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ABSTRACT: The configuration of a spoiler plays a crucial role in the aerodynamics of a vehicle. In particular,
investigating the impact of spoiler design on aerodynamic performance is essential for effectively reducing drag
and optimizing efficiency. This study focuses on the 35○ Ahmed body as the test model and examines six different
spoiler types mounted on its slant surface. Using the Lattice Boltzmann Method (LBM) in XFlow and the Large Eddy
Simulation (LES) technique, the aerodynamic effects of these spoilers were analyzed. The numerical approach was
validated against published experimental data. Results indicate that aerodynamic drag is strongly influenced by the
spoiler’s opening area, with certain configurations achieving a drag reduction as high as 6.5%. This configuration
effectively suppresses airflow separation in the wake of the Ahmed body, reducing the formation of separation bubbles
on the slant surface and enhancing pressure recovery on both the slant and base regions. The observed pressure recovery
is attributed to the reduction in vortex loop breadth and length.

KEYWORDS: Ahmed model; aerodynamics behavior; spoiler configuration; flow characteristic; lattice Boltz-
mann method

1 Introduction
In recent years, the escalating global energy crisis has coincided with a sustained increase in automo-

bile numbers worldwide. Consequently, vehicle energy consumption has markedly increased, prompting
governments and consumers to emphasize fuel efficiency and implement increasingly stringent automotive
fuel economy standards. Empirical studies demonstrate that 10% reduction in aerodynamic drag can yield
2%–3% fuel economy improvement in automotive applications [1]. This correlation has driven extensive
investigations into flow separation mechanisms and vortex dynamics through representative vehicle models.
Due to the inherent geometric complexities of production vehicles, the Ahmed body has become a widely
recognized benchmark geometry for systematic automotive aerodynamic analysis [2–5]. Its simplified con-
figuration facilitates fundamental investigations into three critical aerodynamic phenomena: flow separation
patterns, wake characteristics, and drag reduction strategies.

Comprehensive experimental and computational fluid dynamics (CFD) investigations have elucidated
the pivotal role of the rear slant angle (α) in shaping wake morphology. For α < 12.5○, attached flow along
the slanted surface generates coherent wake vortices, specifically counter-rotating longitudinal vortex pairs,
which dominate the overall flow topology [6]. Transitional flow regimes (12.5○ < α < 30○) exhibit significant
pressure reduction effects, causing the drag coefficient to increase by approximately 50% compared to
the zero-slant configuration as α approaches 30○ [7]. Beyond the critical threshold at α = 30○, complete
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flow separation occurs at the upper edge, resulting in uniform pressure distributions across the rear
surfaces and suppression of typical counter-rotating vortex structures [8]. This distinct flow regime produces
characteristic flow structures, including turbulent separation bubbles along the slant surface, longitudinal
vortices adjacent to the slant edges, and recirculation zones at the base, all significantly contributing to the
overall aerodynamic drag.

