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Abstract.    This study presents experimental and numerical aerodynamic investigation of a prototype 
vehicle. Aerodynamics forces examined which exerted on a prototype. This experimental study was 
implemented in a wind tunnel for the Reynolds number between 105-3.1x105. Numerical aerodynamic 
analysis of the vehicle is conducted for different Reynolds number by using FLUENT CFD software, with 
the k-ε realizable turbulence model. The studied model aims at verifying the aerodynamic forces between 
experimental and numerical results. After the Reynolds number of 2.8x105, the drag coefficient obtained 
experimentally becomes independent of Reynolds number and has a value of 0.25. 
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1. Introduction 
 

Automobile sector has been especially progressing since beginning of 1900s. After The 
Industrial Revolution, due to increasing importance of energy, studies for less fuel consumption of 
vehicles have increased. At first, design of automobiles were tried to be simulate with airfoils as 
concept designs. Recent decades, investigators have been designed new vehicles such as trains, 
automobiles and aircrafts by looking at the ergonomic requirements. Designs must be tested 
(especially experimental or numerical) to be able to employ before manufacturing. Experimenting 
with automobiles or even their parts can be a time consuming and expensive process. So, CFD and 
small scale prototype make it possible to build that can be solved to determine the pressure drop of 
any particular design. Cheng et al. (2012) investigated on numerical quantification of aerodynamic 
damping on pitching of vehicle-inspired bluff body. They concluded that when used in conjunction 
with the commonly applied drag and lift coefficients, it can improve realism in assessment of vehicle 
vehicle aerodynamics. Watkins and Vino (2008) investigated on the effect of vehicle spacing on 
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the aerodynamics of a representative car shape. They stated that very significant changes in lift 

were also noted for close spacing and it has been revealed (via surface and off-body visualization 

and velocity and flow mapping) that these changes were due to the influence of the rear vortices. 

Due to the interest in loosely spaced vehicles (permitted via ITS) this seems to be an area where 

our understanding of interaction effects needs to be extended. 

Conventionally, the pitching instability of road vehicles has been controlled mechanically 

through the application of suspension systems. Cheng et al. (2011) numerically investigated on 

transient flow past road vehicles subjected to pitching oscillation. They clarified that unsteady 

flow structures above the rear section of the vehicles were found to significantly affect their 

pitching stability; and depending on the vehicle body shape configurations, the induced 

aerodynamic force tended to either enhance or restrain the vehicles’ pitching instability. Reynolds 

number, which required longer domain size downstream of the bluff body to properly reproduce 

the phenomena. In the case of flow past road vehicle, however, the downstream regime is 

dominated by a pair of longitudinal vortices and absence of the Karman vortex street. Sharma et al. 

(2008) investigated aerodynamics performance 1:20 scale model of a intercity bus. Also, they used 

CFD modelling. They stated that the magnitude and trends in the force coefficients obtained from 

CFD modelling exhibit remarkable agreement with experimental results. Cheli et al. (2011) made 

tests on heavy road vehicles. They measured Mean aerodynamic forces and moments by means of 

a six-component dynamometric balance for different yaw angles and turbulence conditions.  They 

concluded that the vertical component is mainly affected by the detachment point of the flow in 

correspondence with the windward roof edge: this point, in mean turbulence condition, is moved 

upstream with a consequent increase of suction over the vehicle roof, finally leading to a higher 

upward directed vertical force. Tilch et al. (2008) investigated numerically on external vehicle 

aerodynamics. Comparisons with body-fitted and experimental data show that, this approach can 

yield drag predictions with an error less than 5 per cent. Simoes (2001) has studied on the design 

and manufacturing of a conceptual prototype vehicle. His project was the result of a collaborative 

project between students from the University of Aveiro and designers of the School of Arts and 

Design of Matosinhos. The designed vehicle (Icarus) was awarded with the first design prize and 

with an International Communication prize at the 1998 Shell Eco- Marathon competition. Akansu 

and Firat (2010) studied experimentally on square prism by slot jet injection in a wind tunnel. 

