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ABSTRACT 

The study of road vehicle aerodynamics is quite different from that of an aircraft 

aerodynamics which mainly focuses on producing lift. The subject does not lend 

itself to traditional methods such as mathematical analysis where there are no 

straightforward methods for predicting how air will flow around a given vehicle 

shape and no equivalent of the simple formulae used in earlier days for determining 

the lift and drag of an aircraft from its geometry. With regards to this Final Year 

Project (FYP), Experiments is to be conducted to study the effect of aerodynamics 

change on a car caused by another in its proximity. For this experimentation project, 

the Kelisa car’s is to be considered as the model which enable in achieving 

dimensional similarity and more accurate in getting the experimental result. In the 

experiments, certain ranges of distance between the two cars were to be highlighted 

in order to show the drag force and other aerodynamic changes that might occur. The 

aerodynamic changes are to be studied on two model vehicles using a wind tunnel 

equipped with the necessary measuring equipment. The study is focused on the 

effects of the wake of a vehicle to another vehicle in tailing position (back-to-back), 

where the experiment is done using wind tunnel and scaled vehicle models. The 

model is to be manufactured by using CNC machining process.  
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very dangerous depending on various parameters including the speed at which the 

road vehicle (car) travels which also matter to the size itself.  

1.2 Problem statement 

An aerodynamics force is one of the effects that are produced by the stream flow 

over a vehicle body. Other effects that can be produced are wind noise and also 

body-surface water flow and soiling. A car is also subject to lift which can be 

undesirable. The greater the speed, the greater the lift force, which increases the 

threat of instability. For this reason, builders of race cars design their vehicles for 

negative lift. A typical family car has a lift coefficient of about 0.03, whereas a race 

car is likely to have a coefficient of −3.00 [3]. Aerodynamics changes when a car 

travels on the road. Such changes can cause sudden variations on the forces acting on 

other vehicles found on the field. This situation needs others riders (drivers, bikers 

etc) to be alert and aware of it as to avoid possible accidents. . This condition can be 

seen when they are in proximity to each other when moving on the road. A vehicle 

generates a turbulence unsteadiness which can cause additional or reduced forces 

acting on another vehicle. This can cause the driver to lose control and crash. 

Therefore, wind tunnel experimental applications are to be carried out to investigate 

such variation and other undesirable effects which is the focus of this project. By 

understanding the effect of this vehicle affecting aerodynamic changes, it could help 

in minimizing the risk of an accident. 

1.3 Objectives 

When the aerodynamics effect change due to the car that travel on the road, forces 

acting on the vehicle’s surrounding change consequently. Such variations can be 

very dangerous depending on various parameters including size and the speed of the 

vehicles that travel. This project is carried out to: 

a. To investigate the aerodynamic condition around a small vehicle 

i. drag force; FD 

ii. lift force; FL 
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b. To study the effect of the speed of the vehicle on the aerodynamics 

c. To investigate the aerodynamics changes when the two cars travel on the road 

that may cause sudden forces acting on other vehicles found on the field. 

1.4 Scope of study 

a. To study the real aerodynamics effect to the car that travels on the road. 

b. To study the effect of variations that can be very dangerous to other cars which 

are travelling on the field of a car. (tailing condition) 

c. To compare and analyze the previous result with the latest results and provide 

recommendations for future references and development. 

d. Prepare smooth scale model of vehicle for wind tunnel experiment using CNC 

Machine. 

e.  Run wind tunnel test on scale model vehicle when another model is in the flow 

field by: 

i. Increase the speed of the wind tunnel 

ii. Modified the available wall of the test section of the wind tunnel 
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CHAPTER 2  
LITERATURE REVIEW 

 

2.1 Road Vehicle (car) 

Road vehicles are bluff bodies which move in close proximity to the ground or road. 

Their bodies are very complex with detailed geometry which becomes one of the 

important criteria in car features and manufacturing process. This geometry (shape) 

also becomes the benchmark for the car maker in determining the functions, costs 

and speed that the car can travel at on the surface (ground/road) [1]. So, as the result 

from various car’ geometries and also their specific purposes for used, it has cause 

an effect on the aerodynamics, drag force and lift of the car itself.  

