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three free-stream velocities: 30 m/s, 60 m/s, and 90 m/s, representing low, medium,
and high-speed driving conditions. The primary objectives are to evaluate drag force,
drag coefficient, pressure distribution, velocity contours, and wake structure for both
configurations. All simulations are performed under steady, incompressible flow
conditions using the finite volume method. A grid independence test is conducted to
ensure numerical reliability, and identical solver settings are applied to all cases for fair
comparison. The results demonstrate that the presence of a rear spoiler significantly
alters the wake structure, reduces flow separation, and lowers aerodynamic drag at
higher velocities. At 90 m/s, the car model with spoiler shows the greatest drag
reduction compared to the baseline configuration. The findings confirm that

Keywords: aerodynamic appendages such as spoilers become increasingly effective as vehicle
Aerodynamic drag; CFD; car body; speed increases and provide valuable insights for preliminary vehicle aerodynamic
spoiler; wake flow; drag coefficient design.

1. Introduction

Aerodynamic drag is one of the most significant resistive forces acting on road vehicles,
particularly at moderate to high speeds where aerodynamic losses dominate over rolling resistance
[1],[2]. As vehicle velocity increases, drag force rises quadratically, leading to increased fuel
consumption, reduced top speed, and higher emissions [3]. Consequently, improving vehicle
aerodynamic performance has become a critical objective in modern automotive engineering and
sustainable vehicle design [4]. The primary contributor to aerodynamic drag in passenger vehicles is
pressure drag, which arises from flow separation and the formation of a low-pressure wake region
behind the vehicle [5]. Simplified bluff-body geometries have been widely used to study these
phenomena, as they capture the essential flow physics while reducing geometric complexity [6],[7].
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Experimental and numerical investigations consistently show that wake size, recirculation strength,
and pressure recovery strongly influence the overall drag coefficient [8].

Aerodynamic devices such as rear spoilers are commonly introduced to manipulate flow
separation, modify wake structures, and improve pressure recovery at the vehicle rear [9]. Although
spoilers are traditionally associated with increased downforce in high-performance vehicles, several
studies have demonstrated that appropriately designed spoilers can also reduce drag under certain
operating conditions [10],[11]. Their effectiveness, however, is highly dependent on vehicle speed,
geometry, and spoiler configuration [12].

Computational Fluid Dynamics (CFD) has emerged as a reliable and cost-effective tool for
analysing external vehicle aerodynamics [13]. Compared to wind tunnel testing, CFD enables detailed
visualization of velocity fields, pressure distributions, and turbulent structures across a wide range of
operating conditions [14]. Numerous studies have validated CFD predictions of automotive drag
coefficients against experimental data, particularly for simplified car models [15],[16]. Previous CFD
investigations have examined the effects of rear-end geometry modifications, including diffusers,
spoilers, and truncated tails, on aerodynamic performance [17]. However, many studies focus on a
single operating speed, which limits understanding of how aerodynamic devices perform across
different driving regimes [18]. Since aerodynamic forces scale strongly with velocity, evaluating
performance at multiple speeds is essential for realistic vehicle assessment [19].

Therefore, the present study conducts a comparative CFD analysis of a simplified car body with
and without a rear spoiler at three free-stream velocities: 30 m/s, 60 m/s, and 90 m/s. The analysis
focuses on velocity contours, turbulence kinetic energy and streamline analysis. By maintaining
identical numerical settings across all cases, this work aims to clearly isolate the aerodynamic
influence of the rear spoiler and provide insight into its speed-dependent effectiveness [20].

2. Methodology
2.1 Detailed Design of Simplified Car with and without Spoiler

A simplified three-dimensional car body geometry was used to represent a generic passenger
vehicle. The model consists of a smooth frontal surface, a streamlined roof, and a truncated rear end
to promote flow separation typical of real vehicles. Two configurations were analysed:

e Case A: Car body without spoiler
e Case B: Car body with rear spoiler
The spoiler was mounted at the trailing edge of the roof with a fixed angle relative to the

horizontal plane. The overall dimensions of the car body were kept identical for both cases to ensure
that any observed aerodynamic differences were solely due to the presence of the spoiler. The car
model was placed inside a rectangular computational wind tunnel domain, extending sufficiently
upstream, downstream, and laterally to avoid blockage effects and artificial boundary interference.
Figure 1 show the geometry of the simplified car both with and without spoiler.
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(b)
Fig. 1. Geometry of simplified car (a) With spoiler (b) Without spoiler

