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ABSTRACT 
There is a strong interaction between air and vehicle 
components. Aerodynamics plays a significant role in a 
vehicle's fuel efficiency. The contact patch load between the 
tire and road is directly related to the vehicle load. In this 
research, the lift forces generated due to the additional wing 
attached to the car model with different spans and heights of 
the wing location from the car body is considered for study. 
The loads due to change in Angle of Attack (AOA) and their 
effect on the tire loads are studied. The upward vertical force 
produced from aerodynamic loads reduces the wheel load of 

the car virtually. A tire's coefficient of friction would decrease 
with upward vertical force. This balance load implies that a 
lightweight car would make more efficient use of its tires than 
a heavier car. ANSYS Fluent is used for the Computational 
Fluid Dynamics (CFD) study. The validation of airflow 
characteristics, lift and drag forces from simulations are done 
with wind tunnel testing data. Varying the angle of attack, 
wingspan, height between the car and the wing's lower 
surface, one can increase the capacity of the pa06yload by 
10% or fuel efficiency by 10% to 20%. 
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Introduction 

Aerodynamics plays a vital role in the fuel efficiency 
and stability of the vehicle. The airfoil in sedan cars are 
utilized to create adequate stability; however, the fuel 
efficiency decreases. Stability is required to steer the 
vehicle at high speeds. While the vehicle is moving with 
constant velocity, the aerodynamic forces and the tire 
contact patch almost remain constant. More the contact 
patch, more stability and less fuel efficiency, and vice 
versa. The entire vehicle load transfer to the road via the 
contact patch between the road and tire. The vertical load 
[[5]] includes lift force and downward force. Force on each 
tire is proportional to vertical load and significantly 
influences the longitudinal and lateral forces 

The idea to use a wing or Airfoil fitted to the Car at the 
Center is to make use of the space between the Car's upper 
surface and the lower surface of the Airfoil to cause a 
Venturi nozzle effect [11]. The difference between the 
lower pressure on the Wing's top surface and high 
pressure at the upper surface of the Car's body creates 
upward lift force. The Wing attached starts from the 
center position of the Car and extended until the rear end 
of the Car. 

In the study performed by Ahmed et al., the ground 
vehicle type of bluff body [1] was analyzed. In an open 
wind tunnel test section, pressure measurements and 
force measurements were done. The drag comes from the 
slant [6], [24], and the vertical base surface of the rear end. 
Numerical investigations by Emmanuel Guilmineau [8], 
[9] show that the angle of the rear window has significant

effects on the characteristics of the wake flow. The drag 
always affects the fuel consumption and minimizes with 
the proper aerodynamic shape of the vehicle. The work by 
W Hucho [10] shows that a vehicle's aerodynamic shape is 
resisting the airflow in highways, and pressure drag 
contributes to total drag as a major, which consumes 
about 50% of the vehicle's fuel at highway speeds. The low 
level of drag loads and increased lift loads adds to the fuel 
efficiency. In race car aerodynamics [12], [29], the lift 
forces in –ve z-direction pushes the Car downward with 
the negative angle of attack. 

It is vitally important to design new era cars with good 
aerodynamic shape [13], [15] to reduce fuel consumption 
as much as possible. If it is an electric vehicle [17], 
increasing the range to avoid frequent charging on 
highways is very advantageous. The engine's efficiency, 
idle time reduction, the torque required to drive the wheel 
at a higher speed would also affect the fuel efficiency. This 
current study focused on the aerodynamic forces. This 
type of car design uses air stream as additional fuel, 
renewable energy. 

The authors in the current paper studied the Car 
attached to a wing at the top surface of the Car and 
studied the aerodynamic forces. The novelty of the 
research is without increasing the coefficient of drag, with 
AOA less than 4 deg, lift forces are generated due to nozzle 
effect. The weight of the Car could be reduced virtually 
using the lift forces.  The performed experiments and 
study revealed that increasing the wingspan increases the 
lift forces. The angle of attack is one of the parameters, 
and increasing the AOA, lift and drag forces significantly 
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increased. The contact patch loads calculated using the lift 
and drag forces generated show that loads on the tires 
decrease. These loads help to evaluate the lateral and 
longitudinal loads at the contact patch. These loads would 
help to design a liter vehicle and improve fuel efficiency. 