They stated that depending on the injection ratio, two flow regimes were obtained and a bistable 

mode was also observed in a transition range between them. Formula Student Racing competitions 

are international events like Shell Eco – Marathon have been organized among students trying to 

build and improve next-generation cars. Muralidharan et al. (2015) investigated to optimize front 

and rear aerodynamic wings of a high performance race car by using CFD program. They aimed to 

balance moment created by rear wings and concluded CL=1.89 and CD=0.909 for used 

economical design Selig 1223. Lu (2015) and Cheng et al. (2014) have investigated on drag 

coefficient of Formula SAE car.  Cheng et al. (2014) concluded that the drag coefficient is 0.385 

and the rear wings can supply 65% downforce, when the attack angle of the rear wing is set to 8°. 

Guilmineau (2008) investigated computationally on flow around a simplified car body. Wake flow 

is two-dimensional for low incidences of the rear slant, then becomes three-dimensional when the 

angle of the hatchback approaches 30 and reverts to two dimensional behaviour for angles higher 

than 301 where above this angle, a sudden drop in drag occurred. In this paper, we investigate 

numerically the flow around the Ahmed body for the base slant angles 251 and 351. Pinelli et al. 

(2004) measured surface pressures and overall forces of scaled models of (fire truck, ambulance, 

and sports utility vehicle). Han et al. (2013) studied on crosswind effects on high-sided road 
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vehicles with and without movement. They expressed that the aerodynamic force coefficients of 

vehicles under wind loads depend on not only the shapes of vehicles but also those of 

infrastructures, such as the bridge. Also they said that the aerodynamic coefficients are obviously 

functions of the yaw angle. Hamut et al. (2014) studied experimentally and numerically on effects 

of rear spoilers on ground vehicle aerodynamic drag. They concluded that in the CFD model, it is 

found that the addition of the spoiler caused a decrease in the lift coefficient from 0.26 to 0.05. 

In this study, aerodynamic performance of a prototype vehicle was investigated. This study was 

carried out as both experimental and numerical for 100000-300000 Reynolds numbers. Also, for 

251000 Reynolds Number, aerodynamic performance of a prototype vehicle was tested in different 

yaw angles. 

 

 

2. Numerical study 
 

CFD, Fluent package program was used as a finite volume solver for calculation of vehicle 

main aerodynamic characteristics. In post processing, the results which were obtained from the 

solution were used to compare experimental results. For the numerical calculation, 

two-dimensional vehicle geometry has been comprised by the side view projected area of the solid 

model of the prototype vehicle.   

The numerical simulation was carried out by using the Navier-Stokes equation based on the 2D. 

The density and dynamic viscosity were constant and the flow was steady. Numerical 

computations were carried out by the finite volume method with unstructured grid method. The 

general form of the continuity Eq. (1) and the momentum Eq. (2) were shown as below 

𝜕𝜌

𝜕𝑡
+  

𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗
= 0              (1) 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+  

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
=

𝜕*𝜇𝑒(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)+

𝜕𝑥𝑗
 −

𝜕𝑃

𝜕𝑥𝑗
 + 𝑆𝑖               (2) 

Where ρ is fluid density (kg/m
3
), the xj is coordinate component, uiuj is the average relative 

velocity components, ωk is the significant viscosity coefficient, P is the pressure (Pa), Si is the 

generated item. 

The modelled transport equations for k and ε in the realizable k - ϵ model are 

𝜕

𝜕𝑡
(𝜌𝑘) +  

𝜕

𝜕𝑢𝑗
(𝜌𝑘𝑢𝑗) =  

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 +  𝐺𝑏 −  𝜌𝜖 −  𝑌𝑀 + 𝑆𝑘    (3) 

𝜕(𝜌𝜖)

𝜕𝑡
+ 

𝜕(𝜌𝜖𝑢𝑗)

𝜕𝑥𝑗
=  

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜖 − 𝜌𝐶2

𝜖2

𝑘+√𝜈𝜖
+ 𝐶1𝜖  

𝜖

𝑘
𝐶3𝜖𝐺𝑏 + 𝑆𝜖      (4) 

Where 

𝐶1 = max [0.43
𝜂

𝜂+5
]  ,    𝜂 = 𝑆

𝑘

𝜖
 ,     𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗  

In these equations, Gk represents the generation of turbulence kinetic energy due to the mean 

velocity gradients, calculated in same manner as standard k-epsilon model Gb is the generation of 

turbulence kinetic energy due to buoyancy, calculated in same way as standard k-epsilon model. 
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2.1 Modelling turbulent viscosity 
 

