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Abstract—Signatories of the Washington Accord has to 

comply with the accord’s definition of a competent engineering 

graduate. In Malaysia, the Engineering Accreditation Council 

(EAC) is empowered to oversee all the engineering degree 

courses offered by all universities to make sure they conform with 

the Washington Accord. Our university has decided to revamp 

some of the laboratory exercises in order to comply with EAC’s 

requirements. This article reports the thought process of 

designing new thermal-fluid laboratory exercises that can 

provide advanced engineering knowledge using investigative 

scientific process and complex problem analysis. The cost of the 

laboratory setup was kept at minimum using open-source 

software that can visualize and measure the density gradient of 

the flow-field captured by a simple DSLR camera. The students 

were able to observe complex flow phenomena that stimulated 

their interest to read further on related engineering research 

articles. The students achieved well above average on the course 

and program outcomes that were set for this course. 

 

Index Terms: Washington Accord, Thermal-Fluid, Schlieren. 

I. INTRODUCTION 

Outcome-based education (OBE) has been embedded in 

engineering education in Malaysia since 2000s in line with 

the government effort to ensure employability of graduates. 

The OBE in engineering courses in Malaysia are assessed and 

accredited by Engineering Accreditation Council (EAC), 

which is a signatory to the Washington Accord (WA). 

Malaysia is a full signatory of the WA since 2009 and has 

been a provisional signatory much earlier than that.  In 2012 

EAC has published a new manual for accreditation of 

engineering programme to achieve the twelve WA’s 

graduates attributes [1], [2]. In 2017, EAC updated the 

manual with small changes while at the same time further 

emphasizing the twelve attributes [3]. In the EAC’s manual, 

the term graduate attributes are called engineering programme 

outcomes (PO).  

All of the programme outcomes will hopefully contribute 

to the satisfying career development of the engineer 

throughout their life [4]. Employability of engineers in 

Malaysia from the employers perspective have been surveyed 

by [5] and they found that strong preferences are given to the 

traits of creative problem solving skill, team work 
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cooperation, smart information management and having 

entrepreneurial spirit. Thus it is imperative to strictly follow 

the WA guidelines in re-designing the engineering syllabus in 

order to reduce the high number unemployment of science, 

engineering and technical field graduates in Malaysia [6].  

A working committee has been formed by the Department 

of Mechanical Engineering in UPNM in order to review the 

compliance of every undergraduate laboratory exercise. The 

working committee has identified a few laboratory topics that 

needed urgent changes. Among the most frequent comments 

were that the lab works are not investigative in nature and do 

not emphasize discipline in independent life-long learning. 

The students were taught using “recipe” and they do not 

understand why the methodology of the lab work was 

arranged as such. Only the development of new thermal-fluid 

laboratory exercises will be reported in this paper.  

The biggest constraint for thermal-fluid laboratory 

exercises is the cost of the equipment. Thermal-fluid in the 

laboratory settings concern itself with the measurement and 

control of temperature, pressure, flow velocity and mass flow 

rate [7]. Most of scientific grade flow diagnostics apparatuses 

are expensive. The cheaper ones tend to be quite basic in their 

capabilities and would not allow for more investigative aspect 

of the laboratory works. Investigation must be included as an 

objective in the lab module in order to comply with the EAC 

requirements.  

The high cost of flow diagnostics apparatus is exemplified 

by a recent quotation for a 16-channel pressure scanner at 

around RM 80,000. Another quotation was given for thermal 

infrared camera, which cost around RM 20,000 for basic 

specification and more than RM 60,000 for scientific research 

grade specification.  

Pressure or temperature sensitive paint (PSP & TSP) can be 

a good alternative for measuring the entire flow field but 

again, they still have quite prohibitive cost. In [8] reported in 

his thesis that PtTFP powder which is the key ingredient in 

the paint cost as much as USD 700 per gram. A cheaper 

alternative, Ru(II), still cost a whopping USD 140 per gram. 

This does not include the scientific grade Charge-Coupled 

Device (CCD) camera that can cost upward of USD 5000 

even for a basic 1.4-megapixel camera. This camera is needed 

to calculate the intensity of photon emission from the paint 

from which the pressure or temperature measurements are 

inferred. High cost would also be incurred if Particle Image 

Velocimetry (PIV) system is used to measure flow velocity  
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[9], [10]. A high-resolution camera with very limited speed at 

1000fps can demand price of RM 6000 and above. That has 

not even include the cost of laser together with synchronizer 

to time the laser spark with camera shutter. Increasing the 

image capture frequency will increase the total PIV system 

cost exponentially.  

