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The use of land transportation, primarily cars, is increasing annually. The energy required
will increase along with the number of vehicles. Thus far, car manufacturers are required
to improve car designs and propose fuel-efficient and environmentally friendly cars. The
energy-efficient car competition, namely, Kontes Mobil Hemat Energi Indonesia, is
organised for mechanical engineering students to contribute directly to research related
to energy-efficient cars in Indonesia. One of the ways to save fuel is to reduce the
aerodynamic force drag on the vehicle. This study aims to optimize the prototype vehicle
airfoil design in producing the smallest possible coefficient of drag (Cd) and lift (Cl). A
Taguchi design of experimental (DoE) is applied to set the 9 designs for this study, with
three different values considered for each design parameters: Defiant Canard BL110,
Clark YM15, Gottingen 256 for side airfoil shapes and Gottingen 410, Gottingen 460, and
Boeing 737 Root for top airfoil shapes. This aerodynamic analysis uses the ANSYS 2020 R1
software, which is carried out at a speed of 30 km/h. Then the Cd and Cl values obtained
will be analyzed. The results obtained for the optimal design of the Cd with variations in
the side airfoil design Defiant Canard BL110 and top airfoil is Gottingen 410 with a Cd
value of 0,1119. As for the optimal design of the Cl with variations in the side airfoil design
Gottingen 256 and top airfoil is Gottingen 460 with a Cl value of 0,0250.

1. Introduction

The development of the transportation industry is improving worldwide, including in Indonesia.
This improvement is consistent with Indonesia's population growth which continues to grow very
rapidly in line with technological developments, and the need for energy is increasing. The main
energy consumption of the transportation sector is energy fuel oil. The high use of fuel oil in the
transportation sector is caused by the increasing number of motorized vehicles that use fuel oil, both
public and private vehicles. The increase in energy demand, particularly oil and gas energy in
Indonesia, can affect global warming, one of the problems that all countries face. Global warming is
a condition where the ecosystem experiences imbalance due to increased land, sea and atmosphere
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temperatures. This increase occurs because of the burning of fossil fuels, namely, petroleum, in
motorised vehicles. Reducing fuel consumption in vehicles is the right way to address fossil fuels as a
non-renewable energy source and one of the causes of the greenhouse effect.

The existence of energy-efficient vehicles can undoubtedly affect the attempts to contain global
warming. Saving fuel must be practised, considering that vehicles, primarily cars, still use fossil fuels.
One of the ways to save energy is to reduce vehicle drag [1,2]. The smaller the drag value is, the less
the fuel amount used is [3].

The previous researchers have explained that the competitions such as the Kontes Mobil Hemat
Energi (KMHE) and the Shell Eco-Marathon are a forum for students to participate directly in research
and create energy-efficient cars in the future [4-7]. Our study aims to find aerodynamic properties,
the coefficients of drag and lift and the optimisation of the body with the design parameters of the
side and top airfoil.

2. Methodology

This study used Computational Fluid Dynamics (CFD) with Ansys 2021 R1 software to obtain
guantitative and qualitative data [8]. Quantitative data are in the form of coefficient of drag, drag
force, coefficient of lift and lift force values, whereas the qualitative data are in the form of contour
plots of static pressure distribution, velocity distribution, turbulence phenomena, flow streamlines
and velocity vectors around the body. Making the prototype body design begins with selecting an
airfoil for the initial body design. The prototype car body design uses two airfoil types: the upper
body airfoil and the side body. In this study, three top and side airfoil variations produce nine
prototype body variations. The prototype car body design intends to use two airfoil types. The nine
designs refer to the side and top airfoil, as shown in Figure 1. On the side airfoil, only the front airfoil
is used to provide space for the driver when driving a car. The top airfoil is used to design the top of
the car. The combination of these two airfoil types reduces the friction coefficient and achieves an
aerodynamic body.
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Fig. 1. Profile of side and top airfoil design (a) Defiant Canard BL110, (b) Clark YM15, (c) Gottingen 256, (d)
Gottingen 410, (e) Gottingen 460, (f) Boeing 737 Root

The use of airfoil in vehicle design is determined using the Taguchi method. The Taguchi method
proposes to obtain characteristic data using an orthogonal matrix and analyse the quality
performance of the data to determine the optimal process parameters. The initial design in this study
uses control variables (control factors), namely, the side airfoil profile and the top airfoil profile. Each
variable uses three variations or levels. An orthogonal array matrix is used as an L matrix (32). Based
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on the variables and variations in Table 1, nine body designs can be made using the top and side
airfoil profiles (Table 2). Table 3 shows the geometry properties of the side and top airfoil included

in each design [9].

