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force. The study focuses on the influence of a vortex generator (VG) on the
aerodynamics of a sport utility vehicle (SUV) car. The study aims to simulate fluid flow
analysis for an SUV car that uses VG and without VG, as well as to assess the impact of
a different configuration of VG and a varying number and fillet radius of VG. The
number of VG are 3, 5, and 9. The different fillet radius of VG are 5, 10, and 15 mm.
Using the Reynold-Averaged Navier Stokes Equation (RANS) in the numerical
simulation, the Reynolds number at the computational domain is 1.1391 x 107 and
1.4808 x 107, which is determined by the height of the model and the freestream
velocity. The results show that aerodynamic characteristics are significantly influenced
by the number of VG and various size radius fillets of VG. From the result, 9 number of
VG and 5 mm fillet radius obtained the lowest value of coefficient of drag, C;compared
with the others which is Cy = 0.3747 for 27.78 m/s and Cy4 = 0.5031 for 33.33 m/s,

Keywords: respectively. Furthermore, the analysis of flow structures suggested the locations of
Aerodynamics; vortex generator; flow vortex formation and wake turbulence at the rear of the vehicle. In contrast, the 9
separation; coefficient of drag; number of VG with a 5 mm radius fillet of VG emerged as the most suitable VG for this
Computational Fluid Dynamic (CFD) scenario, exhibiting a C; value closest to the base model and the lowest Cy value.

1. Introduction

The preservation of energy resources and protection of the atmosphere globally significantly
depend on minimizing fuel consumption in automotive development. A key strategy to enhance
vehicle aerodynamics, thereby improving fuel efficiency and driving performance, is reducing the
drag coefficient (Cd). Drag-reducing devices play a crucial role in achieving this goal by optimizing
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airflow around vehicles, thereby reducing drag-inducing vortices, turbulence, and pressure
imbalances [1,2].

Conducting real-world experiments is time-consuming and entails substantial financial costs.
Additionally, researchers must invest considerable time to obtain results [3]. Previous research
indicates that higher drag adversely affects vehicle performance, notably increasing fuel
consumption. Hence, achieving a low Cd is essential for optimizing vehicle speed and stability during
motion. One significant contributor to increased drag is flow separation, predominantly occurring at
the rear end of vehicles due to changes in flow velocity and vehicle geometry. This phenomenon can
be mitigated using aerodynamic devices such as vortex generators. Studies also suggest that higher
Reynolds numbers correlate with reduced drag forces [4,5].

A significant approach in reducing aerodynamic drag and managing flow separation in vehicles
involves the strategic application of vortex generators. These devices, characterized by small, fin-like
structures mounted on the vehicle's surface, play a crucial role in modifying the boundary layer
airflow [6]. The boundary layer refers to the thin layer of air adjacent to the vehicle's surface where
significant changes in velocity and pressure occur. These devices have been shown to effectively
delay flow separation, thus enhancing aerodynamic performance [7]. Research indicates that vortex
generators can be passive or active, with active systems like high-frequency compliant structures
producing oscillatory vortices to mitigate flow separation more effectively than static vortex
generators [8]. Vortex generators have been widely used to control boundary layer separation,
especially on airfoils, where they help in reactivating the boundary layer to delay airflow separation
[9].

Empirical studies have demonstrated significant enhancements in airflow dynamics through the
implementation of vortex generators on vehicle surfaces [10]. These generators induce vortices that
facilitate momentum transfer, thereby optimizing the airflow pattern over the car's surface [11].
Research by Islam et al., [10] focused on strategically placing vortex generators just upstream of the
flow separation point, typically above the vehicle's rear window, to manage airflow dynamics and
prevent flow separation, which can lead to increased drag and reduced aerodynamic efficiency [12].

The strategic placement of vortex generators on vehicle surfaces has been shown to be a
promising approach for optimizing airflow dynamics, reducing drag, and enhancing aerodynamic
efficiency [13]. Thus, this study investigates the aerodynamic performance of Vortex Generators
(VGs) on SUV car models with varying numbers of VGs and VG radius fillets, considering different
Reynolds Numbers. The numbers of VGs tested were 3, 5, and 9, with radius fillets of 5 mm, 10 mm,
and 15 mm, respectively. The Reynolds Numbers considered were 3.0894 x 107 and 4.0163 x 10’. The
numerical simulations in this work employ computational fluid dynamics (CFD) in conjunction with
the Reynolds-Averaged Navier Stokes Equation (RANS).