2.2 Dimensional Analysis  

Dimensional analysis involves reducing the number of original variables to a number 

of groups which are dimensionless combinations of the original variables [2]. This 

concept is important in wind tunnel test in order to gain accurate result. 

Purposes: 

a. Generate non-dimensional parameters that help in designing experiment 

methods and result’s reporting scheme  

b. Obtain scaling laws that the prototype’s performance can be predicted from 

model performance 

c. Predict the trends relate between those parameters (real versus scale model) 

d. Real world expectation in term of condition performance and measurement 

by imply the experimentation method using geometrically-scaled model. 

Result and experimental conditions are properly scaled which help in 

producing real condition of full-scale prototype later. 
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Figure 2:1: Dimensional Analysis concept in model car experiment 

The equation use to find the similarity of the model use to the wind tunnel 

conditions. 

.  .     
.  .  

 

Since =  and   , so: 

  .  

Assume that the speed of the wind tunnel is at 30 m/s. So the actual speed of the 

model should be run is: 

 
18
1  . 30 

550 /  

If consider the speed of the prototype model, the actual speed should be: 

 
1

18 . 30 

6 /  
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2.3 Size of the models 

It is very important to determine the size of the model before completing the new 

wind tunnel walls. To determine the appropriate size, some calculations of 

dimensional analysis are used. 

The size of the wind tunnel must be as large as possible (to achieve higher velocity 

in real situation) and not blocking the flow field in the wind tunnel. So after some 

consideration and discussion with regard to the scale model size, a 1:18 scale size is 

considered. 

Note that the size of the wind tunnel’s test section is 30cm x 30cm (frontal area). 

The scale size also can be obtained using theoretical methods. So referring to the 

experiment procedure, the flowing fluid will be air. The density of the air remains 

constant as the temperature of the air is assumed to be constant. Therefore, ρ and μ of 

both sides are cancelled out, thus the equation become: 

 

 

where:  

ρ = density of air (kg/m3) 

 V = flowstream velocity of air 

 Af = frontal area of prototype / model 

 CD = drag coefficient; CL= lift coefficient 

Fd = drag force; FL = lift force 

μ = viscosity (kg/ m-s) 

Hence, by manipulating the velocity and scale of the model in the wind tunnel, the 

drag coefficient; CD and Reynolds number; Re in the real situation can be calculated 

(Using a spreadsheet). 
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2.4 Wind Tunnel 

A wind tunnel is a duct through which air is either blown or pulled out to stimulate 

air flow over objects. The model used is known as scale model (prototype) which 

used as tested model and placed in the test section of the wind tunnel. By using 

special transducers as the measurement tools, the model will experience pressure, 

forces and moments at various wind speeds and in different orientation with 

reference to the wind. Practice shows that wind tunnel testing, when correctly 

proceeded has an accuracy of about 90% [6]. 

2.4.1 Scale Model 

Scale model testing is recommended because it is inexpensive and more convenient. 

The scale must be chosen carefully based on the test section size of the tunnel. This 

would greatly reduce the magnitude of aerodynamic problems introduced by the 

wind tunnel walls (solid blockage) and stationary floor. However, inaccuracy in 

fabrication of the scaled model will not yield exact full-scale conditions, thus 

resulting in data that is different from full-scale road testing. Statistic shows that in 

United States, for passenger cars 3/8 scale is widely used, while in Europe 1/4 scale 

is the most common though 1/5 scale is also used in small wind tunnels. For 

commercial vehicles, a scale of 1/2.5 is recommended [3]. 

2.4.2 Blockage Ratio 

One of parameter that plays a dominant role in this experiment is the blockage ratio 

of the test section. It can be defined as the ratio of model frontal-area to test-section-

area. 

Blockage    
     

   100  

Hence; 

7.9 9.2
30 30 0.081 100 8.1% 
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2.5 Drag Force 

Drag force is the force that a flowing fluid exerts on a body in the flow direction. 

