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Reducing fuel consumption, increasing road holding and overcoming air resistance

are the main goals in the field of vehicle aerodynamics. Therefore, controlling the lifting
force and drag force is very important for vehicle stability. Various vehicle parts have

been developed to control the airflow in passenger automobiles. One of them isthe rear  Received  14.02.2022
lower diffuser which is located on the floor of the vehicle. In this study, the dimensions  Revised  16.03.2022
of the under body diffuser of a vehicle designed as a 3D model were kept constant and ~ Accepted  24.03.2022

the effects on the lift and drag force at a constant speed of 60 km/h were investigated
by positioning the diffuser at 0°, 5°, 10°, 15°, 20°, 25°, and 30° angles. Analyzes were
carried out separately for each diffuser position with CFD analysis in Simcenter Star
CMM+ program and the results were examined comparatively according to the flat
ground geometry. As a result of the study, it has been seen that the use of diffuser
reduces the negative effects by converting the lifting force from positive to negative and
provides a significant advantage in drag force compared to the flat ground geometry.
The obtained CFD based simulation data provides the basis for optimizing a vehicle
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1. Introduction

Fossil fuels, which are commonly used in the automobile
sector, come with emission problems. Although the increase of
the use of electric vehicles rather than those that use fossil fuels
reduces emissions, the fact that electric energy is obtained
mostly by fossil fuels concerns a risk to the environment because
of its carbon footprint. It is conceivable to eliminate the carbon
footprint of electric vehicles if the Paris Agreement is followed,
which includes a ban on internal combustion engines (ICE) and
a shift to renewable energy sources. While it is becoming highly
competitive, in the automobile sector, increasing the range of
distance brings fuel savings back to the forefront of the
concerns. For these reasons, conducting studies to lower fuel
consumption and emission levels while maintaining vehicle
safety and comfort features is an essential concern in the
automotive industry, as in reducing pollution, global warming,
and climate change. As a result of the impact of environmental
issues, governments laws compel automobile manufacturers to
produce more fuel-efficient vehicles [1-3].

There are some important applications known to reduce

emissions and fuel consumption in vehicles. These methods are
mostly applications, such as improvements made to provide the
desired strength values of BIW (Body in White) parts with lower
weight, making the driveline, movement mechanisms, and drive
systems more efficient, and improving the aerodynamic
properties of vehicles [4]. While, today vehicles are mostly used
at high speeds, the air resistance encountered by vehicles can
reach significant levels. For this reason, it becomes important to
improve the aerodynamic properties of vehicles in order to
maintain and increase the advantages provided by other
applications that reduce emissions and fuel consumption.
Because aerodynamic performance is proportional to the square
of the friction speed [5]. Improving the aerodynamic properties
of vehicles causes the vehicle to be less exposed to the air
resistance, and it directly results in less power to overcome the
air resistance and less fuel consumption. Improving the
aerodynamic properties has positive effects on the road holding
and driving comfort and on the aesthetic structure of the vehicle
design. In addition, aerodynamic drag reduction can be
accomplished at a relatively low cost when compared to
developing a more efficient powertrain [6]. This indicates that it
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is a cost-effective technology. In order to reduce the drag force,
increase the range and efficiency, studies were carried out in
which the surface was smoothed, adjusted the surface
continuity, door handles were removed, sensors were used
instead of mirrors, and it was seen that it is possible to reduce
the noise and drag force to a significant extent [1].

One of the primary goals of vehicle aerodynamics is for
stagnant air to be properly split by the front part of the vehicle,
and for the split air to exit the body in its original state from the
rear of the vehicle, without encountering any obstacles or
breaking the flow line. For this reason, vehicle rear part
modeling has become an important subject and rear flow studies
have been increased in the automotive industry. In the
automotive industry, some effective active control approaches,
such as active air jetting, are being researched to diminish the
wake vortex, which efficiently reduces aerodynamic drag.[7-9]
In the study by Qu and Xie [10], it was mentioned that numerical
simulation studies were carried out for various angles, including
the diffuser angle and the rear windscreen inclination angle, and
as a result of the studies, the effect of these two angles on
aerodynamic drag was ranked second and third. From tests with
simplified bodies by P. Bearman et al. [11], it has been shown
that a 10 degree diffuser added to the fastback type model will
significantly reduce the resistance. Undisturbed upstream is
required for the diffuser to be effective. This requires a
combination of underbody linings that provide a smooth
transition to the diffuser [12].