As shown in Fig. 1, the wake flow behind the Ahmed model is highly complex, necessitating the use
of an appropriate numerical analysis method. The size of the recirculation zone directly influences the
aerodynamic drag. Therefore, controlling this region is a critical factor in the development and optimization
of flow control systems [9]. Han [10] conducted simulations of the Ahmed body using an incompressible
turbulence model and found that the k-ε turbulence model underestimated the base pressure. Makowski
and Kim [11] applied the Reynolds-Averaged Navier-Stokes (RANS) equations to simulate the Ahmed
body. They analyzed in detail the effects of the turbulence model, meshing, and flow structure on the
Ahmed body. Guilmineau [12] reported that the RANS model accurately predicted the flow behavior
around the 35○ Ahmed model due to its predominantly two-dimensional characteristics. Therefore, the
prediction of the flow behavior was accurate. However, the 25○ Ahmed model exhibits three-dimensional
flow behavior, and the RANS model failed to capture wake reattachment accurately. Igali et al. [13] argued
that the RANS model can accurately predict complex three-dimensional flows on the Ahmed body when
combined with refined meshing and appropriate discretization schemes. This was demonstrated using
RANS combined with various turbulence models, among which the SST k-ω model yielded the most
accurate results. Furthermore, Tian et al. [14] applied the RANS approach with the SST k-ω turbulence
model and achieved excellent agreement with experimental data for the Ahmed body. Moreover, numerous
investigations utilizing Unsteady Reynolds-averaged Navier-Stokes equations (URANS) had been conducted
on the Ahmed body [15,16]. In summary, conventional numerical methods such as finite volume and
finite element approaches when applied to the Navier-Stokes equations, face limitations including meshing
uncertainty, empirical turbulence modeling, nonlinear convection term handling, and reliance on artificial
stability parameters. These limitations result in engineers being unable to accurately model real systems and
relying on simplified models and approximations. These methods are time-consuming and not applicable to
moving parts and are often limited to steady-state analyses, ignoring transient dynamics [17,18]. Large eddy
simulation (LES) can accurately resolve unstable largescale turbulent dynamics. Nevertheless, the approach
is frequently impractical in computing due to its stringent grid resolution demand in the vicinity of the
wall [19]. The lattice Boltzmann method (LBM) considers the movement and interaction of fluid particles
at a mesoscopic scale, offering the potential for studying disconnected unstable flows [20]. Recently, Zhou
et al. [21] applied the LBM-LES method, which proved effective in resolving unsteady large-scale turbulent
flows. Therefore, this study employs the LBM-LES approach to investigate the aerodynamic characteristics
of the Ahmed body equipped with various spoiler configurations.

In the Ahmed body wake, pressure drag primarily arises from flow separation mechanisms, specifically
twin counter-rotating vortices along the slant edges and recirculating bubbles near the vertical base [22].
Previous studies have identified two main strategies for mitigating pressure drag in Ahmed body configura-
tions. The first strategy aims to prevent separation bubble formation by maintaining attached flow over the
slanted surface through the strategic placement of aerodynamic devices. Choi et al. [23] demonstrated that
placing cylindrical elements upstream of the separation line effectively suppresses bubble formation, thereby
reducing aerodynamic drag. The complementary strategy focuses on weakening the longitudinal vortices
originating from the slant-edge boundaries, as these vortices are key contributors to pressure differential and
drag generation [24–26]. Empirical comparisons between passive and active flow control systems reveal that
passive devices achieve superior drag reduction performance. Beaudoin and Aider [27] reported a 25% drag
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reduction on a 30○ Ahmed body using rectangular spoilers, whereas Fourrié et al. [28] documented a 9%
drag reduction using similar configurations. Subsequent parametric studies by Tian et al. [14] demonstrated
angle dependent effectiveness, yielding 21.2% drag reduction for 25○ Ahmed models compared to 6% for
35○ configurations. Comparative evaluations of spoiler geometries (rectangular, elliptical, triangular) on
commercial vehicle analogs showed maximum drag reduction of 11.1% for elliptical profiles, with other
configurations achieving 6% drag reduction [29]. These findings are further supported by Ha et al. [30],
who achieved a 5.6% drag reduction with optimized flap geometries on pickups, and Cheng et al. [31], who
reported a 10.7% drag reduction using variable-angle spoilers on hatchbacks.

Figure 1: Flow structure in the rear of the Ahmed body and the changes in the drag coefficient for various slant angles [2]

Existing literature primarily focuses on geometric shape optimization, while critical parameters such
as spoiler opening areas remain largely unexplored—an important oversight considering the growing use
of perforated rear spoilers in full-size SUVs (Fig. 2) to improve aerodynamics. This gap significantly con-
strains the understanding of flow modification mechanisms in production-oriented aerodynamic designs.
Comprehensive analysis of opening area effects will enable systematic optimization of wake management
strategies, providing essential guidance for developing energy efficient vehicle aerodynamics solutions.
Our study specifically addresses this underexplored parameter by quantifying opening area dependent
flow interactions.