𝜇𝑡 =  𝜌𝐶𝜇
𝑘2

𝜖
               (5) 

Where 

𝐶𝜇 =  
1

𝐴0 +  𝐴𝑠
𝑘𝑈∗

𝜖

 

𝑈∗ ≡ √𝑆𝑖𝑗𝑆𝑖𝑗 + Ώ𝑖𝑗Ώ𝑖𝑗 ; 

Ώ𝑖𝑗 = 𝛺𝑖𝑗 − 2𝜖𝑖𝑗𝑘𝜔𝑘 

           𝛺𝑖𝑗 = Ω̃ − 𝜖𝑖𝑗𝑘𝜔𝑘 

Where Ω̃ is the mean rate of rotation tensor viewed in a rotating reference frame with the 

angular velocity ωk. The model constants A0 and As are given by (Fluent Inc 2006) 

A0=4.04, As = √6 cosϕ 

Φ =
1

3
𝑐𝑜𝑠−1(√6𝑊), 𝑊 =  

𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖

Š
3  ,    Š = √𝑆𝑖𝑗𝑆𝑖𝑗 ,    𝑆𝑖𝑗 =

1

2
 (

𝜕𝑈𝑗

𝜕𝑥𝑖
+  

𝜕𝑈𝑖

𝜕𝑥𝑗
) 

 

2.2. Model constants 
 

C1ϵ = 1.44 , C2 = 1.9 , σk = 1.0, σϵ = 1.2 

σk : TKE Prandtl Number 

σϵ : TDR Prandtl Number   

 

 

 

 

Fig. 1 Forces and moments which effect on the vehicle 
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Fig. 2 The mesh structure around the vehicle 
 

 

Drag force which helps to explain vehicle aerodynamic characteristic were obtained in CFD 

and its dimensionless form of drag coefficient were calculated for the reference values. Fig. 1 

shows the forces and moments acting on a vehicle as drag force (FD), lift force (FL), yawing force 

(FY), pitching moment (MP), rolling moment (MR), yawing moment (MY). In this study, it is 

focused on the drag force acting on the vehicle. Fig. 2 shows mesh structure around the model. 

Structured boundary mesh around the model and unstructured triangle mesh in the rest of the flow 

field have been used. The mesh number has been defined after the grid independence test. The test 

has been implemented for the mesh numbers of 50450, 151200, 169500, 183400 and 248000. 

169500 meshes have been used in this study which has sufficient to being verifying results of 

solutions are steady.  

 

 

3. Experimental study 
 

The experiments were conducted in 100000-314000 Reynolds numbers, suction-type wind 

tunnel with a square test section of 405 mm × 405 mm. The cross section area ratio of the tunnel 

contraction cone was 9:1 and the side walls of the test section were expanded with a divergence 

angle of 0.3° on each side to give a constant static pressure and to compensate for the boundary layer 

growth along the test section. The blockage ratio of the model was less than %2 in the test section. 

The schematic diagram of the experimental setup is shown in Fig. 3. The 1/8 scaled test model 

vehicle the test section and was centred on the mid-height of the test section. Length of the test 

model is 358 mm. Firstly, the force measurements at different Reynolds numbers and at yaw 

angles were carried out. In the force measurement, ATI Gamma model 6-component loadcell were 

used. The yaw angle was controlled by computer aided rotary unit which connected to loadcell. 

The measurements were conducted in 500Hz sampling frequency and 10000 samples were 

collected by the data acquisition system during 20s. Also, each measurement repeated 3 times to 

eliminate the measurement errors. Then, the force data are reduced to drag and lift coefficient by 

using the Eqs. (7) and (8).  

Pressure measurements were performed case of zero attack angles. In the wind tunnel test 

region, the test model was located 40 mm higher than bottom and on 300 mm x 380 mm plate. 

Force and pressure measurement was carried out in 100000-314000 Reynolds numbers. Ambient 

pressure and temperature values were 86 kPa and 26.3C, respectively. For pressure measurements, 

PX-278-01D5V model pressure transducer was used. For each pressure measurement, numbers of 
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4048 data were read.  The numbers of pressure tap were 39 (23 numbers of pressure taps was 

upper and 16 number was bottom). Sampling rate is 200 Hz and each measurement time was 20.24 

second.  