Tire Load Interaction 

The main forces acting at the tire-road contact patch 
are longitudinal forces [2], [7], [19] lateral forces, and self-
alignment torque. The ratio gives the coefficient of friction  

tx

v

F
=

(F )
μ      …(1) 

Ftx is the force in the X direction, Fv, the vertical load. 
Therefore, the ratio μ is friction coefficient [28] depends on 
tire slip resulting from contact patch due to vertical load. 

In the Pacejka [21] tire model, lateral force and 
aligning torque are calculated based on slip angle and 
longitudinal force, mainly dependent on normal force Fz 
which is transferred to the tire, ignoring the camber angle.  

The overall tire deflection estimates by the vertical 
load divided by the vertical stiffness. The Tire deflection, 
longitudinal force, lateral force, and slip are depending on 
the vertical load on the wheel. The vehicle's power must 
be equal to the power of the driving wheels. 

Fig. 1 shows the general schematic diagram of six DOF 
vehicle models. 

 
Fig. 1.  The schematic diagram of six DOF vehicle model. 

The basic equations describing the vehicle dynamics 
[4], [18] are as follows. a୶ ൌ ଵ୫ ሾሺሺFx୤୪ ൅ Fx୤୰ሻ cos δሻ − ሺሺFy୤୪ ൅ Fy୤୰ሻ sin δሻ ൅ ሺFx୰୪ ൅Fx୰୰ሻሿ                                                                          …(2) 

 a୷ ൌ ଵ୫ ሾሺሺFx୤୪ ൅ Fx୤୰ሻ sin δሻ ൅ ሺሺFy୤୪ ൅ Fy୤୰ሻ cos δሻ ൅ ሺFy୰୪ ൅Fy୰୰ሻሿ                                                                           …(3) ୢ୰ୢ୲ ൌ ଵ୍౰౰ ሾሺሺFx୤୪ ൅ Fx୤୰ሻ ∗ a ∗ sin δሻ ൅ ሺሺFy୤୪ ൅ Fy୤୰ሻ ∗ a ∗ cos δሻ −ሺFy୰୪ ൅ Fy୰୰ሻ ∗ b − ሺሺFx୤୪ ൅ Fx୤୰ሻ cos δ ∗ twf ∗ 0.5 −ሺሺFx୰୪ −Fx୰୰ሻ ∗ twr ∗ 0.5ሿ                                               …(4) 
 
 

a୶ ൌ v୶ሶ − v୷r      …(5) a୷ ൌ v୷ሶ ൅ v୶r      …(6) 
Where  

v  Speed of the Car  
a  Acceleration 
r  Yaw rate 
F  Force δ  Steering Angle 
The indices refer to wheels 
FL  Front left 
FR  Front right 
RL  Rear left 
RR  Rear right 
a  Distance from CoG to the front axel  
b  Distance from CoG to the rear axel  
twf  Front track width  
twr  Rear track width  
Izz  Inertia around z-axis for the yaw movement F୵୦ୣୣ୪ୱ ൌ ୘ు౤ౝ౟౤౛ ౪౥౨౧౫౛∗୧ృ౛౗౨ ౨౗౪౟౥∗஗౛౜౜౟ౙ౟౛౤ౙ౯ ୰ౚ୰ౚ౯౤౗ౣ౟ౙ  ൌ F୘୭୲ୟ୪ ୊୭୰ୡୣ  

                                                            …(7) ൌ F୅୧୰ୢ୰ୟ୥ ൅ Fୖ୭୪୪୧୬୥ ୰ୣୱ୧ୱ୲ୟ୬ୡୣ൅F୍୬ୣ୰୲୧ୟ ൅ Fୗ୪୭୮ୣ  
                                               …(8)  