2. Methodology
2.1 Research Framework

Figure 1 illustrates the overall process flowchart and CFD analysis of this study. The 3D model of
the vehicle, as shown in Figure 2, was created using SOLIDWORKS software, based on the real model
of a 2012 Honda CRV SUV [14]. This model was designed to a 1:1 scale, identical to the original size
manufactured by the factory. Table 1 presents three vortex generators (VGs) that are similar in shape
but differ in the radius of the fillet, with r =5 mm (case 1), r = 10 mm (case 2), and r = 15 mm (case
3). Figure 3 depicts the SUV car model with nine VGs mounted on the roof at the rear end, spaced
equally. Figure 4 shows configurations with 3, 5, and 9 VGs, also spaced equally. Each VG
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configuration will be tested with the same pre-processing settings and will be placed on the roof of

the SUV. The VG designs were sourced from internet references [15-17].
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Fig. 1. Flowchart of CFD analysis
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Fig. 2. The dimension of the SUV car model

Table 1

The 3 vortex generators are similar in shape but different in the radius of the fillet
VG-1 VG-2 VG-3

Dimensions (mm) I

Length 100 100 100

Width 50 50 50

Height 30 30 30

Thickness 10 10 10

Fillet Radius 5 10 15
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Fig. 3. Top View of Car model with Vortex generator

1100 mm

(b)

(c)
Fig. 4. The dimensions of the Vortex Generator (a)
3 number of VG (b) 5 number of VG (c) 9 number

of VG

2.2 Enclosure and Boundary Conditions Used in a Simulation

In ANSYS, the enclosure size refers to the dimensions of the computational domain or the area of
interest where the modeling or analysis is conducted. It is crucial to carefully select the enclosure size
to ensure it sufficiently covers the area of interest for accurate results [15]. Before starting the
meshing process, it is essential to confirm that the computational domain is appropriately sized. The
dimensions used in this study are similar to those in previous research [14]. Figure 5 and Figure 6
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illustrate the enclosure size for a vehicle used in ANSYS simulation. Table 2 provides the specific
dimensions of the enclosure.

Fig. 5. Top View of Car model with Vortex generator

+z -Z

Fig. 6. Side view of the enclosure for the vehicle

Table 2

Details the size of the enclosure
Plane Dimension (m)
+X 4.57

+Y 4.57

+Z 9.00

-X 4.57

-Y 0.10

-Z 13.71

The model’s boundary condition, such as velocity inlet, pressure outlet, vehicle surface, and
symmetry sides, is established once the enclosure has been created as shown in Figure 7. The
Reynolds number employed in this investigation is Re = 3.0894 x 107 and 4.0163 x 107, other details
of boundary conditions are provided in Table 3.
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Pressure Outlet

- - Vehicle

Velocity Inlet

Fig. 7. The boundary conditions used in the numerical investigation

Table 3

The details for boundary conditions and the values

Detail Boundary Condition  Value Value

Inlet Velocity inlet 27.78 m/s 33.33m/s
(3.0894 x 107) (4.0163 x 107)

Outlet Pressure outlet 0 Pa (gauge) 0 Pa (gauge)

Symmetry Wall boundary Stationary Stationary

Vehicle Body Wall boundary No slip No slip

2.3 Grid Independence Study

The CFD results were validated by comparing the drag coefficient (C4) produced from the
simulation with outcomes from three distinct mesh types. Mesh parameters were adjusted to create
coarse, medium, and fine mesh types, as detailed in Table 4. Based on the obtained results, it is
evident that grid dependency is achieved, as the percentage error between the medium mesh (Mesh
2) and the fine mesh (Mesh 3) is significantly small compared to coarse and medium mesh. Based on
these considerations, Mesh 2 shows a balance between computational efficiency and accuracy. It
offers results that closely match those obtained with the finer Mesh 3, while being computationally
more feasible than Mesh 3 due to its lower node count and reduced computational demand.
Therefore, Mesh 2 is chosen as the appropriate mesh configuration for the study, ensuring that the
results are both accurate and efficient for further analysis and validation.