The paper is structured as follows: Section 2 details the Ahmed model geometry, the solver
methodology (LBM-LES), boundary conditions, and mesh generation. Section 3 validates the numerical
approach. Section 4 analyzes the simulation results, focusing on aerodynamics performance and flow
characteristics. Finally, Section 5 summarizes the conclusions.
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Figure 2: Different spoiler shapes for SUVs

2 Numerical Simulation

2.1 Geometry Model
The inherent complexity of surface geometries and structural details in full-scale vehicle models results

in considerable computational expenses during numerical simulations. To address this challenge, using
simplified aerodynamic prototypes has become an established methodological approach in automotive
research. Ahmed body has been widely adopted to investigate rear-end flow characteristics of passenger
vehicles. This configuration specifically targets the investigation of flow separation phenomena in the wake
region, which generates significant pressure drag—the primary contributor to total aerodynamic resistance.
This study adopts the classic Ahmed model with a 35○ rear slant angle (illustrated in Fig. 3). The baseline
dimensions are configured as follows: four cylindrical underbody supports with radius 15 mm and height 50
mm, along with a front-end rounding radius of 100 mm.

Figure 3: Sizes of Ahmed body in unit mm

2.2 Spoiler Parameters
Six spoiler configurations with varying opening areas were integrated onto the baseline Ahmed model.

As shown in Fig. 4, Case 2–Case 5, all four configurations have two symmetrical airflow inlets and outlets;
Case 1 has no opening, and Case 6 has a full opening. The spoiler’s angle to the slant surface is 25○ because
the spoiler has the best drag reduction at 25○ inclination [32]. The spoiler dimensions consist of a total
length of 389 mm, an upper-layer width of 46 mm, a lower-layer width of 38 mm, and a vertical spacing
of 5 mm between the two layers. This design allows refined airflow management to increase downforce and
reduce aerodynamics drag at high speeds. Table 1 summarizes the spoiler configurations, including their
visual representation, length, width, vertical spacing, and opening area across various operating conditions.
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Figure 4: Ahmed body has a 35○ slant angle detailed view with a hollow roof spoiler

Table 1: Six spoiler configurations

Model L (mm) D (mm) H (mm) Opening area (mm2) Visual
Base

Case 1 0 0 0 0

Case 2 97.25 15 77.80 2917.50

Case 3 97.25 30.50 77.80 5932.25

Case 4 127.25 30.50 77.80 7762.25

Case 5 155.00 30.50 22.30 9455.00

Case 6 325.35 36.50 0 11,904.50

2.3 Calculation Domain and Boundary Conditions
All Ahmed models were positioned within a rectangular computational domain for numerical simu-

lation. To minimize the influence of boundary layer effects on numerical calculations, the front end of the
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model was placed approximately 2.5 L from the domain’s inlet. In contrast, the rear end was positioned
4.5 L from the outlet. The computational domain dimensions were 8 × 103 mm × 3 × 103 mm × 3 × 103 mm
(L ×W ×H), as illustrated in Fig. 5. The projected area of the Ahmed model perpendicular to the YZ plane
was determined as S = 1.12 × 105 mm2, corresponding to a blockage ratio of 1.28%, satisfying computational
accuracy requirements. The boundary conditions used in the simulation are listed in Table 2. The total
simulation time was 0.6 s, with a frame frequency of 100 Hz. The simulated wind tunnel fluid material was set
to air, with a temperature of 288.15 K, a density of 1.225 kg/m3, a molecular weight of 28.996 u and a dynamic
viscosity of 1.7894 × 10−5 Pa⋅s.

Figure 5: The dimensions of the computational domain in unit mm

Table 2: Computational domain boundary condition setting

Boundary name Boundary conditions Remarks
Inlet Far-field velocity Ux = 40 (m/s)

Outlet Pressure outlet Pressure value is 0 (Pa)
Top Far-field velocity The speed is 0 (m/s)

Ground wall Wall The free-slip speed is 0 (m/s)
Ahmed body surface Wall The no-slip is 0 (m/s)

2.4 Numerical Methods
This study employs the Lattice Boltzmann Method (LBM) to characterize fluid particle dynamics on

a fixed computational grid using predefined discrete velocity sets. The LBM equation generally comprises
three key components: an evolution equation derived from the fluid particle distribution function, a lattice
structure, and a discrete velocity set. The lattice Boltzmann equation is represented as follows:

fi (x +
→
c l δt , t + δt) = fi (x , t) +Ω i ( f (x , t)) (1)

where →c l represents the separate velocity of particle. Ω i ( f (x , t)) represents the influence of particle
collisions on its velocity distribution. fi (x , t) represents the distribution function of particles moving with
a velocity magnitude equal to their discrete velocity in the direction at position x and time t.