2.2 Mesh Development

The computational domain was discretized using an unstructured tetrahedral mesh with local
refinement near the car surface and wake region. Inflation layers were applied on the car body and
spoiler surfaces to accurately capture boundary layer behaviour and wall shear effects. Finer mesh
resolution was imposed at critical regions, including:

e Front stagnation zone
e Roof and rear surfaces
e Wake and recirculation region behind the vehicle
A grid independence test was conducted using three mesh densities. Drag coefficient values were
monitored, and the mesh was considered independent when variations between successive
refinements were below 2%. Figure 2 show the mesh of the model.

(a) (b)
Fig. 2. Mesh of simplified car (a) Fluid domain (b) Detailed mesh

2.3 Governing Equation and Turbulence Modelling

The simulations solve the steady-state incompressible Navier—Stokes equations. The continuity
equation is given by:

V-V=0 (1)
The momentum equation is expressed as:

p(V -V = —Vp + uv2v (2)
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Due to the high Reynolds number associated with vehicle aerodynamics, the standard k—¢
turbulence model was employed. This model offers a good compromise between accuracy and

computational efficiency and is widely validated for external aerodynamic flows [9]. The Reynolds
number is defined as:

Re = — (3)

where L is the characteristic vehicle length.
2.4 Boundary Conditions

A uniform velocity inlet was applied at the front of the computational domain with velocities of
30 m/s, 60 m/s, and 90 m/s. The outlet was defined as a pressure outlet with zero-gauge pressure.
Symmetry conditions were applied to the side walls and top surface, while a no-slip condition was
imposed on the ground and vehicle surfaces. The SIMPLE algorithm was used for pressure—velocity
coupling. Second-order upwind schemes were employed for momentum and turbulence equations.
Convergence was achieved when all residuals dropped below 1x107® and drag force values stabilized.

3. Results
3.1 Velocity Contour

Velocity contour plots (Figures 3 and 4) are used to illustrate the flow field around the simplified
car body at different speeds. For the baseline configuration (without spoiler), a large low-velocity
wake region forms behind the vehicle, which increases in size and intensity as velocity increases from
30 m/s to 90 m/s. The spoiler-equipped model shows a reduction in wake size, particularly at higher
speeds, indicating improved flow guidance at the rear.
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Fig. 3. Velocity vector of simplified car without spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
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Fig. 4. Velocity vector of simplified car with spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
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3.2 Turbulence Kinetic Energy Distribution

Turbulence kinetic energy contours (Figures 5 and 6) reveal the intensity of turbulent fluctuations
within the wake region. The car without a spoiler exhibits high TKE values immediately behind the
rear surface, corresponding to strong flow separation and recirculation. The presence of a rear spoiler
reduces peak TKE levels and shifts turbulent structures further downstream, especially at 60 m/s and
90 m/s, demonstrating a stabilising effect on the wake.
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Fig. 5. Turbulence kinetic energy of simplified car without spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
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Fig. 6. Turbulence kinetic energy of simplified car with spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
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3.3 Streamline Analysis

Streamline visualisations provide insight into the overall flow organisation around the car body
(Figures 7 and 8). In the absence of a spoiler, streamlines separate sharply at the rear edge, forming
large recirculation zones. With the spoiler installed, streamlines remain attached for a longer distance
before separation, producing a narrower and more coherent wake. The improvement in flow
attachment becomes more pronounced as vehicle speed increases.
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Fig. 7. Streamline of simplified car without spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
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Fig. 8. Streamline of simplified car with spoiler at speed (a) 30 m/s (b) 60 m/s (c) 90 m/s
4. Conclusions

This CFD study investigated the aerodynamic drag characteristics of a simplified car body with
and without a rear spoiler at velocities of 30 m/s, 60 m/s, and 90 m/s. The results demonstrate that
aerodynamic drag increases rapidly with speed for both configurations. However, the spoiler
significantly improves aerodynamic performance at higher velocities by modifying flow separation
and reducing wake size. At low speed (30 m/s), the spoiler effect is minimal. At medium and high
speeds (60 m/s and 90 m/s), the spoiler reduces drag coefficient and improves pressure recovery.
These findings confirm that spoilers are most effective in high-speed conditions and provide valuable
guidance for early-stage vehicle aerodynamic design.
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