Drag force act in the opposite direction of the movement of the body and usually 

caused an undesirable effect and a resistant to movement like friction. In automotive 

industry, drag is related to the performance and fuel consumption of a car, as well as 

the design of the car’s body that gives value to style. The dimensionless quantity that 

describes the characteristic of the drag on a body is called the drag coefficient. This 

project will focus more on the drag force as the results of the aerodynamic changes 

when two vehicles are in proximity to each other, using the wind tunnel and scaled 

model to measure the force change [3].  

2.6 Lift Force 

Lift force is the force that a flowing fluid exerts on a body normal to the flow 

direction. Lift force are caused by difference in pressure acting on a body and 

usually related to spoiler design for more downforce factor. The dimensionless 

quantity that describes the characteristic of the lift on a body is called the lift 

coefficient. For the experiment, the lift will not be considered, as the wind tunnel 

testing will not be accurate as the lift is associated with the ground effect. The 

models of the vehicle is to be hanging to the wall of the wind tunnel by a metal rod, 

connecting it to the balance that will measure the forces acting on the model [3].  

2.7 Aerodynamic Forces and Moment 

Aerodynamic resistance mainly generated by two main sources; the flow over the 

exterior of the vehicle body (external flow) and the flow through the engine radiator 

system and also the flow inside of the vehicle itself for cooling and ventilating 

purposed (internal flow) [1].  

For the external flow, normal pressure and shear stress will be generated on the 

vehicle body. Two components will be involved which is the pressure drag cause 

from the normal pressure of the vehicle body acting against the motion of the vehicle 
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and the skin friction which due to the shear stress in the boundary layer adjacent to 

the external surface of the vehicle body [7]. In practice the aerodynamics resistance; 

Ra is usually expressed by: 

   2    2 

Which  

RA    =  aerodynamics resistance 

Ρ   = mass density of air 

CD = coefficient of aerodynamics resistance that represent all the combined effect in 
aerodynamics studies 

Af = characteristic of the vehicle involve; frontal area of that vehicle which is the 
projected area of the   vehicle in the direction of travel. 

Vr = speed of the vehicle relative to the wind 

Note 

ρ can be affected by the present of atmospheric condition such as temperature. For 
instance, an increase in ambient temperature from 00c to 380c will cause a 14% of 
reduction in aerodynamics resistance 

Hence because of this significant effect there are commonly used standard conditions 

such as, temperature of 250c and the barometric pressure of 101.32 kPa  
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CHAPTER 3  
METHODOLOGY 

 

3.1 Procedure Identification 

Research has been carried out to gather all required information understanding the 

concept of aerodynamics change variations. The studies also involve wind tunnel 

applications. A thorough literature review will be done through reference books, 

internet and journals for further understanding. All the works, effort and procedures 

used in this project will closely follow the provided Gantt chart (see appendix).  

The list of options below will be used with regards to carrying out the experimental 

studies about the effect of aerodynamics changes by the car to other cars in its 

proximity: 

a. Own research on previous available case studies 

b. Sample of case studies from related journal and paper work. 

c. Build scale model of the car for wind tunnel purposed 

d. Digitizer Process  

e. CNC Machining Process  

f. Testing the car models in the wind tunnel 

• single car position 

• double car position (tailing condition) 

g. Experiments will be carried out to observe the aerodynamics variations changes 

in different conditions 

h. Discuss the result obtained from the experiments in the wind tunnel. The 

measurements are recorded and graphs are plotted (observation). Discussion and 

recommendation are to be done based on the result gathered. 
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This project will involve the design and development activities as state below.  

YES NO 

YES 

NO 

Define the purpose and aim of the test 

Design the test 
• Desired parameter (FD, V, Re) 
• Model configuration (Kelisa Car Model) 
• Test technique(S) 
• Measurement required 
• Specific instrumentation 
• Correction to be applied 

Uncertainty 

acceptable 

Implement test 

(wind tunnel experiment) 

Select the methods will be used  

a. Stationary ground 
b. Moving ground- motor 

adoption 

Determine error sources that affecting result 

Estimates effect or errors on result 

Improvement 

possible 

Cancel / Re- test 

Result and Data 

gathering (graph) 