In the Lattice Boltzmann Method (LBM), the macroscopic physical quantities of the fluid obtained by
the summation of discrete velocity distribution functions can be proved through the Chapman-Enskog [33]
multiscale expansion, and the LBM evolution equations strictly satisfy the conservation form of the Navier-
Stokes equations at the macroscopic scale:
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Mass conservation equation (continuity equation):

∂ρ
∂t
+∇ ⋅ (ρu) = 0 (2)

where ρ is fluid density, u is velocity vector field, ∇ is dispersion operator, t is time conservation of
momentum equation.

∂ (ρu)
∂t

+∇ ⋅ (ρu ⊗ u) = −∇p +∇ ⋅ τ (3)

where ⊗ is tensor outer product, ∇p is pressure gradient term, τ is the viscous stress tensor which depends
on the dynamic viscosity μ.

The Large Eddy Simulation (LES) method used in XFlow is based on the control equations obtained
by spatially filtering the original Navier-Stokes equations. After filtering, the basic form of the momentum
equations can be expressed as follows:

∂ui

∂t
+ u j

∂ui

∂x j
= − 1

ρ
∂p
∂xi
+ ν ∂2ui

∂x2
j
−

∂τSGS
i j

∂x j
(4)

Meanwhile, for incompressible flow, the continuity equation can be expressed as follows:

∂ui

∂xi
= 0 (5)

where ui and p represent the filtered velocity and pressure fields, respectively, ρ is fluid density, ν is kinetic
viscosity, ∂τSGS

i j indicates that only sub-grid scale contributions are included.
Incorporating the Large Eddy Simulation (LES) turbulence model into the Lattice Boltzmann Method

(LBM) does not alter the form of the distribution function for the large eddies. It allows for the calculation
of the influence of small eddies on large-scale eddies using the sub-grid scale (SGS) turbulence model. The
introduction of the sub-grid scale viscosity coefficient in Large Eddy Simulation (LES) allows for modeling
the effect of smaller-scale turbulence on the larger eddies [34,35].

vt = ((CS Δ)2 ∥ϖ∥) (6)

where CS is the model constant, Δ is the filter scale, ∥ϖ∥ is the model operator.
The above equation selects the wall-adapting local eddy-viscosity (WALE) model to simulate sublattice

turbulence. This model is suitable for complex turbulence simulation [36] and can better reflect the changing
law of the eddy-viscosity coefficient in the near-wall region and the constant of the WALE model. CS is 0.2
by default. The model operator is as follows [37].

∥ϖ∥ =
(Sd

αβ Sd
αβ)

3/2

(Sd
αβ Sd

αβ)
5/2
+ (Sd

αβ Sd
αβ)

5/4 (7)

Sαβ =
1
2
(∂uα

∂xβ
+

∂uβ

∂xα
) Sαβ (8)

Sd
αβ =

1
2
(g2

αβ + g2
βα) −

1
3

δαβ g2
rr (9)
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gαβ =
∂uα

∂uβ
(10)

where Sαβ denotes the trace symmetric part of the square of the velocity gradient tensor; Sd
αβ denotes the

resolvable scale strain rate tensor; δαβ denotes the Kronecker notation; and gαβ denotes the internal energy
density distribution strike, all of which are tensor subscripts.

The nonequilibrium-enhanced wall function is also utilized, providing an improved wall treatment
method that accounts for local pressure gradient effects when solving boundary layer physics. This approach
helps capture the non-equilibrium effects of near-wall flow, which can effectively improve the simulation
accuracy. Based on Ux = 40 m/s and the H of the Ahmed body, with a Reynolds number of about 2.78 × 106

and the simulation time of 0.6 s, XFlow can automatically calculate the time step DT = 1.35 × 10−4 s to ensure
the stability of the numerical model.