Table 1
Control factor and levels
Control Factors Level
L1 L2 L3
Side airfoil profile Defiant Canard BL110 Clark YM15 Gottingen 256

Top airfoil profile Gottingen 410

Gottingen 460 Boeing 737 Root

Table 2

Matrix orthogonal array and distribution factor

Design Control Factors

No Side airfoil profile Top airfoil profile

1 Defiant Canard BL110 Gottingen 410

2 Defiant Canard BL110 Gottingen 460

3 Defiant Canard BL110 Boeing 737 Root

4 Gottingen 256 Gottingen 410

5 Gottingen 256 Gottingen 460

6 Gottingen 256 Boeing 737 Root

7 Clark YM15 Gottingen 410

8 Clark YM15 Gottingen 460

9 Clark YM15 Boeing 737 Root
Table 3
Geometry properties airfoil
Design  Side airfoil geometry Top airfoil geometry
No Maximum Boat-Tail Leading Maximum Boat-Tail Leading

Thickness Angle (deg) Edge Thickness Angle (deg) Edge

1 14.7434% @0.3 C 16.2094 3.3505 %C 16.1%@0.3C 8.927 2.917 %C
2 14.7434% @0.3 C 16.2094 3.3505 %C  20.5% @0.3C 27.4565 2.8239 %C
3 14.7434% @0.3 C 16.2094 3.3505 %C  15.3686% @0.3C  10.8793 3.4956 %C
4 14.8137% @0.33C 20.108 2.1275%C 16.1% @0.3C 8.927 2.917 %C
5 14.8137% @0.33C  20.108 2.1275%C 20.5% @0.3C 27.4565 2.8239 %C
6 14.8137% @0.33C  20.108 2.1275%C 15.3686% @0.3C 10.8793 3.4956 %C
7 15.9444% @0.36 C  22.0788 4.3846%C 16.1% @0.3C 8.927 2.917 %C
8 15.944 % @0.36 C 22.0788 4.3846%C 20.5 % @0.3C 27.4565 2.8239 %C
9 15.9444 % @0.36 C  22.0788 4.3846%C 15.3686% @0.3C  10.8793 3.4956 %C

The considered prototype designs are shown in Figure 2. The designs are created using Ansys
software. The frontal area is the area of the geometry exposed directly opposite the direction of the
fluid. A vehicle design considering the frontal area can reduce aerodynamic drag. The area of the
frontal area is obtained using SolidWorks software through the cavity menu. The size of this frontal
area is included in the setup solution process in the reference value menu in the Ansys software
(Figure 3).

Aerodynamic analysis is performed on nine designs with side and top airfoil variations at an air
inlet speed of 30 km/h. The CFD simulation is conducted three times for each design to obtain the
coefficient of drag and coefficient of lift. Then, the Cd and Cl values obtained are analysed using the
Taguchi and Analysis of Variance (ANOVA) methods to determine the most optimal factors and levels
in making body designs.
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Fig. 2. Prototype car design (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, (e) Design 5, (f) Design 6, (g)
Design 7, (h) Design 8, (i) Design 9
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Fig. 3. Frontal area of each design
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The enclosure manufacturing stage for the simulation domain is carried out in Geometry (Figure
4). The dimensions of the enclosure are length x width x height, for a length equal to seven times the
length of the car. The width is equal to two times the length of the car, whereas the height is equal
to two times the length of the car [10]. After the simulation domain is complete, the next step is
naming the simulation domain, which is used as a constraint in the simulation (Figure 5). Nine
simulation domain names are made: inlet, outlet, road, wall, front tire, rear tire, symmetry, a body
of influence and vehicle body.