Fig. 4 shows cross section of test model and the measurement system. The pressure coefficient 

(Cp) is a dimensionless number which describes the relative pressures throughout a flow field 

in fluid dynamics.  

𝐶𝑝 =
𝑃−𝑃∞

1
2⁄ 𝜌𝑈∞

2                    (6) 

Where, P is the surface pressure at the any point of model, P∞ is the static pressure in the free 

stream region,  is the free stream fluid density , U∞ is the free stream velocity of the fluid. 

The drag coefficient Cd and lift coefficient CL are defined as 

 𝐶𝐷 =
𝐹𝐷

1
2⁄ 𝜌𝑈∞𝐴

2              (7) 

 𝐶𝐿 =
𝐹𝐿

1
2⁄ 𝜌𝑈∞

2 𝐴𝑠
                (8) 

Where, FD and FL are lift and drag force, respectively. A and As are reference and span area of 

model. 

 

 

Fig. 3 The schematic diagram of the experimental setup 
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Fig. 4 Measurements of force and pressure taps at upper and bottom surface of prototype 

 

 

4. Results and discussion 
 

The average drag coefficients of cars dropped to around 0.30 for today’s vehicles. This 

coefficient can be more reduced, but this is achieved after making the comfort of drivers a 

seconder consideration. Tried to improve features of current cars to utilize in future, by improving 

design of prototype vehicles. So, this is a transition period from concept cars to cars on road. In 

this scope, a lot of investigations were conducted numerically and experimentally to reduce the 

drag coefficient and drag coefficient of sportive urban cars is generally around 0.35, as Hassan et 

al. (2014), Khaled et al. (2012) numerically and Zhang et al. (2014) experimentally examined. 

There is another study investigated by Nasir et al. (2012) which is aerodynamics of ARTeC’s PEC 

2011 EMo-C Car. They found that the drag coefficient of prototype vehicle of 0.42 and 0.48; 

numerically and experimentally, respectively. Also almost all famous car companies calculated and 

informed (URL-1) average drag coefficient values of their car models that are of around 0.30. 

However, drag coefficient of Toyota Prius which has the lowest drag coefficient is 0.26 (Cengel 

2006). 

The numerical method is validated by using the comparison between the numerical and 

experimental drag coefficient for 10
5
-3.1x10

5
 Reynolds numbers. Fig. 5 shows CD drag 

coefficients versus the Reynolds number. After the Reynolds number of 2.8x10
5
, the drag 

coefficient obtained experimentally becomes independent of Reynolds number and has a value of 

0.25. Although the numerical calculations obtained for 2D vehicle geometry, the numerical and 

experimental results are supportive of each other.  

From the Fig. 5, it can be seen that at low Reynolds number, the drag coefficient increases and 

then decreases as a result of the change in the flow structure due to the transition from laminar to 

turbulence boundary layer on the test model. This case is associated with the pressure distributions 

given in Figs. 6 and 7. The pressure level on the front and back surface of the prototype changes 

with the increasing Reynolds number. When looking at the pressure values taken on the vicinity of 

stagnation point of the model, the maximum pressure was occurred at the Reynolds number of 

1.5x10
5
. The pressure on the back side surface of the model proportionally increases with the 

6-component 

loadcell 

and  

rotary unit 
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increasing Reynolds number affecting the drag coefficient to be reduced. The pressure distribution 

on the front and back side surfaces of the model is related with the pressure based drag force. 