Prepare  
1. Scale model  

1.1 Digitizer  
1.2 CNC Machining 

2. New test section 

Research on 
related journal, 
article, previous 
study etc

Material selection: 
1. Wood 
2. Aluminum 
3. Chemical wood 
Note* 
blocks standard 

Discussion and 

recommendation

Figure 3:1: Flow of experiment process [5] 
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3.2 Problem Identification 

One of the difficulties of using the wind tunnel test is that the similarity of both the 

wind tunnel flow and the real world flow need to be achieved. Similarity can be 

found through assumptions and experiments, finding the relationships that can relate 

both the simulation and the real world. A number of testing has to be done to find the 

relationship between the two situations, plus some calculation for dimensional 

analysis. 

There is complication to conduct the experiments since the size of the wind tunnel 

provided by the university did not comply with the FYP project requirements. The 

cross-sectional area of the test section available is 300 x 300 x 600 (mm). Therefore, 

the wall of the test section needs to be modified.  

The wind tunnel lab only accommodate with small or regular scale model which 

used for lesson purpose only. A new scale model has to be built; so that it is much 

bigger than available models (scale 1: 18). 

In order to produce smooth and better surface finish of the new scale model, it 

require sophisticated software known as “computer reverse aided engineering”. This 

university still do not has this type of specialized technology which had caused the 

FYP student either to go outside hiring specialist or looked for available model in the 

market. 

3.3 Tools required 

Below is the list of equipments used in running the experiment: 

3.3.1 Scale model manufacturing purpose 

i. Renishaw 3D Laser Digitizer Equipment (Figure 3.2) 

• Renishaw use for: 

1. Automated process control 

2. Optimized machine performance 

3. High speed tool setting 
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• The objective of using digitizer are 

1. Use to digitize complex shape component which not 

posses engineering drawing 

2. Generate C-code for CNC machining of digitized 

component 

• Digitizer equipments are (refer appendix): 

1. Renishaw Stylus set 

2. Wolf & Beck Sensorik Laser set 

3. Holder 

4. Non-Chlorinated Solvent Based Developer 

5.  Tracecut Renishaw software (Figure 3:2) 

  

Figure 3:2: Renishaw 3D Laser Digitizer Equipments 
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Figure 3:4: Open Circuit Wind Tunnel; Serial no: 180666/51 D 

 

3.3.4 Model car (1:18) 

As result from the breakdown in the digitizer process, second option had been 

considered where two car’s models which have similar dimensions as required had 

been bought. Some modifications have been done in other to make the model more 

reliable to the experiment later. 

 

Figure 3:5: Modified model car 
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3.3.5 Others tools used: 

a. Screwdriver  

b. L-square  

c. Model holder  

3.4 Software required 

This software used to connect together a patchwork of individual surfaces that had 

been traced over the triangulated model (refer 4.2) before G-code can be generated 

 

Figure 3:6: Unigraphic NX3 software 
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3.5 Material required 

For scale model purposes, I had prepared two pieces of chemical wood blocks. This 

block later will be translated to car model by using CNC machining process.  

 

Figure 3:7: Wood block 
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Figure 4:3: One car model condition 

The condition then changed to two car models at the same time in the wind tunnel 

test section (Figure 4.5). Both models are set to be at a certain distance between each 

other. The distance is based on the measure define before each experiment (width of 

the car model). 

 

Figure 4:4: Two car models condition  

1 2 

1 
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The setup is as follows: 

a. ·First distance between the models – one width of the model (9.2cm) 

b. Second distance between the models – double width of the model (±18.7cm) 

Other measurements noted down were: 

i. The distance of the model from the ground/floor- approximately (11cm) 

ii. The front model is tightened to the constructed wall of the wind tunnel 

refer as ‘model 1’. The readings are taken from the model at the back 

which is assumed as the tailing car (model 2), that is attached to the 

three–component electronic aerodynamic balance (Appendix III). The 

balanced is assembled outside the test chamber in other not to affect the 

stream and is supported by a proper column. This will show the 

aerodynamic change effects of the front model on the back model. 

iii. For the research, it is important to state that the only concerns for the test 

are the drag force; FD and the Reynolds number; Re whereas the velocity; 