Table 4

Parameters used for validation

Mesh type Coarse Medium Fine
Mesh 1 Mesh 2 Mesh 3

Element size (mm) 1200 600 300

Body sizing (mm) 500 400 300

Face sizing (mm) 1600 800 400

Number of nodes 941217 1915591 2971795

Drag coefficient (Cy) 0.4037 0.3747 0.3735

Percentage error (%) 7.74 0.32
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3. Results and Discussion
3.1 Qualitative Result

Table 5 illustrates the changes in the drag force coefficient (Cq) with varying fillet radius of vortex
generators (VG) and different numbers of VG, comparing results at velocities of inlet of 27.78 m/s
and 33.33 m/s. For a velocity of inlet of 27.78 m/s without a vortex generator, the Cy value is 0.3762.
In Case 1, where the VG fillet radius is 5 mm, the Cy value increases by 0.82% and 0.72% for 3 and 5
VGs, respectively, while for 9 VGs, it decreases by 0.4%. In Case 2, with a VG fillet radius of 10 mm,
the Cy value increases by 5.5%, 2.1%, and 1.38% for 3, 5, and 9 VGs, respectively. In Case 3, where
the VG fillet radius is 15 mm, the Cy value increases by 2.37% and 1.86% for 3 and 5 VGs, respectively,
but decreases by 0.98% for 9 VGs.

For a velocity inlet of 33.33 m/s without a vortex generator, the Cy value is 0.5386. In Case 1, with
a VG fillet radius of 5 mm, the C4 value increases by 5.27% for 3 VGs but decreases by 0.91% and
6.59% for 5 and 9 VGs, respectively. In Case 2, with a VG fillet radius of 10 mm, the Cy value increases
by 8.28%, 6.15%, and 5.07% for 3, 5, and 9 VGs, respectively. In Case 3, with a VG fillet radius of 15
mm, the Cqvalue increases by 2.38% and 2.30% for 3 and 5 VGs, respectively, but decreases by 0.45%
for 9 VGs.

The data from Figure 8, Figure 9, and Table 5 indicate that certain configurations and numbers of
VGs can be used on SUV cars to achieve the lowest Cy value.
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Types of cases
B Withoutvg m3VG m5VG m9VG
Fig. 8. Graph of drag coefficient (C,) for with and without VG at inlet velocity of
27.78 m/s
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Table 5
The Different Drag Coefficient (C,) between inlet velocity of 27.78 m/s and 33.33 m/s
Types No. of Vortex Drag coefficient

Generator Speed

27.78 m/s 33.33m/s

Base model Without VG 0.3762 0.5386
Case 1 (r=5mm) 3 0.3793 0.5670

5 0.3789 0.5337

9 0.3747 0.5031
Case 1 (r=10 mm) 3 0.3972 0.5832

5 0.3841 0.5717

9 0.3814 0.5659
Case 1(r=15mm) 3 0.3851 0.5514

5 0.3832 0.5510

9 0.3725 0.5362

3.2 Quantitative Result
3.2.1 Flow structure analysis when velocity is 27.78 m/s

Figure 10 shows the pressure contour generated in the symmetry plane by the SUV car model.
The results indicate that the length of the maximum pressure region for 3 and 5 vortex generators
(VGs) is almost the same, with the 3 VG configuration having a slightly longer high-pressure region
than the 5 VG configuration. For the 9 VG configuration, the length of the high-pressure region behind
the VGs increases compared to the 3 and 5 VG configurations. Additionally, the streamline analysis
shows that with 9 VGs, the airflow is more attached to the rear surface of the SUV than with 3 or 5
VGs. This is due to the lower pressure behind the SUV, which disrupts the smoothness of the airflow
over the surface. This trend corresponds with the observed decrease in the drag coefficient (Cy) from
3 to 9 VGs mounted on the SUV. This phenomenon was attributed to the lower pressure behind the
SUV, which disrupted the smoothness of the airflow over the surface, leading to a decrease in the
drag coefficient (Cd) [18].
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(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 10. Pressure contour superimposed with streamline for radius

fillet of VG: 5 mm with different number of VG

Figure 11 presents the pressure contour superimposed with streamlines for a VG fillet radius of
10 mm and different numbers of VGs. The pressure contours appear almost identical for the 3, 5, and
9 VG configurations, reflecting the minor changes in the drag coefficient among these cases. The
streamline analysis shows that the 3 and 5 VG configurations create larger vortex turbulence wake

regions behind the SUV compared to the 9 VG configuration [19].
Pressure [Pa)