Select one or more bodies to create an enclosure around. Click the checkmark tool guide to complele the enclosure.

i] ANSYS
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Fig. 4. Dimension domain simulation
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Fig. 5. Boundary condition

During meshing, a computational domain is divided into small parts, which control the volume.
The geometry part undergoes a special treatment to mesh during the meshing stage are taken from
the previous studies [6,11-14]. In the body of the influence mesh, the mesh size must be smaller than
the simulation domain. In the prototype body, the mesh size must be smaller than the body of
influence as shown in Table 4. Differences in mesh size in specific geometries are used to make the
resulting contours in that area more detailed and make computer performance easier when
performing simulations. The mesh quality considerably affects numerical computational accuracy
and stability. Mesh size highly influences the computing speed and requirements. The smaller the
mesh size is, the higher the number of formed cells is. Thus, a very heavy computation is required.
When a surface mesh is created, the minimum surface mesh size is 0.01, whereas the maximum
surface mesh size is 0.5 to obtain a mesh skewness value of less than 0.95 as shown in Table 5.

Table 4
Local sizing mesh
Local Sizing Target Mesh Size
Body of Influence 0.1
Body Prototype 0.03
Table 5
Surface mesh size
Minimum size  Maximum size  Growth rate Size functions  Curvature normal angle
0.03 0.5 1.2 Curvature 18

On the viscous model menu, the K-epsilon model is selected. This model is chosen because it can
obtain a good boundary layer, and the pressure and velocity values to be analysed are considered
[13]. The K-epsilon model is prevalent in industrial applications because of its reasonable
convergence rate and relatively low memory requirements. The K-epsilon realisable model is chosen
because it is most widely used in numerical simulations for prototype simulations. The
nonequilibrium model is chosen because it explains the pressure gradient’s effect on the velocity
profile’s distortion. The determination of boundary conditions can be seen in the Table 6. At a fluid
velocity determined at 30 km/h, the inlet velocity is determined based on the KMHE 2022 Guideline.
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In simulation, symmetry is one of the boundary condition parameters. The use of the symmetry
section facilitates device performance in performing simulations. A wall boundary condition is
applied for the vehicle body, road, front tire, rear tire and body of influence (Table 6).

Table 6

Boundary condition

Domain Boundary condition Unit
Inlet Velocity Inlet 30 km/h
Outlet Pressure Outlet OPa
Road Wall No Slip
Front Tire Wall No Slip
Rear Tire Wall No Slip
Sym Symmetry -

Body Prototype Wall No Slip
Body of Influence Wall No Slip
Wall Wall Specified Shear

The fluid flow direction is calculated from the inlet in the reference values stage. The values of
the vehicle length, the frontal area, and the velocity of the fluid are entered to find the value of the
coefficients of drag and lift (Table 7). The solution method used in this analysis is the Semi-implicit
Method for Pressure-linked Equations Consistent algorithm because it relates pressure and velocity.

Table 7

Reference value

Parameters Value
Area (m?) 0.432
Density (kg/m3) 1.225
Enthalpy (j/kg) 0
Length (m) 2.8
Pressure (pascal) 0
Temperature (k) 288.16
Velocity (m/s) 13.0556
Viscosity (kg/m-s) 1.789e-05
Ratio of Specific Heat 1.4

3. Results
3.1 Simulation Results of Drag (CD) and Coefficient of Lift (C/)

The simulated coefficients of drag and lift from the CFD analysis for nine designs are shown in
Table 8 and Figure 6. The obtained data for the coefficients of drag and lift are analysed using
statistical calculations known as ANOVA, which aims to determine the design parameters that
significantly influence the quality characteristics of the body design [9]. ANOVA is processed by
looking for two values that affect each contributing factor: ANOVA to the signal-to-noise ratio (SNR)
and ANOVA to the mean value. A small value is used for the SNR. The smaller the obtained values of
the coefficients of drag and lift are, the more optimal the produced design is.
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Table 8
Simulation results of coefficient of drag dan lift for 9 designs
Design No  Side airfoil profile Top airfoil profile  Coefficient of drag, Cd ~ Coefficient of lift, Cl
1 Defiant Canard BL110 Gottingen 410 0,10386 0,05806
2 Defiant Canard BL110 Gottingen 460 0,11143 0,03882
3 Defiant Canard BL110 Boeing 737 Root 0,10995 0,04548
4 Gottingen 256 Gottingen 410 0,12119 0,03735
5 Gottingen 256 Gottingen 460 0,11558 0,01411
6 Gottingen 256 Boeing 737 Root 0,11743 0,03041
7 Clark YM15 Gottingen 410 0,11075 0,03791
8 Clark YM15 Gottingen 460 0,11167 0,02216
9 Clark YM15 Boeing 737 Root 0,11032 0,0354
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Fig. 6. Coefficient of drag and lift simulation result