Figs. 6 and 7 depict pressure coefficient for upper and bottom surface versus vehicle length 

(x/L), respectively. 
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Fig. 5 Drag coefficients versus Reynolds number 
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Fig. 6 The pressure coefficient for upper surface versus vehicle length (x/L) 
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Fig. 7 The pressure coefficient for bottom surface versus vehicle length (x/L) 
 
 

As seen Figs. 6 and 7, the pressure coefficients values have a little difference in values 

depending on the Reynolds number. The pressure distribution on the upper surface has similar 

characteristics with an airfoil. The highest pressure coefficient values have been obtained at the tip 

of vehicle. The value of the Cp is near 1 due to stagnation point. In the upper surface, pressure 

coefficient values decrease until x/L =0.22; depend on the increase in the velocity over front 

surface. Due to the boundary layer development and flow separation, the velocity decreases and 

the value of pressure coefficient tends to increase up to x/L=0.5. The flow separation can be seen 

on the symmetry plane by the smoke-wire flow visualization (Fig. 6). After the maximum height 

location, the separated shear layer continues to flow near the surface and the level of the pressure 

coefficient has a value in the vicinity of 0 up to x/L=0.9. As a result of the afterbody shape, there is 

an additional pressure recovery on the trailing edge of the model. 

On the bottom surface of the vehicle, the pressure coefficient changes according to the 

geometry of model and the distance between the ground and the bottom surface of the vehicle. 

After the stagnation point, pressure coefficient values reduce quickly up to x/L=0.13 and then 

depend on the bottom shape of vehicle, which is concave surface between the front wheels, 

volume is expand between the ground and the vehicle, so velocity values decrease by causing 

increase in the pressure coefficients. The rear wheel is on the symmetry axis of the vehicle and it 

obstructs the flow. This is the reason of the positive pressure coefficient before the rear wheel. 

To show the comparison between the numerical and experimental results, the pressure 

distributions around the vehicle at the mid-span center plane were given Fig. 8. In contrast to 

upper surface pressure distribution, the numerical and experimental results on the bottom surface 

are closer (more near) to each other. For the upper surface, after the stagnation point, the pressure 

distribution obtained from the experiments has higher values than the numerical one. This 
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difference would be expected for the 2D numerical solution. It is well known that the pressure 

distribution is effected from the three dimensional flow field around a circular cylinder which has 

a small aspect ratio without end plate (Bearman ve Wadcock 1973). Therefore, discrepancies 

between the experimental and numeric results are due to fact that the 2D numerical model doesn’t 

include 3D effects of the real vehicle geometry. 
Fig. 9 illustrates that the stream lines around the vehicle for the Reynolds number of 3.14x10

5
. 

The test model has slightly curved shape at the upper surface and afterbofy shape like a beak at the 

rear of the vehicle. The free stream divides into two patterns and above and below stream lines 

show a narrower wake region behind the vehicle which corresponds a reduction in the drag. 

Fig. 10 displays the static pressure around the vehicle for Re=3.14x105. As expected, 

maximum pressure occurs at tip of the vehicle and being low pressure at the upper surface of 

vehicle. By means of the afterbody shape of the vehicle, the pressure recovery on the rear side 

causes to decrease in the pressure based drag forces. As can be seen in Fig. 11, velocity contour is 

granted to illustrate fast, low and zero flow velocities. It is obvious that the decreased velocity 

field occurs in the wake of the vehicle. 
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Fig. 8 The pressure coefficient distributions for the Reynolds number of 3.14x10
5 

 
 

 

Fig. 9 The stream lines around the vehicle for the Reynolds number of 3.14x10
5 
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Fig. 10 The static pressure [Pa] contours around the vehicle for the Reynolds number of 3.14x10
5 

 
 

 

Fig. 11 The velocity magnitude [m/s] contours around the vehicle for the Reynolds number of 3.14x10
5 

 
 
Fig. 12 shows velocity contours at Reynolds number of (a) 314800, (b) 251000, (c) 185400 and 

(d) 100400 in numerical study. Velocity values near the vehicle’s upper region are the highest. The 

air velocity increases on the vehicle upper surface and it provides that pressure decreases. The 

recirculation region occurs near the vehicle’s bottom wheels and vehicle’s back area in all cases. 