The venturi channel simulating design in the underbody
creates a low pressure zone on the underbody. The flow of air
will reach a negative pressure peak as it travels along the bottom
of the body, where the diffuser will begin. The airflow will
accelerate at the diffuser inlet and its pressure will decrease
according to Bernoulli's law, thus creating a downward force
[13].

Selecting geometries such as fastback or using parts such as
vortex generators are effective in regulating the flow. The
difference in the surface areas of the vehicle at the top and
bottom causes the flow speed rate difference as the flow
continues without disturbing its continuity. This flow speed rate
difference causes a pressure difference between the two surfaces
and creates a lifting force. The resulting lifting force reduces
road-holding and adversely affects cornering ability, especially
at high speeds. In order to eliminate this lifting force, the bottom
of the vehicle is brought closer to the ground, the airflow is
accelerated due to the narrowing of the area here, and the
downforce can be created by providing a pressure drop. Or
additional parts can be used such as the front wind deflector and
rear wings, as well as the diffuser on the floor [9,14]. In the study
conducted by Palanivendhan et al. [15], the aerodynamic effects
of the vortex generator elements in the vehicle, depending on the
angle of attack, were investigated as simulation and
optimization studies. The results were supported by testing the
3D printing model of the analysed vehicle in the wind test. As a
result of the study, a decrease in the drag force between 12% and
15% was determined thanks to the vortex elements.

Computational fluid dynamics (CFD) analysis study was
conducted by Senthilkumar et al. [16] for three different velocity
values of 30, 40, 50 m/s of the vehicle body without diffuser,
existing diffuser and modified diffuser. In the analysis, it was
seen that the vehicle without diffuser had higher lift and drag
coefficient (Cy) and the values of the vehicle with the existing
diffuser were similar. With the addition of a modified 50° angled
diffuser to the vehicle, it was found that the Cq4 was reduced by
2.7% compared to a vehicle without a diffuser and by
approximately 1.9% compared to a car with an existing diffuser.
With the addition of a modified 80° angled diffuser to the
vehicle, the lift coefficient (C;) decreased by approximately
16.9% compared to a vehicle without a diffuser and
approximately 9.6% compared to a vehicle with an existing
diffuser.

Kangetal. [17] investigated a movable diffuser taper located
in the rear underbody of the vehicle. The diffuser is hidden under
rear bumper; however, it slips out backward during high-speed
driving conditions. The authors found that the friction force
decreases by 4 percent on average with the diffuser slides back
and the fuel consumption is reduced by approximately 2 percent
at speeds exceeding 70 km/h.

The vehicle analyzed in the study was designed and produced
for the TUBITAK International Efficiency Challenge Electric
Vehicle races within the scope of TEKNOFEST (Aerospace and
Technology Festival) [18,19]. In this study, the horizontal
diffuser length (L) of the vehicle named Istiklal is kept constant
and focused on the change in the rear diffuser angle. In order to
determine how the diffuser affects the lift and drag forces acting
on the vehicle and to determine the effective diffuser position,
the changes in the diffuser position were examined by
computational fluid dynamics (CFD) analysis.

2. Material Method

In this study, the study protocol was conducted using the
Siemens Simcenter-CCM+ fluid Dynamics calculator 2021.1.1-
R8 [20]. An automobile rear diffuser is investigated in different
angles for electrical automobile that attended The Scientific and
Technological Research Council of Turkey (TUBITAK)
International Vehicles Efficiency Challenge and exhibited
during the TEKNOFEST in TURKEY [18,19].

2.1 Geometrical Model

The investigated automobile was a sports automobile with
1600 mm width, 3575 mm length and 1150 mm height in
measurements. The automobile which has a 2000 mm
wheelbase, 1400 mm track width and 150 mm wheel height is
shown in detail in Figure 1. When the whole vehicle model is
considered, the vertical projection area from the front is 1.406
m2 for the vehicle used when calculating the Cd. The vehicle's
projection area for calculating the Cl is 5.314 m2 from below.