In the Taguchi method, statistical calculations are performed to find factors influencing the mean
response value. This statistical method is used to determine the most optimal level setting from the
average response obtained from the previous studies [15-19]. After the average values for all car
body designs are calculated, a response table and a response graph are made to compare the average
response values in all experiments carried out on a factor. Then, the values are sorted from the
largest to the smallest. Significant design parameters are identified using analysis of variance
(ANOVA), and the optimal design is obtained using response tables and response graphs [20]. The
coefficient of drag variance analysis is calculated based on the values from the response table. The
data are obtained from ANOVA by comparing the F-ratio values to determine the factors with
significant influence on the coefficients of drag and lift. The F-table estimates the distribution of F for
the possible value, where (F0.05; N1 = 1; N2 = 18) the F-table is 4.41. The parameter is significant if
the F-ratio value exceeds the F-table value [21]. Furthermore, the results of the data obtained are
arranged as an ANOVA table.

The Anova results of the average Cd in Table 9 indicate that factor A (side airfoil design) has a
smaller F-ratio value than the F-table. Thus, it does not significantly affect the coefficient of drag. For
factor B (top airfoil design), the value of the F-ratio is greater than that of the F-table. Thus, factor B
significantly influences the value of the coefficient of drag.
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Table 9

ANOVA result for coefficient of drag

Source  SS DF MS F Ratio SS' Ratio % F Tabel Effect

A 0,000474370 2 0,000237185 42,73102914 0,000463269 77% 3,44 insignificant
B 4,28566E-06 2 2,14283E-06 0,386049736 1,5387E-05 3% 3,44 significant
Error 0,000122114 22 0,000005551 1 0,000122114 20%

SSt 0,000600770 26 0,000023107 0,00060077 100%

Mean 0,34149845 1
Sstotal  0,34209922 27
A is side airfoil design and B is top airfoil design

For the average Cl in Table 10, factors A and B have a more considerable F-ratio value than the F-
table. Factors A and B significantly influence the coefficient of lift. However, factor A has a
significantly higher value than factor B, with a percentage contribution of 52% to the value of the
coefficient of lift.

Table 10

ANOVA result for coefficient of lift

Source  SS DF MS F Ratio SS' Ratio % F Tabel Effect

A 0,002014202 2 0,001007101 6,764957487 0,002002610 52% 3,44 significant
B 0,001728913 2 0,000864457 5,806776499 0,001717321 44% 3,44 significant
Error 0,000127512 22 0,000005796 1 0,000150696 4%

SSt 0,003870628 26 0,000148870 0,003870628 100%

Mean 0,034069333 1
Sstotal 0,03793996 27
Ais side airfoil design and B is top airfoil design

3.2 Simulation Results of Contour Plots that Occur Around the Body
3.2.1 Static pressure distribution contour plots

Figure 7 shows the contour of static pressure distribution on the symmetry plane for each design
variation. Red indicates high pressure, and green indicates low pressure. At the front of the body, the
highest pressure occurs in the area with a stagnation point. The stagnation point occurs when the air
moving in that area stops entirely at the front of the body, where the air velocity becomes zero and
the highest static pressure occurs. In the middle of the body, the green contour means that the air
velocity in that area is high enough to decrease the static pressure. The contour plot of each design
shows the difference in colour and size. The larger the differences in colour and contour are, the
greater the effect of static pressure on the pressure drag value is.

Figure 8 shows the contour plot of the static pressure on the surface of design body 1. Figure 8(a)
shows a contour plot of the static pressure at the body’s bottom. The lowest static pressure point
occurs on the front fender of the front wheel, where the minimum static pressure value is -103.549.
Figure 8(b) shows the static pressure contour plot at the top of the body. A stagnation point occurs
on the front of the body where the moving air stops. Thus, the static pressure increases. The
maximum pressure value that occurs in the body is 42.860 Pa.
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Fig. 7. Static pressure distribution at symmetry plane (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4,
(e) Design 5, (f) Design 6, (g) Design 7, (h) Design 8, (i) Design 9
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Fig. 8. Static pressure distribution on the body design 1