2.5 Grid Generation
XFlow employs adaptive mesh technology, enabling automatic mesh refinement in response to local

flow-field features and geometric details. This approach allows finer meshes in critical regions to accurately
resolve intricate flow structures, while coarser meshes are applied in less critical regions to optimize
computational efficiency.

In XFlow, adaptive mesh refinement leverages the vorticity field scale to effectively capture fluctuations
in the wake and near-wall regions. Mesh resolution, defining local mesh size, is critical for ensuring numerical
simulation reliability. Typically, three distinct resolution levels far-field, near-wall, and wake resolutions—
are required for accurate flow field calculations, as depicted in Fig. 6. In the three mesh schemes, the
far-field resolution is set to h = 0.08 m, while the near-wall and wake resolutions are 0.01, 0.005, and
0.0025 m, respectively.

Figure 6: Coarse, medium, and fine grids

Fig. 7a presents the front section of the Ahmad body modeled with a fine mesh; Fig. 7b displays the
trailing mesh around the Ahmed body. Fig. 7c,d provides localized, magnified views of the mesh around the
spoiler region. Given the complex flow dynamics in the body and wake regions, four refinement regions,
labeled Region 1 to Region 4 are defined, as illustrated in Fig. 8. The mesh resolution settings for the model
surface and refined zones are summarized in Table 3.
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Figure 7: Mesh diagrams of different regions of Ahmed body: (a) Front view. (b) Rear view. (c) Side view. (d) Top view

Figure 8: Mesh view of different regions around Ahmed’s body: (a) Side view; (b) Top view

Table 3: Resolution of the three grid schemes

Grid Far-field resolution Near-wall resolution Wake resolution Region—1, 2, 3, 4 resolution
Coarse 0.08 m 0.01 0.01 0.04, 0.02, 0.01, 0.005

Medium 0.08 m 0.005 0.005 0.02, 0.01, 0.005, 0.0025
Fine 0.08 m 0.0025 0.0025 0.02, 0.01, 0.005, 0.00125

3 Numerical Validation
Fig. 9a demonstrates substantial fluctuations in the drag coefficients for the three resolutions during

the initial stage of the simulation. As the simulation progresses, the drag coefficients gradually converge and
stabilizes after 0.3 s. Additionally, Fig. 9a indicates that the simulation results for the medium and fine grids
are closely aligned. To further analyze the results, the average drag coefficients between 0.3 and 0.6 s were
computed and compared with published data, as summarized in Table 4. The drag coefficients obtained in
this study are consistent with the empirical values reported by Meile et al. [38], demonstrating agreement with
previous research. Moreover, the errors for the coarse, medium, and fine resolutions were 14.69%, 1.43%, and
2.86%, respectively, as illustrated in Fig. 9b. Notably, the medium grid exhibited the lowest numerical error.
As the resolution was further refined, the number of particles and simulation time increased significantly,
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while the variation in the drag coefficient remained minimal. Therefore, the medium-resolution mesh is
recommended for subsequent stages of the simulation.

Figure 9: Comparison of three mesh schemes, coarse, medium, and fine: (a) Time progression of aerodynamic drag
coefficients; (b) Comparison of the number of lattice nodes for aerodynamics drag

Table 4: Drag coefficient validation with the existing results

Reference Method Drag coefficient Accuracy %
Guilmineau [12] CFD Simulation 0.313 12.2%
Tian et al. [14] CFD Simulation 0.292 4.7%

Siddiqui et al. [32] CFD Simulation 0.271 2.9%
Meile et al. [38] Experiment 0.279 Base

Mohammadikalakoo et al. [39] CFD Simulation 0.269 3.1%
Present study CFD Simulation 0.274 1.4%