CL is the coefficient of aerodynamic lift obtained from the wind tunnel testing. Typical values 

of CL for passenger cars vary in the range of 0.2-0.5 using the frontal area of vehicle as the 

characteristic area. Similar to coefficient of aerodynamic resistance, it depends not only on the 

shape of vehicle, but also on a number of operation factor (Wong 2008). Fig. 13 shows CL values 

versus the Reynolds Numbers. CL values fully depend on the Reynolds number and they are 

measured between -0.03 and 0.1. It may be considered that these values are very low levels and 

change excursively with Reynolds number for this vehicle. Especially, the negative lift force acts 

as a downforce to the vehicle. The downforce increases load on the tires and improve cornering 

performance. 
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The yaw angle is the angle between a line pointing in the direction the car is moving and the 

car’s x-axis (which is the direction the car is pointed). In the simplest case (shown on the left side 

of the drawing), the car is travelling straight and is pointed in exactly the same direction it is 

travelling, so it has no yaw. The car on the right is yawed, which means that the car is headed in a 

different direction than it is pointing (Fig. 14) (URL-2). 
Fig. 15 and 16 show the drag and lift coefficients respectively in different yaw angle for 

Reynolds Number of 2.5x10
5
. The drag coefficient and lift coefficient increase with increasing the 

yaw angle. Although the drag coefficient is small at zero yaw angle, significant side force causes 

to increase in the drag and lift coefficients by the increase of the angle. 
After these aerodynamic tests, Mobydick (name of the vehicle) was begun to produce. 

Manufacturing of the chassis, cockpit, transmission driven train, braking system and steering 

system, engine modifications and adaptations, electronics and telemetry implementation of vehicle 

were occurred. The Mobydick was joined the Shell-Eco Marathon race. Fig. 16 shows photo of 

Mobydick at Shell Eco Marathon competition (2011). 
 
 

  
(a) V=16.3 m/s (Re=314800) (b) V=13.0 m/s (Re=251000) 

  
(c ) V=9.7 m/s (Re=185400) (d) V=5.2 m/s (Re=100400) 

Fig. 12 Velocity contours on different velocities 
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Fig. 13 CL values versus the Reynolds Numbers 
 

 

 

Fig. 14 Tested prototype vehicle in different yaw angle 
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Fig. 15 Drag and lift coefficient values of prototype versus the yaw angle at 251000 Reynolds Number 
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Fig. 16 Mobydick at Shell Eco Marathon competition (2011) 

 
 
 

5. Conclusions  
 

Mobydick was designed by Erciyes University students, which the prototype was produced in 

scaled 1/8. Aerodynamic tests of the prototype were implemented at Nigde University. 

Manufacturing of mobydick was carried out at Erciyes University. Numerical and experimental 

analysis of aerodynamic for Mobydick prototype is examined in zero yaw angle for 

1.0x10
5
-3.1x10

5
 Reynolds number and in 0-30 yaw angles for 2.5x10

5
 Reynolds numbers.  

 The drag coefficient has a value of 0.25 after the Reynolds number of 2.8x10
5
. 

 The drag coefficient value reduces depends on increasing Reynolds Number. 

 Numerical and experimental analysis showed mostly compliance among each other. 

Discrepancies between experimental and numeric study are due to fact that 2D properties 

do not wholly include 3D properties.  

 The obtained lift coefficient is lower than 0.1.  

 The highest pressure coefficient value was obtained on the tip of the vehicle at the 

stagnation point. In the upper surface, the minimum pressure coefficient value was 

determined at the flow separation point.  

 As the yaw angle increases, the drag and lift coefficient value increases due to the long 

shape of the vehicle.  

Consequently, in respect of the vehicle aerodynamics, the sciences of materials, structural 

mechanics, CAD-CAM are involved in the production of a conceptual vehicle. 
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Nomenclature 

 

A [m
2
]   reference area of model 

As [m
2
]      span area of model 

CP [-]   pressure coefficient 

CL [-]   lift coefficient 

CD [-]   drag coefficient 

FD [N]  drag force 

FL [N]  lift force 

FY [N]  yawing force 

MP [Nm]      pitching moment 

MR [Nm]      rolling moment 

MY [Nm]      yawing moment 

P∞  [Pa]  static pressure in the free stream region 

u [m/s]  average relative velocity 

k [m
2
/s

3
]      turbulent kinetic energy 

ϵ [-]       turbulent energy dissipation rate 

Ф [°]       yaw angle 

P [Pa]    pressure 

Re       Reynolds number 

Recr          critical Reynolds number 

U∞ [m/s]       free stream velocity of the fluid 

μ [Pa·s]       dynamic viscosity 

ρ [kg/m
3
]      air density 

σk [-]       TKE Prandtl Number 

σϵ [-]       TDR Prandtl Number 
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