The expensive nature of thermal-fluid measurement system 

tends to leave the more modern system specifically for post-

graduate research purposes. Thus undergraduate lab would 

often settled with simple bench or tabletop equipment that can 

demonstrate only basic thermal-fluid phenomena. This is 

quite contrary to the aspirations of EAC in its PO(i) 

Engineering Knowledge and PO(iv) Investigation. Thus 

“complex engineering problem” that is related to the forefront 

professional engineering discipline cannot be discussed 

effectively at undergraduate level. Undergraduate thermal-

fluid lab usually settled with cheaper but old apparatus, thus 

opposing the attributes of PO(v) Modern Tool Usage [3]. 

Recently, there has been strong trends to utilize modern 

computing technology in order to lower the cost of laboratory 

teaching for undergraduate courses [11]-[16]. Many research-

level software are released as open-source on the internet, 

thus allowing highly stimulating laboratory demonstration in 

the undergraduate level  if the software are properly adopted 

by educators [15], [17], [18]. Using research-level software 

will allow students to better understand the theory covered in 

lectures [12]. 

II. ADVANCED FLOW DIAGNOSTICS 

LABORATORY 

A. Planning the Learning Objectives and Outcomes 

The development of new laboratory exercises under 

thermal-fluid theme was laid out with these aims: 

a. Affordable Cost 

b. Minimum Setup 

c. Field Measurement Capability 

d. Complying with PO(i), PO(ii), PO(iv) and PO(x) 

Besides affordable cost and minimum setup, field 

measurement was considered important due to the nature of 

thermal-fluid phenomena. Most phenomena is invisible to 

the naked eye and a field measurement would give an 

indication of how the flow interacts with the surroundings 

besides producing accurate measurement. Vortex 

formations, turbulence shedding, heat convection, shock 

waves formation and many other phenomena can be 

observed clearly by using field measurement. As Ernst 

Mach once said, “Sehenheiβt verstehen” which means 

“Seeing is Understanding” [19]; thermal-fluid could only be 

understood properly by directly observing it using flow field 

contour plot of pressure, temperature, density or velocity.  

The learning outcomes (CO) of this lab exercises and its 

relation to the EAC’s programme outcomes (PO) are shown 

in the Fig. 1. Mainly, there are four COthat strongly 

contributed to four PO. The ability to understand the theory 

CO1, is related to the engineering knowledge PO(i), but at 

to certain extent also related to attributes of lifelong learning 

PO(xii) since the students are required to review related 

scientific or engineering literatures to understand the 

experimental works they are required to do. The 

investigative nature of the experimental works as required 

by PO(iv) is satisfied by CO2 where the students are 

required to design their own experimental procedures. This 

is also loosely associated with PO(v) of using modern tool 

in learning. 

 
Fig. 1: Relationship between planned Course Outcome 

(CO) and corresponding Programme Outcome (PO) to 

be achieved within this course 

B. Developing the Laboratory Setup 

The committee decided to develop a background oriented 

schlieren (BOS) setup that can be used to study different 

phenomena. BOS was chosen due to their field measurement 

potential, good flow visualization capability and requires 

only a camera and suitable background. The basic idea 

behind BOS is that density changes in some part of the 

overall flowfield will lead to background image distortion if 

the camera is focused on the background plane whose 

normal is perpendicular to the flow direction. The 

movement of pattern on the background due to changes in 

density can be calculated using cross-correlation software 

typically used in the PIV system (see Fig. 2). Typically, the 

user will define the region of interest (ROI) inside a series of 

images captured between constant time gap and the cross-

correlation algorithm will detect the movement of any 

distinguishable shape or pattern in the images. The software 

output is a velocity vector contour-plot for the whole 

flowfield. If used for BOS application, the time gap between 

successive image is neglected and the software will produce 

displacement vector plot of the flowfield. This can easily be 

turned into density-gradient contour plot by relating the 

displacement of the dot-pattern with Gladstone-Dale 

equation. Absolute density at any point can then be 

calculated by solving Poisson equations for the whole 

flowfield[20]. The measured density can be used with 

known pressure to estimate the temperature (or vice versa) 

by using suitable equation of 

state [21]-[25]. 
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The cost of a commercial cross-correlation software is 

prohibitively high. This is due to limited number of supplier 

and the complexity of the cross-correlation numerical 

scheme. This has led to many researchers developing their 

own code. However, to develop one for our own case is 

beyond the scope of current lab exercise. Luckily, some 

limited-functionality but otherwise robust, PIV software can 

be found freely available on the internet. Some interesting 

ones include PIVlab[26], OpenPIV[27], PIVmat[28] and 

MatPIV[29]. The software were evaluated for ease of use 

and PIVlab was selected for the current project. We are 

more confident with this software since it has been used and 

validated by various research spanning many fields [30]-

[36]. 