The medium resolution was employed to further validate the accuracy of the numerical method. The
time averaged streamwise velocity field in the x-direction, obtained from simulating the flow around the
rear slant of the Ahmed body, was compared with experimental measurements by Meile et al. [38]. As
shown in Fig. 10, the velocity distributions from the simulation and the experiments showed good agreement.
However, slight discrepancies were observed between the simulation and experimental values in regions with
large velocity gradients. Although the velocity directions at each point matched the experimental data, small
differences in velocity magnitude were noted. Overall, these minor deviations were deemed acceptable.
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Figure 10: Comparison of simulated and experimental Streamwise velocity of Ahmed’s body

4 Results and Discussion

4.1 Aerodynamics Drag
Fig. 11 presents the aerodynamic drag coefficients and corresponding drag reduction rates for various

spoiler configurations. The baseline model, indicated by the red line, serves as a reference for comparison.
The results reveal that Case 2 achieved a drag coefficient of 0.261 and a drag reduction rate of 6.5% compared
to the baseline. In contrast, Cases 4 and 6 produced higher drag coefficients of 0.281 and 0.286, representing
increases of 0.7% and 2.5%, respectively. Additionally, Fig. 12 illustrates the relationship between the spoiler
opening area and drag reduction rate, revealing an initial upward trend in drag reduction as the opening
area increased, followed by a peak and subsequent decline. Subsequently, the drag reduction rate increased
again as the opening area was further increased, failing to reach the initial peak and decreasing again as the
opening area continued to increase. These fluctuations in drag reduction suggest that modifying the spoiler
opening area can enhance wake flow within a specific operational range. Still, beyond this range, it could
result in a reversal of the effect and an increase in drag instead.

Figure 11: Drag coefficient for each spoiler configuration
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Figure 12: Drag reduction for each opening area

Fig. 13 presents the average pressure distributions along the top and bottom centerlines of the Ahmed
body. In Fig. 13a, upper surface pressures on all Ahmed models were similar, with consistent trends despite
minor fluctuations. Significant differences existed on the slant of the Ahmed model. The local magnification
in Fig. 13b revealed that surface pressure coefficients for Case 1 and Case 2 were highest in the 0.9–1 interval
and on the model’s slant, while Case 6 was lowest. Fig. 13c illustrates the flow conditions at the bottom
of the Ahmed body, where trends were generally consistent across all conditions. Although variations in
spoiler opening area had minimal influence on the front half, they substantially impacted flow conditions
at the rear half, resulting in significant differences in bottom-surface pressure distributions. Specifically, the
Base model exhibited the highest rear-bottom surface pressure, whereas Case 2 showed the lowest pressure
values. This observation suggests that spoiler structures with varying opening areas significantly influence
flow conditions around the rear of the Ahmed model.

Figure 13: Average Cp values from the center line of the model: (a) the top; (b) the enlarged image; (c) the bottom

4.2 Analysis of the Flow Field around the Ahmed Model
Fig. 14 presents the time-averaged flow velocity on the ZY plane at X = 0 m for each investigated

condition. A pair of symmetric drag vortices can be observed in all model wake streams. As shown in Fig. 14,
the structural distributions of the drag vortices corresponding to Cases 3, 4, and Case 6 were all almost
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identical to those of Base. Cases 1 and 2 had a more obvious difference with the Base model. The range of
the trailing vortex became larger. Nevertheless, the velocity at the vortex center was substantially lower, and
the trailing vortex strength for Cases 1 and 2 was notably weaker than the Base model. The reduced trailing
vortex strength contributed to lowering the overall drag coefficient.

Figure 14: Time-averaged velocity distribution on plane ZY at X = 0 m

Fig. 15 shows the velocity distribution in the Y = 0.1 m plane for each Case. We can see that the low-
velocity region at the upper end of the slant surface of the model in the Case 2 condition was significantly
reduced. Especially, the sweeping velocity under the Case 2 flow was significantly increased, which meant
that the obstruction of the airflow into the slant surface was reduced after the spoiler with a suitable opening
area was installed, and it also facilitated the airflow out of the opening. Additionally, the wake velocity of
the optimized model increased slightly, indicating enhanced airflow into the wake region, thereby injecting
additional kinetic energy, elevating its velocity, improving wake structure, and consequently reducing
aerodynamic drag in Case 2. Cases 3 and 4 had improved tail flow structure compared to the Base, but the
effect was less obvious than in Case 2.