V or speed of the car will be increase by manually. The balance also 

gives the lift force reading. However, the lift force is neglected because 

there is no ground (road) built in the wind tunnel setup due to 

unavailability of the facilities. As added information, lift force is highly 

affected by the ground conditions, hence in this experiment; the readings 

for the lift will not be accurate enough for the study. 

iv. The tests were run at the speed increase starting from 5ms-1 to ±30ms-1 

(maximum speed: 36 ms-1) by the increment of 5ms-1. Three readings are 

taken for each speed and the average are calculated for both setups. At 

every speed increments, the system will be allowed to run for at least two 

to three minutes before any reading is taken. 

v. The above steps then were repeated again  for the other two tests. Speed 

increment will be same as the previous. The only change will be the 

distance between the models as stated above. Three readings are taken for 

each speed and the average is calculated for all setups. 
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4.3 Wind tunnel test using two 1:18 scale models 

The testing will start with one model setup using the 1:18 scale model without any 

obstruction from second model. The objective is to find the normal reading of the 

drag force that will be used as a reference to the other readings 

Table 4.1: Wind tunnel result for single scale model 

ρ Frontal 
Area 

Top 
Area V(m/s) FD(N) FL(N) CD RE CL 

1.18 0.01476 0.005085 4.95 0.09 0.02 0.42179 5484.30 0.27207 

1.18 0.01476 0.005085 10.03 0.27 0.04 0.30819 11112.63 0.13253 

1.18 0.01476 0.005085 15.01 0.56 0.04 0.28542 16630.16 0.05918 

1.18 0.01476 0.005085 20.01 1.02 0.00 0.29253 22169.86 0.00000 

1.18 0.01476 0.005085 24.99 1.59 -0.01 0.29237 27687.39 -0.00534 

1.18 0.01476 0.005085 30.00 2.27 0.02 0.28963 33238.17 0.00741 

1.18 0.01476 0.005085 32.16 2.64 0.02 0.29311 35631.32 0.00645 

Plotting the graph of the drag force against the velocity will show the relationship of 

the two variables which directly proportional to each other. 

 

Figure 4:5: The drag is increasing with every increased of the speed 
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Plotting the data of Drag Coefficient against the Reynold number reveals the 

Reynold number independency to the flow 

 

Figure 4:6: Graph of Drag Coefficient versus Reynolds number. The slope 
decrease until a certain value of CD 

4.4 The relationship of the drag force to the distances between the models 

4.4.1 The result for one width distance (1W) is as follow: 

Table 4.2: The wind tunnel results for double model setup, one width distance. 

V(m/s) FD(N) FL(N) CD RE CL 
5.12 0.082 0.043 0.3592 5672.65 0.5467 

10.03 0.182 0.017 0.2077 11112.63 0.0563 

15.02 0.342 -0.047 0.1741 16641.24 -0.0694 

20.03 0.668 -0.122 0.1912 22192.02 -0.1014 

24.99 1.038 -0.185 0.1909 27687.39 -0.0987 

30.02 1.477 -0.262 0.1882 33260.33 -0.0969 

30.75 1.518 -0.262 0.1844 34069.12 -0.0924 
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Figure 4:7: The direct proportional relationship of the drag and the wind speed, for the 
one width distance setup 

 

Figure 4:8: Plotting the drag coefficient against the Reynolds number shows the 
inverse relationship where the CD value decrease to a constant 
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4.4.2 Result for twice width (2W) setup  

Table 4.3: The wind tunnel results for double model setup, twice width distance. 

V(m/s) FD(N) FL(N) CD RE CL 
5.03 0.056 -0.026 0.2542 5572.93 -0.3425 
10.13 0.18 -0.055 0.2014 11223.42 -0.1786 
15.02 0.372 -0.08 0.1893 16641.24 -0.1182 
20.03 0.648 -0.086 0.1855 22192.02 -0.0714 
25.06 1.02 -0.13 0.1865 27764.95 -0.0690 
29.99 1.3825 -0.185 0.1765 33227.09 -0.0686 
30.75 1.518 -0.26 0.1844 34069.12 -0.0917 

 

Figure 4:9: The drag force plotted against the wind speed for the twice width distance 
setup 
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Figure 4:10: Plotting the drag coefficient against the Reynolds number shows the 
inverse relationship where the CD value decrease to a constant 

 

4.4.3 Result for all test setup 

 

Figure 4:11: Drag Force versus the wind velocity, with all three distance setups. 
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Figure 4:12: Drag Coefficient versus Reynolds number for all three setups. 