An old Digital Single-Lens Reflex camera was donated to 

this project by a colleague. The Nikon D90 camera can be 

purchased in second-hand market for about RM800, not 

including the lense. It was released in 2008, and was at one 

time considered the best of non-professional level Nikon 

DSLR. It can capture 12.3 megapixel of resolution and was 

the first to include 720p video recording capability. The 

lense used for this project was AF-S DX Nikkor with 18 – 

105mm of focal length range and f3.5 of aperture. The price 

for the lense is around RM900 second hand. External 

lighting source was provided by Viltrox L116T Professional 

LED Video Light which can be bought online for RM 100. 

This LED light panel has dual colour temperature setting 

and 120 degrees light angle. The other important equipment 

is the tripod to hold the camera steady during experiments. 

A generic unbranded aluminium alloy tripod was bought 

from camera store for slightly less than RM200. The 

background needed for BOS was printed on a set of A4 

papers and will be combined together on a plywood panel 

according to the total size needed. The pattern for the 

background was created using PIVmat application, an open 

source MATLAB toolbox created by [28]. Thus the total 

cost of the system is summarized in the Table 1. 

Table 1: Laboratory equipment and cost 

 Cost 

Nikon D90 Camera RM  800 

Nikkor 18 – 105 mm f3.5 RM  900 

Viltrox L116T Pro LED Video Light RM  100 

Aluminium Alloy Tripod RM  200 

PIVlab (BOS data processing software) RM       0 

PIVmat (BOS pattern generator) RM       0 

Total RM 2000 

 

 
Fig. 2: Concept of background oriented Schlieren 

C. Developing the Laboratory Procedures 

We followed the example set by [37] in using the current 

postgraduate research projects as the basis in designing 

undergraduate laboratory exercises. This is to give the 

undergraduate students a taste of experimental research 

activities. Two master research project were selected; the 

first is a project of helicopter rotor tip enhancement and the 

other is a project of improving the combustion of a 

miniature combustor using vortex mixing.  

The students were first briefed about the basic principal 

of BOS. The students were given the freedom to explore the 

software (PIVlab) and hardware capabilities on their own. 

Simple user manual for using PIVlab were given to the 

students. Typically, for many flow phenomena to be 

observed, the following procedures can be applied: 

i. Download PIVlab with suitable version depending 

on MATLAB version already installed in Microsoft 

Windows based computer 

ii. Open MATLAB and make sure installation folder 

of PIVLab is in the working directory 

iii. Type PIVlab_gui in the command window and the 

graphical user interface such as in Fig. 3 will appear 

iv. Click File>New session 

v. Click on Load images and choose a pair of images 

to be analyzed 

vi. Click Analyses Settings>Exclusions (ROI, Mask), 

and then drag a rectangular selection for region of interest 

(ROI) 

vii. Click Analyses Settings> PIV Settings, and pick 

either FFT for fast analysis or DCC for more precise 

analysis 

viii. In the PIV settings, user needs to specify 

Interrogation Area window and its Step Size. The 

interrogation window will move across the whole ROI to 

scan any movement of patterns and its size is typically 64 

pixel × 64 pixel. The step size specify the amount of 

movement the interrogation window will make as it move 

across. The smaller the step size the more sensitive the 

movement detection will be. The suitable area and step size 

are very case dependant and must be decided by the students 

themselves 

ix. Click Analysis>Analyze!>Analyze Current Frame, 

and the analysis will begin 

x. Click Plot>Derive Parameter, change the 

parameter to velocity magnitude and click the button Apply 

to Current Frame 

Group meetings with designated lab instructor were held 

every week and the students were required to present their 

progress. They were evaluated based on their understanding 

of the objectives, procedure, safety precautions, and their 

expected results. Their engagement, whether they ask 

question or voicing out views and opinions, to the instructor 

and each other were also evaluated. All meeting sessions 

were recorded in a log-book for future review. The students 

were told to do their own readings of relevant literatures and 

must schedule their own working hours in four-weeks 

duration.  
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At the end of a four-weeks period, they were required to 

present their final results in written form. The format for 

their report was typical of a scientific journal article. This is 

to give them the feel of contributing to the scientific 

community. They were judged based on their introduction, 

methodology, data analysis, discussion, conclusion and 

recommendations for future studies. 

 
Fig. 3: Graphical User Interface (GUI) of PIVlab that 

will be used to measure the density gradient of flow 

phenomena in this experiments 

 

 
 

 
Fig. 4: Raw images of (a) wind-off, (b) wind-on 

III. RESULTS AND DISCUSSION 

A. Investigation of Blade-Tip Vortex of an RC Helicopter 

It is well known that vortex will form at the tip of rotor 

blade and could cause “settling-with-power” or vortex-ring 

state where helicopter is flying in its own downwash [38]. 

