate research and to support a sequence of courses. Several levels of theoretical depth 

were used in each method.  The use of commercial packages was one of the key factors in this 

success. Teaching method is the second part that can contribute to the effectiveness of 

introducing CFD in the undergraduate level. One of the efficient teaching tools is projects. They 

introduce the students to Engineering Problem Solving (EPS) skills and increase the students’ 

interest in the subject of the course. It was used successfully to support undergraduate courses 

such as Heat Transfer, Machine Design, and Mechanics and Machines
18 – 24

. In the present work, 

a CFD course was developed for undergraduate Mechanical Engineering students. The course 

goal was to introduce CFD as a design and analysis tool where the user needs to understand both 

its theoretical background and application limits. Theoretical topics such as governing equations, 

meshing, boundary conditions, numerical schemes, turbulence modeling, error analysis, and post 

processing were introduced. Project-Based Learning (PBL) was used to teach applied CFD using 
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a commercial package, Star CCM+. For this track, a set of projects was assigned where each one 

had to achieve a specific learning outcome. The level of difficulty was increased from one 

project to the following one. An overview of the methods is presented follow by examples from 

the projects. Samples from the students’ work are presented followed by students’ feedback and 

assessment data.  

 

CFD course philosophy 

 

The training level spectrum of CFD ranges from advanced graduate course to a couple of days 

software training. In the upper training limit, the students are learning how to develop solving 

schemes and modelling for challenging physical phenomena. Software training can be 

considered the other end of the spectrum where the focus is the details of the software capability 

and students in these type of trainings are assumed to have previous knowledge of CFD. This 

training is always offered by companies for their engineers to keep up with the new advances in 

CFD.  

 

The philosophy of the designed undergraduate course is to be in the middle of this spectrum. The 

goal of the course is to expose the students to both the theoretical foundation of CFD starting 

from the governing equations but with more focus on the physical interpretation of the terms 

instead of their mathematics. Flow physics such as boundary layer, separation, boundary 

conditions are also included in the course. The software training is a secondary product of the 

course and students have to learn by practice. To meet this balance between theory and hands-on, 

Project-Based Learning (PBL) was used in the course for the software training. The focus of this 

paper is to discuss this approach in teaching CFD.  

 

Project-Based Learning (PBL)  

 

Table 1 shows the list of projects used in the PBL track and the skills learned in each project. In 

the beginning, the instructor provided full simulations to the students, and they were asked to 

perform some modifications in the settings. In the first two projects, the instructor provided full 

simulation that included the mesh, solver and post processing. The objective was to get the 

students to be familiar with the software interface and apply some of the concepts being taught in 

class such as the domain size and boundary conditions.  

 

The amount of help was decreased from one project to the following one and the students were 

asked to start at an earlier point in the simulation development. For example, in project number 

3, the mesh was provided and the students had to set the physical models and solver and develop 

simple post processing results. Project 4 and 5 started with a CAD model and the students 

worked their way through the simulations. For complex topics such as turbulence modelling, the 

instructor provided the full simulations and students focused on flow physics and the models 

accuracy. At the end of the PBL track, the students were asked to develop a full simulation for 

their own cars. In this project, they developed a CAD model from real measurements where they 

needed to use their engineering judgment to simplify model. They used a simple Design of 

Experiment (DOE) approach to decide the active parameters.  
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Table 1: Project-Based Learning track 

No Project Skills 

1 Flow around a truck Software interface [Simulation provided] 

2 Internal flow in sudden enlargement Meshing + Boundary conditions [Simulation provided] 

3 Flow around an airfoil Solver setting [Mesh provided] 

4 Internal flow in a gradual enlargement Full simulation [CAD provided]  

5 Flow around a truck (advanced) Full simulation + advanced BC and post processing [CAD 

provided] 

6 Internal flow in an elbow Turbulence modelling [Simulation provided] 

7 Solve my car Full simulation 

8 Solve my car (advanced) Full simulation + advanced post processing 

 

Discussion of students’ samples 

 

In this section, some samples from the students’ work are presented. The objective is to show the 

students’ progress through the PBL track. Figure 1 shows a student’s sample for the first project. 

In this project the students were given a full working simulation. They were asked to run the 

simulation and generate the post processing results. The main outcome of this project is to get 

the students to be familiar with the CFD process and the software interface. After a short 

demonstration, all the students were able to run the simulation and generate the results. The case 

was well prepared to converge smoothly at relatively small number of iterations. The instructor 

was able to complete the simulation run during the demonstration in the classroom. Table 2 

shows the grading rubric. It was used as a feedback tool between the instructor and the students.  

 

       
Figure 1: Flow around a generic truck, student’s sample for project # 1 

 

Figure 2 shows a sample from the second project. The instructor provided the simulation and the 

students were asked to define the boundary conditions, generate mesh, run the simulation and 

generate simple results. As shown in the figure, the CAD model and the refined mesh that one of 

the students generated. It is relatively a simple case, the objective is to get the students to use 

more settings in the software and explore the solution sensitivity to the generated mesh 

refinement. Figure 3 shows a mesh generated by another student. This mesh has more clustering 

near to the walls and this student realized the effect of the boundary layer capturing on the 
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accuracy of the CFD simulation. He used less number of cells with more clustering in the areas 

of interest. Although this was a simple project, the students experienced the balance between the 

simulation size (number of cells) and the use of clustering near to the areas of high gradients. 