As the vehicle speed increases, the load on the tires, 
rolling resistance, and drag forces [3] also increase. The 
drag mainly depends on the frontal design and area of the 
Car. Adding the Wing does not increase the frontal area 
significantly; however, it depends on the angle of attack. 
An increase in AOA results in higher drag force and less 
lift force. F୅୧୰ ୢ୰ୟ୥ ൌ େୢౙ౥౛౜౜౟ౙ౟౛౤౪ ౚ౨౗ౝ∗ୗ∗஡౗౟౨∗஬మ ଶ      …(9) Fୖ୭୪୪୧୬୥ ୰ୣୱ୧ୱ୲ୟ୬ୡୣ ൌ mሺ୏ୣ୰ୠ ୵ୣ୧୥୦୲ା୔ୟୱୱୣ୬୥ୣ୰ୱሻ ∗ g ∗ f୰୰ ∗ cos ∝      

…(10) 
frr is coefficient of rolling force, let us assume Slope 

angle  α = 0 F୍୬ୣ୰୲୧ୟ ൌ mሺ୏ୣ୰ୠ ୵ୣ୧୥୦୲ା୔ୟୱୱୣ୬୥ୣ୰ୱሻ ∗ a ∗ v                 …(11) 
Under constant acceleration, the term F୍୬ୣ୰୲୧ୟ ignored.  
The lift force is not going to affect the frontal area 

calculations. F ୪୧୤୲ ൌ େ୪ౙ౥౛౜౜౟ౙ౟౛౤౪ ౢ౟౜౪∗ୗ∗஡౗౟౨∗஬మ ଶ                                …(12) 

The basic dynamic equation has the mass m in the 
denominator, which reduces due to the lift force.  

The contact patch load for the front wheel is given by Fେ୭୬୲ୟୡ୲୔ୟ୲ୡ୦_୪୭ୟୢ ൌ ୫∗୥∗ሺଵିిృ౓ాሻ∗ଶ ൅ Fୗ − ୊ౢ౟౜౪ସ ൅ ୊ఽ౟౨ ౚ౨౗ౝ∗ిోృସ   …(13) 

Where Fs is the vertical suspension load, WB is the 
wheelbase. Drag loads due to Airfoil are transferred to the 
CG to calculate loads at the tire contact patch. As a result, 
the total load decreases due to the lift loads, reducing Fz 
loads and reducing the torque required to drive the 
wheels. 

A setup for measuring the aerodynamic forces in a 
wind tunnel consists of a mechanism suitable for rigidly 
fixing the car model's position with the desired orientation 
up to ±30 degrees relative to the airstream. The wind 
tunnel facility has a maximum jet velocity speed of up to 
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45 m/s, and it is of an open-return design. The cross-
sectional dimension of the nozzle area where the test 
model was placed is 600mm square. It has a glass window 
for visual observation of flow phenomenon. Wind tunnel 
equipped with a platform-type external strain gauge 
balance on which the model is to be mounted. All forces 
and moments were measured using a 3-component 
balance system. The model is fixed at the center position 
in this wind tunnel configuration, as shown in Fig. 3.  

CFD 

(a) Meshing details: The water-tight geometry has been 
used in the analysis from the Ansys space claim. The 
CFD mesh is generated using the following method. 
More fine resolution meshes were used around the 
vehicle.  A body of influence is created around the 
vehicle, and a finer mesh size of 4 mm is used. 
Similarly, one more body of influence is created around 
the Airfoil with a small mesh to capture the flow 
separation and study the lift forces. Inflation layers 
are created around the Airfoil with the growth rate of 
1.2. about the CFD model has 60 millions elements and 
10 millions nodes for the purpose of analysis. Mesh 
independent study has been performed prior to 
finalizing this mesh type and size. Polyhedral mesh is 
used for discretization. 
Computational fluid dynamics (CFD) analysis [8], [14], 
[25], [26], [27] is carried out to compare the results. 
The turbulence model k-ω SST model [16] is used in 
analyzing the flow characteristics of this 
computational problem. The default boundary 
conditions used in the CFD [17], [20], [22], [23] 
analysis.  
The Turbulence Kinetic Energy model is calculated as 
shown in equation 14. ப୩ப୲ + U୨ ப୩ப୶ౠ = P୩ − βkω + பப୶ౠ [ሺv + σv୘ሻ ப୩ப୶ౠ]              …(14) 