This usually happens when the vortex from the blade tip 

grow exponentially and engulfing large segment of the rotor 

thus reducing overall lift. In this experiment, the students 

were required to visualize and comment on the vortex 

formation at the blade tip of a twin-rotor remote controlled 

helicopter. This experiment aims to replicate, in a small 

scale, the work done by the team in German Aerospace 

Center (DLR) where they visualize the blade tip vortex of a 

real helicopter in flight [39], [40]. The theory is that a vortex 

structure has different density in comparison to its 

surrounding air due to the condensation of air at its vortex 

core. This density gradient would allow it to be visualized 

using schlieren technique.  

Since the model is small, the vortex emanating from the 

blade tip is very hard to visualize. The student found that 

increasing the number of patterns on the background would 

increase the overall sensitivity of BOS setup, however the 

rotor blade tip vortex still could not be detected. Based on 

further reading on fluid dynamics, the students found that 

the blade tip vortex, as a coherent flow structure, can 

interact with hot air from a hair-dryer thus further changing 

its density allowing it to be visualized using schlieren 

technique. The pre-processed images are shown in Fig. 4. In 

the wind-off (Fig. 4(a)), both the rotor and hair-dryer are off. 

The resultant density gradient plot is shown in Fig. 5 where 

we can observe high density gradient at the crosspath 

between the blade tip and the hot air exiting the hair-dryer. 

The hot air itself is barely visible but becomes highly 

apparent as it interacts with the flow-structure at the blade 

tip path. This flow-structure is most likely to be the blade tip 

vortex. 

 
Fig. 5: Density gradient plot produced from analyzing 

the region of interest. Hot emanating from hair-dryer is 

visible only when it interacts with a flow-structure at the 

rotor tip 

 

 
Fig. 6: Concept of reverse vortex trapped combustion 
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B. Investigation of a Reverse-Trapped Vortex in a 

Miniature Combustor  

The concept of miniature combustor has been proposed as 

a portable power generator to be used with miniature devices 

in surveillance and communications [41], [42]. This type of 

combustor suffers from flame instability due to its large 

surface area to volume ratio in comparison to larger sized 

combustor [43]. Its small volume also discourage fuel/air 

mixing. To solve this problem, a miniature combustor has 

been designed in such a way it can trap the vortex from air 

and fuel injection inside the combustion chamber in order to 

confine the flame internally (see Fig. 6).  

 
 

 
Fig. 7: Raw images of (a) wind-off, (b) wind-on 

 

Fig. 7 shows the pre-processed images of combustion-off 

and combustion-on of the miniature combustor. It can be seen 

that no flame exited through exhaust. However, the post-

processed image in Fig. 8 is more interesting. It shows that 

the hot gas produced by the combustion expanded into the 

atmosphere in a non-symmetrical cone. Some coherent flow-

structures can be observed suggesting the formation of first 

mode, single-helix jet flow as explained by Fiedler in his 

seminal paper [44]. This flow-structures are aided by the 

Rayleigh-Taylor instabilities due to the interaction between 

lower-density hot gas with the higher-density atmospheric air 

[45]. 

 
Fig. 8: Density gradient plot showing the exhaust gas 

produced by the miniature combustor 

C. Student Achievement on the Course Outcome 

The students were evaluated on their achievement of 

course outcome via their technical reports and logbooks that 

were filled for each lab sessions. They were also indirectly 

assessed via questionnaire on whether they themselves feel 

that they have achieved the course outcomes. Both 

assessments were averaged per number of student and 

compared in the Table 2. The marks given by the instructor 

were very close to the level the students rate themselves. 

This shows that the students were able to work on complex 

engineering problems using modern tools that is currently 

on the cutting edge of research. 

Table 2: Achievement of course outcome (CO) as 

assessed by the lab instructor and as the students felt 

they have achieved 

Course Outcomes Marks from 

Instructor 

Marks from 

Questionnaire 

Able to explain the theory 

behind the experiment and 

equipment 

73% 76% 

Able to develop 

appropriate experimental 

objectives and 

methodologies 

73% 73% 

Able to analyze, discuss, 

conclude findings and 

recommend future works 

71% 76% 

Able to conduct 

experiments and prepare a 

technical report as a team 

89% 76% 

IV. CONCLUSION 

An undergraduate laboratory teaching course, 

concentrating on thermal-fluid science, has been designed in 

order to satisfy the programmeoutcomes that is compliant 

with the Washington Accord. The laboratory exercise utilizes 

modern concept of BOS in order to measure and visualize the 

density gradient of many flow phenomena. The laboratory 

exercise was designed to be open-ended without a prior-

known conclusion. The students did not expect what they will 

observe and were required to refer to scientific literatures on 

their own. The students were able to describe their 

observation and participate actively in a weekly discussions 

with their respective lab instructor, thus training them to 

become highly inquisitive researchers in the future. 
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