76



Caligkan and Bakirci / International Journal of Automotive Science and Technology 6 (1): 75-82, 2022

a7 |, T N
BV ERS :vovomecvcineers

v

)&
A

1600

Fig. 1. Vehicle dimensions

The length of the diffuser (L) was established as 280 mm. Due
to the chassis restriction, the diffuser length can be up to 280
mm. In order to achieve maximum weight reduction within the
scope of vehicle efficiency, the maximum diffuser length was
preferred. The angle (a) of the diffuser to ground was
established from O degree to 30 degree with increasing 5 degrees
such as 0, 5, 10, 15, 20, 25, 30 degrees. If the angle is selected
above 30 degrees, the part with the license plate of the vehicle
model is occupied by the diffuser. For this reason, the angle
control is limited between 0° and 30°. The value of L and views
of different diffuser angles are shown in Figure 2.
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Fig. 2. Technical drawing of rear diffuser and rear diffuser
configurations according to different angle values

2.2 Numerical Simulation Analysis

In the analysis, studies on vehicle aerodynamics, control
volumes and analysis results were investigated. As a result of
this research, the regions where the flow is significantly affected
can be observed as vehicle length behind the vehicle, vehicle
height above the vehicle, half a vehicle length in front of the
vehicle and vehicle width next to the vehicle [13,16,21-26].
Consequently, a tolerant selection of the control volume was
made, taking into account calculating efficiency. Thus, the
selected wind tunnel dimensions for CFD analysis were
determined as 10000 x 2750 x 3000 mm. The volume was
subtracted from the symmetry plane for ease of analysis and
numerical analysis was performed under this condition. The
dimensions of the volume used in the analysis are given in
Figure 3. The volume is 41250 litres excluding the model. When
the position of the diffuser at 0° is subtracted from the control
volume, it is calculated as 39583 litres. The decreasing volume

of the vehicle which depends on the angle changes of the
diffuser over this volume is given as Removed Volume (AV). In
other words, AV is obtained by subtracting the volumes of the
models with diffusers from the 0° model volume. The calculated
model volume and the removed volume (AV) values for each
diffuser angle are given in Table 1. (The formulation of AV is
givenin Eq. (1).

AV = 0° vehicle volume — a° vehicle volume Q)

Table 1. Reduced vehicle volume with the addition of the diffuser

Diffuser Angle Model Volume AV (It)
0° 3325.91 ref. value 0
5° 3323.09 2.82
10° 3320.28 5.63
15° 3317.38 8.53
20° 3314.12 11.79
25° 3309.82 16.09
30° 3304.68 21.23

E
s | 1 s ]
10000

Fig. 3. Dimensions of the control volume and positioning of the model

Control volume limits are shown as velocity inlet, pressure
outlet, symmetry plane as given in Figure 4. The surfaces of the
automobile and other surfaces are defined as walls. In the
analyses, the velocity inlet is set at 60 km/h, based on the electric
car racing time. In addition, others boundary conditions are
chosen pressure outlet as 1 atm and ambient temperature as 300
Kelvin for depending on the electric vehicle race environmental
condition.

Pressure Outlet

.

Symmetry Plane

Automobile

Nelocity Inlet

Fig. 4. lllustration showing boundary conditions
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Air was chosen as the fluid. Thermophysical properties of air;
molecular weight 28.9664 kg/kmol, dynamic viscosity
1.85508x10-5 Pa-s, specific heat 1003.62 J/kg-K, thermal
conductivity 0.0260305 W/m-K, density used in drag and lift
coefficients 1.18415 kg/m3. Thermophysical properties are
shown in Table 2.