(b) NACA 66(2)015: Symmetrical NACA 66(2)-015 Airfoil 
is attached to the car body. NACA 662-015 Airfoil has 
greater laminar flow than the 4 and 5 series, and this 
type of Airfoil has low drag. The minimum pressure 
location is at 0.6 chord length. CFD analysis is done to 
study the lift generated with various angles of attacks  
ANNEXURE – B: 
The Y ordinate matches the centerline of the car body. 
The X ordinate of the Center of the pressure of the 
Wing measures the same as the Center of Gravity's 
(CG) Y ordinate. Due to this, there won't be any 
moment acting on the front and rear wheel axel. Only 
lift force reduces the load virtually on the car body, 
which reduces the overall load acting on the tires. The 
gap between the Airfoil and the Car's top surface is 
maintained so that the airflow is not affected, as shown 
in  
Fig. 4. Only the Wing's angle of incidence is modified, 
where the Car is parallel to the x-axis. 
Table 1 presents the coordinates used for the NACA 
662015 symmetrical airfoil. At the same time, 
importing the coordinate points into the Fluent, 

adding one more point with Y ordinate as 0 to create a 
closed-end for the Airfoil as shown in the table. Units 
are in mm. 

TABLE 1.  

The coordinates of the NACA 662015 airfoil are attached to the car 
body. 

X_Cord Y_Cord X_Cord Y_Cord 

0.00 0.0000 95.00 -0.5660 

0.50 1.1220 90.00 -1.4800 

0.75 1.3433 85.00 -2.5300 

1.25 1.6753 80.00 -3.5980 

2.50 2.2353 75.00 -4.2987 

5.00 3.1000 75.00 -4.2987 

7.50 3.7813 70.00 -5.5760 

10.00 4.3580 65.00 -6.3720 

15.00 5.2860 60.00 -6.9593 

20.00 5.9953 55.00 -7.2833 

25.00 6.5433 50.00 -7.4500 

30.00 6.9560 45.00 -7.4953 

35.00 7.2500 40.00 -7.4300 

40.00 7.4300 35.00 -7.2500 

45.00 7.4953 30.00 -6.9560 

50.00 7.4500 25.00 -6.5433 

55.00 7.2833 20.00 -5.9953 

60.00 6.9593 15.00 -5.2860 

65.00 6.3720 10.00 -4.3580 

70.00 5.5760 7.50 -3.7813 

75.00 4.2987 5.00 -3.1000 

80.00 3.5980 2.50 -2.2353 

85.00 2.5300 1.25 -1.6753 

90.00 1.4800 0.75 -1.3433 

95.00 0.5660 0.50 -1.1220 

100.00 0.0000 
  

 
Test Model 
In this study, a 1:18 scaled car model used is the 

Porche Panamera model, and technical details were taken 
from the Techart [30] and Porche website [31]. The model 
used in the windtunnel lab is a die-cast metal miniature 
scaled model but a very detailed, available in the market. 
The CAD data of the same was replicated using CATIA for 
the CFD analysis. The model is attached with the Airfoil 
with different wingspans at different heights. 

The following parameters were studied. 
Starting with a 100mm wingspan increased up to     

300 mm in steps of 50mm. (100mm, 150mm, 200mm, 
250mm, and 300mm) in total, five wings were fixed to the 
car body. 

The distance between the Car's top surface and the 
Wing's lower surface for the aerodynamic effect is studied. 
Initially, it was 25 mm and then increased the height to 
25mm, i.e., 25mm, 50mm, and 75mm. The angle of 
incidence varied as 0º, 5º, 8º, 15º degrees. However, the 
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Airfoil has a stalling angle of 16º; hence the study is 
limited to 15º. 