100.0

(a) 3 Vortex Generator  (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 11. Pressure contour superimposed with streamline for radius
fillet of VG: 10 mm with different number of VG

Figure 12 depicts the pressure contour superimposed with streamlines for a VG fillet radius of 15
mm with varying numbers of VGs. The results show an increase in the length of the high-pressure
region behind the VGs as the number of VGs increases, similar to the trend observed in Figure 10.
The streamlines indicate more turbulence in the 3 and 5 VG configurations compared to the 9 VG
configuration. This smoother airflow behind the SUV with 9 VGs helps reduce the drag coefficient.

Pressure [Pa]

100.0

(a) 3 Vortex Generator  (b) 5 Vortex Generator  (c) 9 Vortex Generator
Fig. 12. Pressure contour superimposed with streamline for radius
fillet of VG: 15 mm with different number of VG
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3.2.2 Flow structure analysis when velocity is 33.33 m/s

Figure 13 shows the pressure contour superimposed with streamlines for a VG fillet radius of 5
mm with different numbers of VGs. The results indicate that the high-pressure region is closest to
the SUV for the 5 VG configuration, followed by the 3 VG configuration, and furthest for the 9 VG
configuration. The 9 VG configuration also exhibits smoother and more attached flow streamlines at
the rear of the car compared to the other configurations. This smoother airflow corresponds with the
lowest drag coefficient (C4) observed for the 9 VG configuration, as shown in Table 5.

Pressure [Pa]

(a) 3 Vortex Generator  (b) 5 Vortex Generator  (c) 9 Vortex Generator
Fig. 13. Pressure contour superimposed with streamline for radius
fillet of VG: 5 mm with different number of VG

Figure 14 presents the pressure contour superimposed with streamlines for a VG fillet radius of
10 mm with varying numbers of VGs. The pressure contours appear almost identical for the 3, 5, and
9 VG configurations, reflecting the minor changes in the drag coefficient among these cases. The
streamline analysis shows that the 9 VG configuration results in smoother flow and smaller wake
vortices, leading to better attachment of the flow on the rear car surface. This results in a reduced
drag coefficient, as indicated in Table 5.

Pressure

(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 14. Pressure contour superimposed with streamline for radius fillet
of VG: 10 mm with different number of VG

Figure 15 depicts the pressure contour superimposed with streamlines for a VG fillet radius of 14
mm with different numbers of VGs. The distance between the highest-pressure region and the back
of the car increases with the number of VGs. Additionally, the flow streamlines indicate more
turbulence for the 3 and 5 VG configurations compared to the 9 VG configuration. The smoother
airflow behind the SUV in the 9 VG configuration helps reduce the drag coefficient.
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(a) 3 Vortex Generator  (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 15. Pressure contour superimposed with streamline for radius fillet
of VG: 15 mm with different number of VG

3.2.3 Flow structure from top view at 27.78 m/s

Figure 16 shows the pressure contour superimposed with streamlines from a top view for a VG
fillet radius of 5 mm with different numbers of VGs. The structure length between the rear of the
SUV and the high-pressure region increases in ascending order from 3 to 5 to 9 VGs. For the 9 VG
configuration, the pressure on the rear of the SUV is lower compared to the other two cases. This is
because the stronger and more numerous vortices in this configuration create a high-pressure region
further away from the rear of the SUV, pushing the air away more effectively.