3.2.2 Air velocity contour plots

Figure 9 shows the contour plot of airspeed in the plane of symmetry for each design variation.
The figure shows that low airspeed occurs on the front and rear of the body. At the back of the body
is the area with the lowest airspeed, with a value of less than zero. In this area, wakes also occur,

resulting in high drag. The highest airspeed occurs at the top of the car because of the high static
pressure drop.
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Fig. 9. Velocity distribution at symmetry plane (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, (e) Design
5, (f) Design 6, (g) Design 7, (h) Design 8, (i) Design 9

Figure 10(a) shows that wakes occur on the front and rear fenders with the lowest airspeed value
of -0.790 m/s. At the centre of the body and the centre of the front fender, the highest airspeed is
11.441 m/s. Wakes that occur because of low airspeed when passing vehicles affect the drag amount.

3.2.3 Turbulence phenomenon contour plots

Figure 10 shows the turbulence contour plot that occurs in the plane of symmetry. Turbulence
occurs because of irregular airflow around the body. The difference in pressure and speed of the
airflow passing through the lower and upper parts of the body causes irregular and twisting airflow
when passing through the rear of the body. In each design, varying turbulence occurs. The drag force
increases with the increase in wake contour and turbulence value generated. Amongst the other
designs, design 1 has the lowest turbulence contours.
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@ O ()
Fig. 10. Turbulence phenomenon contour plots at symmetry plane (a) Design 1, (b) Design 2, (c) Design 3,
(d) Design 4, (e) Design 5, (f) Design 6, (g) Design 7, (h) Design 8, (i) Design 9

3.2.4 Streamline fluid flow

Figure 11 shows the streamlined contour plot of airflow on the plane of symmetry. The
streamlined blue line at the back of the body indicates the flow velocity at 0 m/s. A rotating flow can
cause wakes when the airflow passes through the back of the body. In the middle of the vehicle, the
flow velocity increases from 9 m/s to 6 m/s, with the highest flow velocity observed between the
front wheels.
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Fig. 11. Streamline fluid flow at symmetry plane (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, (e)

Design 5, (f) Design 6, (g) Design 7, (h) Design 8, (i) Design 9
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3.2.5 Velocity vector around the body

Figure 12 shows the vector of air passing through the body. The velocity vector represents the
stagnation point where the airflow stops, then turns and flows along the body's geometry. At the
front of the body, the velocity vector is almost close to 0 m/s, while at the rear is the vector area with
the lowest velocity. On the right and left sides of the body above the fender, the red and yellow speed
vectors dominate, ranging from 8 m/s to 12 m/s. At the front of the front wheel fender is the vector
with the highest speed because there is a significant drop in static pressure in that area.

@) ) (b) (©

« e ST “ “ 0

« T ) T 0
Fig. 12. Velocity vector around the body (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, (e) Design 5,
(f) Design 6, (g) Design 7, (h) Design 8, (i) Design 9,

The image of a velocity vector in the design symmetry field 1 is figured in Figure 13. On the front
of the vehicle, the velocity vector is dominated by green and yellow colours, with the speed ranging
from 3 m/sto 5 m/s. At the top of the body is the top speed vector of 10 m/s. A vector with negative
velocity and rotating direction exists at the back of the body, causing wakes that increase drag.
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Fig. 13. Velocity vector design 1 at symmetry plane

4, Conclusions

In the coefficient of drag, the factor with a significant effect is factor B (top airfoil design) of the
upper airfoil profile, with a percent contribution to the Cd of 73%. The optimum factor level for the
upper airfoil profile is level 2: Gottingen 410 airfoil. Factor A has an insignificant effect, with a
contribution percentage of 2% on the coefficient of drag. For the optimal factor level on factor A (side
airfoil design), the side airfoil profile is the Defiant Canard BL110 Airfoil with an average coefficient
of drag of 0.1119. The optimal level for factor B is Gottingen 410, with an average coefficient of drag
of 0.1084. These results indicate that design 1 is the optimal design for obtaining a low coefficient of
drag. On the coefficient of lift, all factors significantly influence the percentage contribution of factors
A and B by 52% and 44%, respectively. The optimal level of factor side airfoil design is Gottingen 256
Airfoil with an average coefficient of lift of 0.0273. Moreover, the optimal level of factor top airfoil
design is Gottingen 460 Airfoil, with an average coefficient of drag of 0.0250. These results indicate
that design 5 is optimal in obtaining a low coefficient of lift.
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