The Q-criterion is a second invariant tensor based on the velocity gradient that identifies the 3D vortex
structure and distribution around the Ahmed model, defined as follows [40]:

Q = 1
2
(∣∣Ω i j

2∣∣ − ∣∣Si j
2∣∣) (11)

where Ωij is the rotation tensor and Sij is the strain rate tensor; Ωij and Sij are rotation and deformation of
the flow field, respectively.

Fig. 16 illustrates the vortex structures in the wake regions of the Ahmed model for various spoiler
configurations. The wake of the Ahmed model is characterized by a vortex structure composed of three
primary components: a separation bubble on the slant surface, following vortices on the sides of the slant
top, and a recirculation zone at the bottom of the vertical surface [41]. As shown in Case 2, incorporating
a spoiler with an appropriately sized opening area at the rear of the Ahmed model elongated the vortices
formed by shear layers along the lateral edges of the slant under the downstream suction effect, facilitating
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the dissipation of wake energy and suppressing the formation of separation bubbles on the slant surface and
recirculation zone. Consequently, this increased the slant surface pressure, consistent with Fig. 13, thereby
substantially reducing the aerodynamic drag coefficient. In Cases 4 and 6, due to reduced airflow entering
the region above the slant surface resulting from the spoiler configuration, the intensity of trailing vortices
along the slant edges was diminished. Under the influence of wall viscosity, the lower slant region’s capacity
to resist adverse pressure gradients decreased, resulting in increased flow separation vortices on the slant
surface and subsequently leading to an increased aerodynamic drag coefficient.

Figure 15: Comparison of the velocity distribution in the Y = 0.1 m plane

Figure 16: Velocity contour on iso-surfaces of Q = 60,000

The iso-surfaces of the total pressure coefficient (CTP) effectively characterize vortex structures within
the flow field. The iso-surfaces with CTP = 0 for the Ahmed model with spoiler of different opening area are
shown in Fig. 17. The wake vortex area was larger for the Base and Case 6 configurations. However, in Cases 1
and 2, the wake vortex area at the model’s rear was smaller, indicating that the flow separation at the rear end
of the Ahmed model has been improved. In contrast, Cases 3 and 5 showed some reduction in wake vortex
area, but not as significantly as Cases 1 and 2. Thus, their drag reduction effects were less pronounced than
those in Cases 1 and 2.
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Figure 17: Iso-surfaces of CTP = 0

To analyze the influence of spoiler configurations on wake flow distributions, Fig. 18 presents the time-
averaged streamlines on the central symmetry plane of the Ahmed model. As demonstrated in Fig. 18, the
wake structure of the Ahmed model is mainly composed of a pair of rotating vortices V1 and V2, and a
separation bubble induced by V1. From Cases 1 and 2, it could be observed that the V2 vortex core setback
and the scale of vortex V1 decreased and moved backward, which played a positive role in the surface pressure
recovery at the slant surface and the base and thus reduced the aerodynamics drag of the model. At the same
time, the vortex above the slant was significantly reduced and tilted backward towards the slant. The increase
of the wash flow along the slant also strengthened the interaction with the airflow through the bottom of
the Ahmed model, resulting in a slow increase of the vortex at the bottom of the model. In Case 6, the
vortex V2 increased significantly, and the Vortex core forwarded. This intensified vortex activity increased
aerodynamic drag, indicating that this configuration failed to effectively suppress wake flow separation,
instead exacerbating energy dissipation and instability in the wake region.