Although both students did not generate the optimum mesh, their results show some progress 

from the first project to the second one.  

 

Table 2: Grading rubric 
Simulation step Grade 

CAD model A     B     C     D     F 

Physical model A     B     C     D     F 

Boundary Conditions A     B     C     D     F 

Mesh model A     B     C     D     F 

Surface mesh A     B     C     D     F 

Volume mesh A     B     C     D     F 

Solver setting A     B     C     D     F 

Post processing tool#1 A     B     C     D     F 

Post processing tool#2 A     B     C     D     F 

Post processing tool#3 A     B     C     D     F 

Forces A     B     C     D     F 

Error analysis A     B     C     D     F 

 

 
Figure 2: Flow in a sudden enlargement, student’s sample for project #2 
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Figure 3: Another mesh for project #2 

 

Figure 4 shows a sample for a low speed flow around an airfoil. The objective of this case 

(project # 3) is to introduce the students to the effect of the solver methods on the accuracy of the 

simulation. The shown velocity contours are for a small angle of attack at low speed where no 

separation is expected. The shown separation is due to the use of the wrong physical model in the 

simulation. This is another aspect of CFD the students get to know and link this hands-on 

experience with the theorictical part of the course. Figure 5 show a sample for the flow in a 

gradual enlargement. The forcus is to get the students to cluster the mesh near to the walls to be 

capture the boundary layer. Figure 6 shows a sample of the mesh generated for project # 5. The 

focus was to get the students to optimize the number of cells through the domain. Figure 7 shows 

the error propagation for the same simulation with different simulation settings. At this level the 

student were able to indepentelty explore and decide the correct modeling for better 

convergence. 

 

 
Figure 4: Flow around an airfoil, student sample for project #3 

 

The last simulation in the PBL track was “my car” study. The students were asked to design a 

numerical aerodynamc study for their own car. In the first step, the students develped a simple 

Design of Experiment (DOE) technique to decide the active parameters. Then they explored the 

suitable modeling setting for their study. One of the challenges in this project was the level of 

details that should be included in the car geometry. Figure 8 and 9 show two samples from the 

students’ work with different levels of model details.  
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Figure 5: Internal flow in a gradual enlargement, student sample for project #4 

 

 
Figure 6: Mesh generated for project #5, student’s sample 

 

 
Figure 7: Error propagation for different mesh settings for the same project, student’s sample 
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Figure 8: Sample for the “my car” simulation (advanced geometry) 

 

   

 
Figure 9: Sample for the “my car” simulation (simplified geometry) 

 

The skills used in the final project in the PBL track show relatively high level of knowledge in 

CFD for undergraduate students. In this project the students started with real measurements from 

their car and simplify it for an accurate modeling. They designed their study and generated an 

accurate simulation through: 

 

• CAD modeling 

• Mesh refinements 

• Physical modeling 

• Solver settings 

• Post processing 
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The above skills is the main CFD skills for a practicing engineering who can develop a reliable 

and accurate results.  

 

Students’ feedback 

 

The samples presented in the previous section show the technical level of the students at the end 

of the PBL track. In this section, their level of confidence in using CFD is evaluated. One of the 

tools that the instructor used for that was a survey feedback. The students were asked to 

complete the survey at the end of the course. Figure 10 shows the average of the students’ 

responses to questions related to the basic CFD skills. All the scores are above 80%. They put 

more score for the post processing tools and applying boundary conditions. Figure 11 shows the 

students’ average scores for general questions related to CFD and the teaching approach used in 

the software training (PBL). A score of 86% in using a commercial CFD package is a high score 

for undergraduate students and it shows the level of confidence they gained in the subject. They 

see that the level of the projects was appropriate and the increase in the challenge from one 

project to the following was well designed with a score of 88%. For a general question about the 

PBL method, their average score was 93% which is a very high score for students’ responses. It 

clearly indicates that students enjoyed the approach with the practice-to-learn method.  

 

 
Figure 10: Survey results for basic CFD skills.  
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Figure 11: Survey results for PBL track effectivness  

 

 

 

Conclusions. 

 

Project-Based Learning (PBL) was used to teach undergraduate students a CFD package in a 

technical elective senior level course. The approach used a sequence of projects with increasing 

challenges from one project to the following one. PBL was also used to support the theoretical 

part of the course. Details of the method were discussed with samples from the students’ work 

and their feedback. PBL was an effective teach tool and the technical level of the students at the 

end of the course showed that they learned both the software and the basic CFD skills needed to 

use a commercial package.  

 

Learn-by-practice is a good approach in teaching engineering courses especially at the upper 

level of the programs. The other factor that may contribute to the success of the method for CFD 

was the nature of the subject as a computer-based tool. Students seem to be trained through video 

games, may be, and other similar tools to learn on their own by trying.  
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