Pressure
Plane 2

L i

(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 16. Pressure contour superimposed with streamline for radius fillet of
VG: 5 mm with different numbers of VG at the top view

Figure 17 illustrates the pressure contour superimposed with streamlines from a top view for a
VG fillet radius of 10 mm with different numbers of VGs. In this case, the structure length between
the rear VGs and the high-pressure region is almost the same for 3, 5, and 9 VGs, which aligns with
the minor changes in the drag coefficient (C4). However, the 9 VG configuration still shows lower
pressure on the rear of the SUV compared to the other configurations. This is due to the stronger and
more vortices in the 9 VG case, which push the high-pressure region further from the SUV. The 10
mm fillet radius creates the highest pressure in the 9 VG configuration compared to the other two
configurations.
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Pressure
Plane 2 [Pa]
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-250.0 -165.0 -20.0
‘ | Il |

T |
(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Gene.rator

Fig. 17. Pressure contour superimposed with streamline for radius fillet of VG:
10 mm with different numbers of VG at the top view

Figure 18 shows the pressure contour superimposed with streamlines from a top view for a VG
fillet radius of 15 mm with different numbers of VGs. The structure length between the rear of the
SUV and the high-pressure region increases in ascending order from 3 to 5 to 9 VGs. In the 9 VG
configuration, the pressure on the rear of the SUV is lower than in the other two configurations. This
is because the stronger and more vortices in the 9 VG configuration create a high-pressure region
further away from the rear of the SUV, thus reducing drag more effectively. This trend is consistent
with the pressure contours showing higher pressure regions further from the SUV in the 9 VG case
compared to the 3 and 5 VG cases.

Pressure
Plane 2 [Fa]
I
‘ -250.0 -‘16'5.0' -80.
: ‘ ‘ l r
il
| | I |
| s 1 = ‘
| |
| | | | |
| ‘ | | ‘ I |
S | 11| (LY (S |
(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator

Fig. 18. Pressure contour superimposed with streamline for radius fillet of VG:
15 mm with different numbers of VG at the top view

3.2.4 Flow structure from top view at 33.33 m/s

Figure 19 shows the pressure contour superimposed with streamlines from a top view for a VG
fillet radius of 5 mm with different numbers of VGs. The structure length between the rear of the
SUV and the high-pressure region increases in ascending order from 3 to 5 to 9 VGs. For the 9 VG
configuration, the pressure on the rear of the SUV is lower than in the other two cases. This is because
the stronger and more numerous vortices in this configuration create a high-pressure region further
away from the rear of the SUV, effectively pushing the air away from the rear of the car.
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Pressure
Plane 2 [Pa]

-165.0  -80.0 5.0

80.0

(a) 3 Vor.tethenerat(“)r (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 19. Pressure contour superimposed with streamline for radius fillet of VG: 5
mm with different numbers of VG at the top view

Figure 20 illustrates the pressure contour superimposed with streamlines from a top view for a
VG fillet radius of 10 mm with different numbers of VGs. The structure length between the rear of
the car and the high-pressure region is nearly the same for the 3, 5, and 9 VG configurations,
reflecting the small changes in the drag coefficient (Cy). However, for the 9 VG configuration, the
pressure on the rear of the SUV is lower than in the other two cases. Additionally, the 5 VG
configuration creates the highest pressure compared to the other two cases.

Pressure
Plane 2 [Pa]

-250.0  -165.0  -80.0 5.0 80.0

| | I |
(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 20. Pressure contour superimposed with streamline for radius fillet of VG: 10

mm with different numbers of VG at the top view

Figure 21 shows the pressure contour superimposed with streamlines from a top view for a VG
fillet radius of 15 mm with different numbers of VGs. The structure length between the rear of the
SUV and the high-pressure region increases in ascending order from 3 to 5 to 9 VGs. In the 9 VG
configuration, the pressure on the rear of the SUV is lower than in the other two cases, which show
a highest-pressure contour followed by the 5 and 3 VG configurations. Increasingly the number and
strength of vortices, as observed in a 9 VGs configuration compared to 3 VGs, creates a high-pressure

region further away from the vehicle. This high-pressure region aids in reducing the drag force acting
on the vehicle [6,20,21].
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Pressure
Plane 2 [Pa]
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(a) 3 Vortex Generator (b) 5 Vortex Generator (c) 9 Vortex Generator
Fig. 21. Pressure contour superimposed with streamline for radius fillet of VG: 15
mm with different numbers of VG at the top view