Table 2. Thermophysical properties of air

Molecular weight (kg/kmol) 28.9664
Dynamic viscosity (Pa.s) 1.85508x10°
Specific heat (J/kg.K) 1003.62
Thermal conductivity (W/m.K) 0.0260305
Density (kg/m?3) 1.18415

In the analysis, the ideal gas definition was made in the
segregated flow model, realisable k-epsilon turbulence model
and Reynolds-Averaged Navier-Stokes equation models were
used as solvent parameters, and the analysis was solved in three
dimensions by preferring still time. In order to understand the
aerodynamic effect, depending on the input values, drag force,
lift force and the coefficients of these forces will be obtained
from the analysis result.

Analysis was performed using the polyhedral mesh structure
with finite volume method (FVM) in Simcenter Star-CCM+
computational fluid dynamics simulation program. The
polyhedral mesh structure is preferred because each mesh cell is
polyhedral and has many neighbouring mesh structures so that
less number of mesh cells is needed, giving more balanced and
near-accurate results. This situation also offers an effective
solution in meeting the long times required for analysis and
computer costs. A polyhedral mesh was created on the vehicle
model studied in the analysis. An example of the polyhedral
mesh structure applied to the model is presented in Figure 5.
And the mesh quality is acceptable. Thus the skewness value is
between 0-0.35 and the aspect values are between 0.7-1.

Fig. 5. Image of defined polyhedral mesh

Besides, mesh independence was controlled. Mesh
independence study was performed on the 0-degree wheelless
model. According to mesh independence study, medium fine
mesh type includes 607301 polyhedral cells was used in order
to maintain the solution accuracy when the computational
efficiency is taken into account. Mesh independence values are
shown in Table 3.

Table 3. Mesh independence study

Mesh Type Cells (of C
Extra Coarse 29116 0.3384 0.0370
Coarse 75899 0.3205 0.0523
Medium Coarse | 198404 0.3187 0.0562
Medium 443619 0.3128 0.0571
Medium Fine 607318 0.3091 0.0611
Fine 719319 0.3108 0.0613
Very Fine 1136536 | 0.3099 0.0612

3. Result and Discussion

In the study, drag force, lift force, Cd, Cl, and change in
volume were determined depending on the angle values of the
diffuser. It has been observed that the drag force is lower in the
positions where the diffuser is angled. It has been determined
that the drag force is higher in the case where the diffuser is
straight compared to the angled cases. The drag force was
35.7383 N in the 0° diffuser position where the wheels were not
included in the analysis, and the highest drag force was 42.9284
N when the wheels were included in the analysis. The values
obtained as a result of the analyses are given in Table 4.

Table 4. Analysis results

Model Dra%\lF)orce '-iﬁ(lfl‘)“ce Co c | avay
s° | 310677 | 58226 | 02687 | 00133 | 2.82
10° | 31.9536 | -10.0995 | 0.2763 | -0.0231 | 5.63
15° | 30.4740 | -23.9381 | 0.2635 | -0.0547 | 853
20° | 320511 |-26.9812 | 02772 | -0.0617 | 11.79
25° | 317364 | -24.2349 | 02744 | -0.0554 | 16.09
30° | 319953 | -16.0199 | 0.2767 | -0.0366 | 21.23
0° 357383 | 26.7316 | 0.3091 | 0.0611 Sa(lfg)

O Wil | 42.0284 | 516335 | 03635 | 00982 0

The effect of the wheels cannot be clearly observed when
looking at the flow in the symmetry plane. For this reason, it is
necessary to investigate the flow in the area at the vehicle floor.
In Figure 6, the velocity vectors of the wheels on the vehicle
floor are given. When the wheels are included in the system, a
turbulent zone is formed behind the wheel. This region creates
an obstacle for observing the flow change caused by the diffuser.
In addition, since the wheels are rotating elements, the flow
around and behind is a subject that needs to be examined in
detail. In other words, if the flow from the wheels can be
regulated, the potential in diffuser angle changes can be
revealed. This study focuses on the potential effect of the
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diffuser. As can be seen in Figure 6, the wheels were not taken
into consideration in the subsequent analyses in order not to be
misleading since they disrupt the flow on the diffuser and have
a high effect on the forces.