Figure 18: Time-averaged streamline distributions streamline in the symmetry planes

4.3 Ahmed Body Surface Pressure Coefficient
The flow separation occurring at the rear of the model impacts the distribution of the surface pressure

coefficient, which is an important factor causing pressure difference drag between the front and rear of
the model. The surface pressure at the rear of the model directly relates to the pressure difference drag of
the entire Ahmed body, and the distribution of the surface pressure coefficient under various conditions is
shown in Fig. 19. In all conditions, the distribution of the average pressure coefficient on the front surface
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of the model was the same, generating positive pressure under the influence of the airflow. As the airflow
flowed along the Ahmed model, the surface pressure on the body significantly decreased, resulting in a
large area of negative pressure, followed by a gradual increase in surface pressure. Changed occur at the
end of the roof, with the lowest surface pressure on the spoiler surfaces in Cases 1 and 2, while the average
pressure near the slant increases. This occurred because the spoilers altered airflow at the Ahmed body’s
rear, inducing a larger low-pressure region on the slant’s trailing edge surfaces. Simultaneously, the spoilers
increase airflow kinetic energy over the slant, enhancing the boundary layer’s resistance to adverse pressure
gradients. Consequently, static pressure on both the slant surface and base increases, improving rear-end
pressure recovery and effectively reducing the overall aerodynamic drag coefficient. As the spoiler opening
area increased, the surface pressure on the slant and base of the Ahmed model decreased in Cases 4 and 6
compared to the base condition, increasing the overall aerodynamics drag coefficient.

Figure 19: Average surface pressure coefficient of Ahmad body: (a) the base and (b) the upper

The measurement of model surface pressure coefficients is conducted on the rear vertical surface of
Ahmed body symmetry plane, as indicated in Fig. 20a. For analytical convenience, dimensionless coordi-
nates were adopted. The vertical axis represents the ratio of the measurement point height (Y) to the vehicle
height (H), while the horizontal axis represents the pressure coefficient, as shown in Fig. 20b. Due to flow
separation in the wake, there was a large region of low pressure, resulting in negative values for the overall rear
surface pressure coefficients. Compared to the Base model, Cases 1 and 2 exhibited higher surface pressure
coefficients on both the rear and the slant surfaces. This indicated that installing the spoiler configuration
benefited pressure recovery on the model’s slant and base, yielding the best drag reduction effect. Conversely,
Cases 4 and 6 exhibited lower surface pressures on the slant and rear surfaces relative to the Base model,
leading to increased pressure drag and consequently elevating the overall aerodynamic drag coefficient.
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Figure 20: Comparison of the Cp located the rear: (a) Ahmed body symmetry plane; (b) Pressure coefficient

5 Conclusion
This study analyzes the impact of the spoiler with varying opening areas on the aerodynamics charac-

teristics of a 35○Ahmed model. A combined method of LES and LBM is employed to explore their impact on
the flow field and aerodynamics characteristics. The analysis includes aerodynamics drag, surface pressure
distribution, flow structure at the back of the Ahmed model, velocity, vorticity, and pressure iso-surface
distributions. The conclusions are summarized as follows:

(1) As the size of the spoiler opening area grows, the reduction in drag initially exhibits an upward
trend, reaches a peak, and then decreases, and then the drag reduction rate picks up again when the
opening area is further increased, fails to reach the initial peak, and decreases with further increase in
the opening area. The relationship between the opening area and modeled resistance was nonlinear;
compared to the Base case, Case 2 exhibits the smallest drag coefficient, achieving a 6.5% reduction,
while Case 6 shows the highest drag coefficient, with a 2.5% increase.

(2) Appropriately enlarging the spoiler opening area can lower the velocity and intensity of drag vortex
center airflow, thereby reducing separation vortices near the Ahmed rear. It also enhances the airflow
speed below the vehicle, aiding in the recovery of surface pressure on the slant and base, thus reducing
pressure drag. However, further enlarging the spoiler openings leads to the opposite effect.

(3) The vortex structure at the rear of the Ahmed model is significantly influenced by the spoiler
configuration, exhibiting notable differences between the model’s rear and slant. In Case 2, the drag
vortices extend along both sides of the slant, suppressing the formation of separation vortices on the
slant surface and reducing the area of the base vortex. The scale of vortex V1 decreases, and vortex V1,
V2 move backward, thereby ameliorating flow separation at the model’s rear.
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