3.2.5 Flow structure on the Vortex Generator

Figure 22 displays the pressure contour bar for a velocity of 27.78 m/s, where the blue colour
represents the lowest pressure at -250.0 Pa, and the red colour represents the highest pressure at -
60.0 Pa. In this figure, Case A, with a fillet radius of VG of 5 mm, exhibits the lowest pressure region
compared to Case B and Case C. Within Case A, it can be observed that the configuration with 3 VGs
has the smallest low-pressure region after the air passes through it, followed by the configuration
with 5 VGs, which has a slightly larger low-pressure region compared to the 3 VG configuration. Lastly,
the configuration with 9 VGs shows the largest size of the low-pressure region after the air passes
through it. This phenomenon occurs because the smaller fillet radius and the larger number of VGs
create stronger and more vortices. The enhanced strength of the vortices facilitates the disruption of
the smooth airflow over the car, thereby contributing to improved aerodynamics by reducing drag
and enhancing overall performance [22].

Figure 23 displays pressure contours at 33.33 m/s, where blue represents the lowest pressure of
-400 Pa and red indicates the highest pressure of -150 Pa. It shows that with 3 vortex generators
(VGs), pressure is highest at the VG's rear due to less uniform pressure distribution compared to 5
and 9 VG configurations. With 9 VGs, pressure distribution is more uniform around the VGs, indicating
better airflow attachment to the car surface and improved aerodynamics. In Case A (5 mm fillet
radius with 9 VGs), the highest-pressure region is directly above the VGs due to strong vortices
generated by the small fillet radius and multiple VGs. These vortices create a low-pressure area above
the VGs, disrupting airflow and potentially enhancing car aerodynamics.
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Pressure [Pa)

2500 -2025 -1550 <1075 -60.0

Case A CaseB CaseC
Fillet radius Fillet radius 10  Filletradius
Smm 15mm
3 Vortex
Generators
5 Vortex
Generators
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Gensrators )
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Fig. 22. Up close view of pressure contour
superimposes with streamline for 3 different numbers
of VG with different fillet radius at Reynold number
27.28 m/s
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Prossure
Plane 1 (Pa}
-400.0 -3375 2750 -2125 -150.0
Case A Caze B CazeC
Radius Fillet Radius Fillet: Radius Fillet:
Smm 10 mm iS5mm
3 Vortex -
Generators
5 Vortex
Generators
9 Vortex
Generators

Fig. 23. Up close view of pressure contour
superimposes with streamline for 3 different
numbers of VG with different fillet radius at Reynold
number 33.33 m/s

4. Conclusion

In conclusion, utilizing Computational Fluid Dynamics (CFD) analysis to study vortex generators
(VGs) in cars proves promising for enhancing vehicle efficiency. The findings demonstrate that VGs
effectively reduce the drag coefficient (C4) compared to the base model.

The simulations show that using 9 VGs results in the most favorable aerodynamic outcomes, with
reductions in Cy percentages compared to the base model. Specifically, at an inlet speed of 27.78
m/s, configurations with 9 VGs and fillet radii of 5 mm and 15 mm exhibit the lowest Cy values,
showing reductions of 0.4% and 0.98%, respectively, compared to the base model. Similarly, at a
speed of 33.33 m/s, configurations with 9 VGs and fillet radii of 5 mm and 15 mm demonstrate
reductions of 0.91% and 0.45% in Cq4, respectively, compared to the base model.

Furthermore, regarding flow structure, VGs effectively delay flow separation. Configurations with
9 VGs on an SUV car show an increased distance of the higher-pressure region from the rear, resulting
in lower rear pressure compared to configurations with 3 and 5 VGs. This pressure distribution
directly influences aerodynamic load, highlighting the importance of reducing turbulence to decrease
drag and emphasizing the interconnectedness of aerodynamic drag, turbulence, and airflow patterns.
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Overall, the configuration of 9 VGs with a fillet radius of 5 mm emerges as the optimal choice for
achieving efficient aerodynamic flows, consistently yielding the lowest Cy values compared to the
base model.
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