.-
s

0 Velocity (m/s) 25.3 0° with wheel
| . 1

Fig. 6. Vectorial velocity distribution under the vehicle with and
without wheels

Cd is affected by the presence of the diffuser. Cd value is
decreased with the addition of diffuser. However, there cannot
be mentioned of a continuous decline or effect. When the values
are examined, it can be observed that the decreasing is constant
or fluctuating between 5° and 30° degrees. The Cd value showed
the highest value as 0.1545 at the 0° position. The highest effect
of the angled positioning of the diffuser on the Cd was seen with
a difference of 14.73% between 15° and 0°. When the angled
positions of the diffuser were compared among themselves, it
was seen that the highest change occurred with a difference of
4.92% between 15° and 30°. The change in drag force values is
given in Figure 7 in graphic form.

37.00
36.00
35.00
34.00
8 33.00
S 32.00
gl
A 29.00
28.00
27.00
0 5° 10° 15° 20° 5° 30°
Angle of Diffuser

Fig. 7. Drag force values according to diffuser angles

It was determined that the lift force decreased significantly
depending on the increase in the angle value of the diffuser, and
the lift force had a negative effect when the angle value
exceeded 5 degrees. The peak value of the lift force in the
negative direction was calculated as -26.9812 N at a diffuser
angle of 20 degrees. At the 20 degree position where the highest
downforce is obtained, a decrease of 200.93% in the lifting force
was obtained compared to the 0° position. In Figure 8, the
changes in the lifting force according to the angles are given.

30.00

20.00

10.00

Lift Force (N)
(=)
o
(=)

-10.00

-20.00

-30.00

Angle of Diffuser

Fig. 8. Lift force values according to diffuser angles

In Figure 9, the velocity vectors on the symmetry plane of the
air passing over the vehicle and the pressure distribution on the
vehicle are given together. Here, the change in the velocity
vectors of the diffuser behind the vehicle can be observed and
its relation to the forces can be compared. As can be clearly seen,
with the increase in the angle of the diffuser, up to 20 degrees, a
little more airflow could be directed upwards at each stage, and
the highest value in downforce was obtained due to the
momentum obtained by directing the flow upwards. After 20
degrees, the flow disrupted its tracking on the inclined surface
and caused the enlargement of the turbulent zone, negatively
affecting the values. If it is at 0° position, it can be established
that the downward airflow coming from the upper surface of the
vehicle dominates and therefore positive lift force is generated.

In order to see the effect of diffuser use on fuel efficiency and
sustainability more clearly, the change in the control volume
was observed in litres. In the use of a 30° diffuser, a volume of
up to 20 litres is removed from the vehicle. At this rate of
volume change, the vehicle body will be trimmed and the
vehicle weight will be reduced.

e - ~ ‘vf ? % i
= S =
0° 5
- ’ ! -
10° 15
r - ' 8 fy
20° 25
- -5 - g |
30° 0% with wheel

0 Velocity (m/s) 25.7
[ 1

Fig. 9. The velocity vectors graph formed on the symmetry plane
and the pressure distribution on the vehicle surface
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In the literature, several studies investigated the role of
diffuser on aerodynamic performance of automobiles and found
significant acquisitions in the aerodynamic parameters. Our
findings and literature results about the obtained enhancements
in the drag force, lift force, drag coefficient and lift coefficient
are given in Figures 10 and 11.

Senthilkumar et al. [16]
Moghimi P, Rafee R. [27]

Asif AA, Murtaza MA. [24]
This work

0,50
0,40

0,30 2

0,20

Drag Coefficient

0,10

0,00

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Diffuser Angle

Fig. 10. Variation of the drag coefficient depending on diffuser
angle

Senthilkumar et al.[16]
Moghimi P, Rafee R. [27]
0,300

Asif AA, Murtaza MA. [24]