Fig. 2.  The Wind tunnel test facility. 

Fig. 3.  The Car body with the Airfoil attached in the wind tunnel test. 

Fig. 4.  Geometrical model of the Car body with the Airfoil attached. 

Fig. 3 shows the scaled model in the wind tunnel lab 
with the Wing fixed on the top.  

Fig. 4 shows the geometrical model used in the 
analysis. 

Fig. 5.  The CFD model of the Car body with the Airfoil attached. 

Fig. 6.  The Pressure plot of the CFD model of Car. 

Fig. 5 shows the polyhedral mesh with symmetrical 
modeling. Fig. 6 shows the pressure plot from the CFD 
simulation. 

Fig. 7.  The Velocity plot of the CFD model of Car. 

Fig. 7 shows the velocity plot from the same simulation 
where drag remains the same, but the lift force is 
improved. 

Results and Discussion 

(a) Wind Tunnel Results: Results obtained from the CFD
study and results from the wind tunnel tests are
discussed in detail here. The graph shown in Fig. 8

 depicts that an increase in the wingspan increases the lift 
force for a given airflow velocity. In this experiment, 
AOA is kept constant at 5º degrees, and the wingspan 
is varied, and the airflow velocity increased from 1m/s 
to 20m/s. 
Table 2 presents the lift forces measured in the 
WindTunnel test with the different wingspans 
attached to the car body where the angle of attack is 
kept constant. 

TABLE 2.  

The Wind tunnel test result values of the car model with airfoil 
attached 

Velocity 100mm 150mm 200mm 250mm 

(m/s) Lift (N) Lift (N) Lift (N) Lift (N) 

1.14 0.03 0.02 0.03 0.01 

2.3 0.03 0.02 0.01 0.09 

4.15 0.06 0.05 0.12 0.24 

5.76 0.12 0.13 0.29 0.37 

7.3 0.17 0.25 0.48 0.85 

9.07 0.25 0.35 0.77 1.01 

10.7 0.34 0.46 1.04 1.81 

12.2 0.48 0.61 1.37 1.91 

13.01 0.52 0.72 1.61 2.22 

13.9 0.64 0.92 1.78 2.52 

14.76 0.69 1.09 1.95 2.79 

15.9 0.88 1.16 2.21 3.12 

16.5 1.05 1.29 2.45 3.40 

17 1.14 1.36 2.71 3.80 

18 1.21 1.46 2.91 4.23 

19 1.29 1.56 3.04 4.43 
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The results show in Fig. 9 are the results of the 
experiments done in the wind tunnel for the Car attached 
with the Wing, of span 100mm and Wing alone analyzed 
using the CFD software Fluent. The investigation was 
carried out by varying the air velocity from 1m/s to 20 m/s 
keeping the angle of attack at 5 deg. This lift force increase 
shows that the nozzle effect obtained from the lift is higher 
than the only Wing lift forces. 

The graphs in Fig. 10  depict the relationship between 
the Wing attached to the Car and the aerodynamic forces. 
Observed that when the angle of attack is less than 10°, 
an upward force is generated and increases with the angle 
of attack. Here in this experiment Wing span used is 
200mm, and varied the angle of attack is 5 and 8 degrees. 
The lift loads increase 22% when the angle of attack is 
changed from 5 degrees to 8 degrees, with the vehicle's 
speed is around 70kmph. 

Fig. 8. Lift vs. velocities for symmetric Airfoil attached to CAR with different wingspans. 

Fig. 9.  Lift vs. velocities for Airfoil attached to CAR and Only Wing without a car. 
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Fig. 10.  Lift vs. velocities for symmetric Airfoil attached to CAR with different angles of attack. 