4.5 Discussions 

4.5.1 Relationship of the drag force to the distance between the models 

From Figure 4:12, it is observed that the drag increase for every setup reading. The 

data shows that 1W setup give the highest drag force value, compared to the normal 

setup (single model) and 2W. For the normal setup (single model) and 2W setup, the 

drag forces slowly increase. 

4.5.2 Drag increase for 1W (9.2cm) distance between models: 

Model 1 creates a turbulent flow that is flow directly in front of model 2. Because 

the distance between the models is short, the difference in time is short as well. The 

turbulent flow created by model 1 has no time to steady down, resulting higher drag 

force when it hits model 2. During the experiment, the test section is in good 

condition, the front wheel of the models rotates slowly and model 2 a bit shaking 

conforming the force acting on it. 

4.5.3 Drag decrease for 2W (±18.7cm) distance between the models: 

The distance increased once for this setup. Thus, when the wind flow hit model 1, 

turbulence is created at the back of model 1. The drag force acts on model 2 much 

lesser which show that less turbulent flow from the back of model 1 and the flow is 

quite steady. The drag reading shows that this setup is almost the same as the 1W 

model setup  
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4.6 Sensitivity of the wind tunnel test flow to Reynolds number 

It can be observed from that for all three flows, they show the independency of the 

Reynolds number. By plotting the drag coefficient (CD) against the Reynolds number 

(Re), the graph shows the inversely proportional relationship where the drag 

coefficient value decreases until a certain point of Re. For the wind tunnel test, the 

value of CD that is independent to Re is CD = 2 at Re value approximately 47000. 

Therefore, by assuming that for any other flow that runs at higher Reynolds number 

value of 47000, the CD can be assumed to be approximately 2. Thus, by knowing the 

value of CD, and by controlling the velocity (V) of the wind, the drag force (FD) that 

acts on the model can be calculated using the following formula. 

1
2

 

  

Where; CD = drag coefficient 

CL = lift coefficient 

FD = drag force 

FL = lift force 

Re = Reynolds number 

ρ = density of the air at room temperature 

μ = viscosity 

V = velocity of the air 

Af = frontal area (perpendicular to the flow) of the object/model for CD 

equation 

Ap = top/platform area (parallel to the flow) of the object/model for CL 

equation 
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Thus, with CD, ρ and A remaining constant, and the velocity of the air increasing, the 

drag and lift force will increase as well. Using the two equations above, the drag 

coefficient and the Reynolds number can be calculated. A graph of CD versus Re is 

plotted as shown below. 

 

Figure 4:13: Sensitivity of Reynolds Number to the flow Drag Coefficient 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATION 

 

From the wind tunnel results, it is found that there is a distance between two vehicles 

in proximity to each other, tailing one another, that the drag force acting on the 

tailing vehicles is actually less than when it is not tailing anything. 

 

When applied to real driving on the real road; driving further away behind the front 

vehicle (1W distance) will result higher drag force, leading to harder car control and 

more fuel consumption for that same speed. This is due to the aerodynamic changes 

caused by the front vehicle. The turbulent flow created at the front result in higher 

drag force on the back vehicle. This can be a caused for the driver to loose controls 

of their vehicle as it would felt heavier and the effect is sudden and rapidly changing.  

 

Driving much away (2W distance) will only result the same drag as if there are no 

car in front. The wind tunnel test run may not be sufficient enough to determine 

more precisely the value of the distance range between two tailing vehicle, that the 

drag force acting on the back car is much less than the normal drag force.  

 

However, the experiments were not enough to identify or clarify the changes on the 

drag that will affect a vehicle when moving on the road tailing each other. Further 

experiments will certainly give a much better predictions with better distance setups. 
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