This work

0200 |
0,100 |

0,000 [—y—==
2\4 6 8.10 12714916~18-20-22-24926"28 30 32

ft Coefficient

£.0,100
-0,200

-0,300

-0,400
Diffuser Angle

Fig. 11. Variation of the lift coefficient depending on diffuser angle

When the graphs in Figures 10 and 11 are examined, it can be
seen that there is some improvement in the Cd value with the
increase in the diffuser angle. With the increase of the diffuser
angle, a significant improvement also found in the CI. In the
study established by Senthilkumar et al. [16] while the Cd
improved slightly with the diffuser angle increasing at a constant
speed of 40 m/s, the improvement in the CI value tended to be
negative, but could not pass to the negative side entirely. In the
study prepared by Asif Ahmed, A. and Murtaza, M.A. [24]; the

diffuser angle increasing at a constant velocity of 40 m/s did not
show an improvement in the Cd value, but a significant
improvement was observed in the Cl value by switching to a
negative value. In the study by P.Moghini and R.Rafee [27], it
was observed that the Cd value showed a small improvement
with the diffuser angle increasing at a constant speed of 40 m/s,
while the CI value turned negative and showed a significant
improvement.

When the data obtained in this study were examined, as
expected from the literature examples with the increasing
diffuser angle for the 60 km/h constant speed value, although the
Cd value showed a small improvement at the beginning, there
was no significant change in the end. The Cl value, on the other
hand, showed a significant improvement with the increase in the
diffuser angle, as in the literature examples, and continued to
progress by turning to negative.

When the data are examined, it is concluded that increasing
diffuser angle does not have a significant effect on the Cd value,
but provides a significant improvement in the Cl value.

4. Conclusions

The effects of the diffuser and the diffuser angle on the
aerodynamic forces on the vehicle were investigated for a sports
automobile velocity at 60 km/h. The results obtained as a result
of the analysis are as follows:

The use of rear diffuser provided a 14.73% decrease
compared to the 0-degree position, considering the diffuser
angle of 15°, where the lowest drag force value is obtained.

The downforce that allows the vehicle to road-holding
increased gradually with the increase in the angle. After
reaching the peak value of -26.9812 N at 20 degrees, the airflow
disrupted its tracking on the inclined surface and caused the
enlargement of the turbulent region. Therefore, it showed a
sequential decrease up to 30° and negatively affected the values.

The effect of lift force on the vehicle turned negative after 5°
with the effect of the diffuser and turned into the downforce. As
a result of this effect, a difference of 200.93% was found
between 0°, where the maximum value of the lifting force is
seen, and 20°, where the minimum value is seen.

In order to clearly observe the role of the diffuser in
determining the vehicle flow pattern, the wheel geometry, which
may be a disruptive factor, is not included in the analysis.
Depending on too many variables, as it changes the flow to the
diffuser with cross flows and reduces the flow rate, the wheel
and rim geometry can cause an increase or decrease in the forces
observed as a result of the analysis. Considering the wheeled and
unwheeled situation, it can be said that there is a 16.74% effect
due to the decrease in the drag force from 42.9284 N to 35.7383
N.

Due to the constant L length, increasing the diffuser angle
compared to the flat floor provides fuel savings by trimming the
part from the body and reducing the weight of the vehicle.
Therefore, a choice has to be made between the forces that
change due to the angle and the mass removed. In terms of
sustainability and vehicle efficiency, it would be appropriate to

80



Caligkan and Bakirci / International Journal of Automotive Science and Technology 6 (1): 75-82, 2022

PARAPY..o o000 ™
v. "y ALTOMONVE ENGINEERS

choose the advantageous diffuser angle considering the speed at
which the vehicle will be used in general. For this purpose, a
diffuser angle of 15° or 20° can be preferred. The simulations
will be repeated between these two values, and it will be possible
to determine the most optimum diffuser angle. In this study, the
diffuser length L was kept constant at the maximum value in
order to minimize the weight. As the subject of another future
study, it can be focused on the effect of the change in L length
on vehicle aerodynamics.

Another situation that may be the subject of study in the future
would be the regulation of the flow disrupted by the wheels.
Thus, it can be achieved the expected efficiency from the
diffuser. It can be used to direct the turbulent region of the flow
coming from under the vehicle by placing wings or channels on
the diffuser to regulate the wheels behind the vehicle. The angles
and dimensions of these blades or their duct designs are open to
investigation. In addition, another study may focus on regulating
the flow disturbance created by the wheel cover or hubcap
designs and around the wheels, which are the rotating elements
of the vehicle.
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