Further, Fig. 11 shows that the lift forces generated 
decrease when the height between the Wing's lower 
surface and the car body increases. In this experiment, 
height is varied from 25 mm to 50 mm. and velocity from 
1m/s to 40 m/s. The distance from the ground level is 
increased by 24% approximately. The lift loads generated 
decreased by 8.3% at the speed of 40m/s with the angle of 
attack 8 degrees. This curve shows that the nozzle effect 
reduces, and hence the total lift generated decreases as 
the height increases. The results shown in this curve are 
related to wind tunnel experiment results. The height 
increased to 75mm, and the results are much more similar 

to 50mm; hence, the optimum height is essential to utilize 
the nozzle effect.  

CFD Results validation 

We used high-performance computing machines for 
the CFD analysis. The results obtained from CFD analysis 
and Wind tunnel experiments are compared here in Fig. 
12. The CFD results for 3D Wingspan 250mm with 8 Deg
of AOA and Wind Tunnell results showed an error of
±1.5% in Wind tunnel results.

Fig. 11.  Lift vs. velocities for symmetric Airfoil attached to CAR with a different height between Car and the Airfoil. 
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Fig. 12.  Error in Measurements, Lift vs. velocities for Airfoil with wingspan 250mm and AOA 8 Deg. 

Experiments were performed and compared using 
the wind tunnel to study the behavior with different 
wingspans attached to the car body. The aerodynamic 
lift loads from the Airfoil to the load balance 
measurement are transferred through the car body, as 
depicted in Fig. 3. The Car is mounted to strain gauge 
balance at the Center of the car bottom and through 
which aerodynamic loads are transferred and 
measured. This mounting depicts that a car with the 
airfoil attachment could pass the lift forces to wheel 
axels. Longitudinal forces and lateral forces are related 
directly as per equation 13. As Fz (vertical) loads 
reduce, the fuel efficiency increases; however, the lift is 
directly proportional to the square of the vehicle's 
velocity. The more the lift force, the more the vehicle 
gets into the unstable mode. Hence study has been done 
up to 130kmph of airspeed in the wind tunnel test. In 
general increase in lift and a decrease in drag are 
shown to increase fuel efficiency. 

Since the Car model used in this study is a 1:18 
scaled model. The NACA 662015 airfoil of a 200mm 
wingspan is up-scaled to normal dimensions, i.e.18, and 
with that, the wingspan measures to be 3.6m. 
Wingspan was analyzed using CFD, which shows that 
it generates 2775N lift force at 36m/s airspeed and 5º of 
AOA. After converting this lift force into kg, it is almost 
282kg, virtually reducing weight. The car models of this 
size have a Kerb weight of approximately 2450kg. 
Hence the airlifted weight would be 11.5%. In turn, 
reduction in fuel consumption per 100km = 282 x 
(0.4/100) = 1.1 L/100km. 

Summary/Conclusions 
A Car fitted with a simple wing on the top surface 

with different wingspans and AOA is studied in this 
paper. The measured load depicts the increase in 
wingspan influences the lift loads. Computed contact 

patch loads due to virtually decreased weight, 
aerodynamic drag, and lift loads show that the loads on 
each tire reduced. The Venturi nozzle effect generates 
lift force at zero degrees of angle of attack and no drag. 
The lift loads reduce the loads on the contact patch, 
which adds to the 10% fuel efficiency.  
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ANNEXURE  – A:  

Boundary conditions 

Velocity Inlet 

Velocity Specification Method Magnitude and direction 

Velocity Magnitude 30 m/s 

X-Component of flow direction 1 

Specification Method Intensity and Viscosity 
Ratio 

Back Flow Turbulent Intensity 
(%) 5 

Back Flow Turbulent Viscosity 
Ratio 10 

Reference Values 

Compute from Inlet 

Area (m2 ) 0.25617m2 

Density (kg/m3 ) 1.225 

Viscosity (kg/m-s) 1.7894E-05 

Reference Zone 

Solution Methods 

Scheme Coupled

Gradient Least Square Cell Based 

Pressure Second Order

Momentum Second Order Upwind

Turbulent Kinetic Energy Second Order Upwind 

Specific Dissipation Rate Second Order Upwind 

ANNEXURE – B: 

CFD analysis of the NACA662015 

CFD Mesh 

Velocity Contour 
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