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 A B S T R A C T

Drag measurements were performed over an Ahmed body with a 25-degree slant angle modified with rigid 
deflectors at the top rear edge. Experiments were conducted on both a wind tunnel and a towing water tank in 
the range of Reynolds numbers based on the height 𝑅𝑒𝐻 = 30×103−170×103. In the wind tunnel experiments, 
drag measurements were acquired at two ground clearances: a nominal height, and a larger distance 14 times 
the nominal one to minimize the ground effect. The inclusion of a deflector with an inclination in the range of 
𝛼 = [−8◦,−4◦] decreases the drag coefficient by up to 27% over the base case without deflector. Furthermore, 
an analytical correlation was developed to predict the drag coefficient as a function of Reynolds and deflector 
angle for each ground clearance. Additional 2D-PIV measurements obtained in the towing tank confirmed that 
the circulation of the C-vortex is significantly reduced compared to the base case. These results demonstrate 
that the observed drag reduction is primarily associated with a weakening of the induced wake structures.
1. Introduction

One of the main concerns in the design of all vehicles is reducing 
fuel or electricity consumption. To this end, the aerodynamic character-
istics of the vehicle must be improved, particularly the drag coefficient, 
as a lower value allows the vehicle to move more efficiently, especially 
at high speeds [1]. The Ahmed body [2] is commonly used as bench-
mark model in automotive aerodynamics since it reproduces a basic 
shape with geometrical relevance to heavy road vehicles [3,4]. Study-
ing this bluff body is of great scientific importance in terms of flow 
detachment at the vehicle rear, subsequent vortex generation under 
stable and unstable conditions, and wake-vortex decay in the near field 
downstream [5,6]. The Ahmed body has been extensively tested exper-
imentally for different inflow conditions mostly at very high Reynolds 
numbers 𝑅𝑒 ∼ (105−106). The experimental studies are complemented 
with computational simulations tests [4,7] with significative relevance 
in the validation of the turbulence models used [8–12].

In the original manuscript, the Ahmed body had an angle at the 
rear (𝜑) that could be zero (square back) or positive (slanted) [2]. 
In this first study, the evolution of 𝐶𝐷 with 𝜑 showed a gradual 
drag reduction and later an increase, reaching the minimum drag at 
𝜑𝑚𝑖𝑛 ≈ 12.5◦. However, there is no a unique 𝜑 value that clearly 
minimizes 𝐶𝐷, so there is an 𝜑 interval where 𝐶𝐷 variations are very 
subtle, 𝜑𝑚𝑖𝑛 ∈ [7◦, 13◦]. They also found a simultaneous high- and 

I This article is part of a Special issue entitled: ‘SFMC25 Adv. Fluid Mech.’ published in European Journal of Mechanics / B Fluids.
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low-drag at 𝜑 = 30◦. In general, square-back bodies (𝜑 = 0◦) have 
a simple, large recirculation wake, resulting in different wake flow 
characteristics, often experiencing a bistable wake state and different 
pressure distributions [13–19]. Conversely, slanted Ahmed bodies, and 
typically in the range 𝜑 ∈ [25◦ , 30◦) feature complex, three-dimensional 
vortex separation on the rear slope, leading to higher, angle-dependent 
drag [4–7,11,20,21].

For a nominal value of ground clearance and the rear slant angle of 
this study 𝜑 = 25◦, there is a small separation bubble on the slanted sur-
face, along with two longitudinal counter-rotating vortices (C-vortices), 
and two recirculation bubbles behind the vertical base. Experimental 
observations regarding the interaction between separation bubble on 
the slanted surface and C-vortices [5] show that the rear part separation 
zone appears to be more complex than previously found by Ahmed [2]. 
In particular, their observations showed that the central detached flow 
region is not closed but contains two separation foci, which slowly 
evacuate the fluid above the panel into the wake, see figure 14 in [5].

As mentioned above, the flow patterns at the rear and their rela-
tionship with aerodynamic characteristics are of particular engineering 
interest to reduce the drag coefficient. Therefore, for decades, there 
have been multiple studies focusing on reducing the drag [15,22,23]. 
To this end, researchers have been using the square back or slanted 
Ahmed model to apply different passive [24–26] and active flow con-
trol techniques [27–29], or even to achieve better performance by 
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combining these two strategies [15]. Most of these techniques address 
the significant flow separation that occurs at the rear of a ground 
vehicle. The aforementioned flow structures are the main causes of the 
onset of drag sources: separation and recirculation bubbles cause the 
pressure to drop at the rear, while C-vortices are a source of induced 
drag [1]. Focusing on passive control, rear flexible flaps [26,30] and 
solid deflectors [23,27] have been used to reduce drag force in different 
topologies of Ahmed models.

Although deflectors of various sizes and locations have been tested 
across a range of incident speeds, there is no information about how 
the ground effect affects their use. Our work is motivated by this 
lack of information. A summary of all experimental data for a slanted 
Ahmed body at a nominal ground clearance with deflectors of different 
lengths and locations can be found in [23]. However, there are large 
differences for the same type of deflector at the beginning of the slanted 
surface of the Ahmed model, with drag reductions ranging from 9% 
at 𝜑 = 25◦ [31] to 25% at 𝜑 = 30◦ [3] within the same range of 
𝑅𝑒 ∼ (105 − 106). For a slanted Ahmed body of 𝜑 = 25◦ and nominal 
clearance, steady RANS simulations also offered good agreement with 
experiments [3] for the optimal deflector angle close to 𝛼 ≃ −5◦ [32]. 
This result is in excellent agreement with other experimental evidence 
showing that the drag dramatically decreases at angles above 𝛼 ≃
−5◦ [23]. This 𝛼 value is equivalent to 𝜑 = 5◦, which is close to the 
minimum drag value 𝜑𝑚𝑖𝑛. However, the two configurations (with and 
without deflector) are not the same because (i) the deflector never has 
a rear length 𝑙 and (ii) there is a cavity between the deflector underside 
and the top of the slanted area at the rear.

Additionally to the incoming flow conditions, the influence of the 
ground clearance is also relevant in the flow behavior. For example, 
the variation in the nominal ground clearance of a square-back Ahmed 
body strongly affects the stability of the rear wake. Particularly, the 
experiment made in the absence of a ground proximity showed how the 
asymmetries of the front and the rear of the body modify the intensity 
of the base pressure [17]. Besides, ground effects explain the transition 
process from a stable wake configuration to a bistable state flow 
configuration [16], and also how ground proximity produces the onset 
of random reflectional symmetry breaking [13,14]. All of this evidence 
suggests that varying the ground clearance from a nominal value to 
the academic experiment without wall effects could be another key 
parameter in drag reduction using deflectors for a slanted Ahmed body 
at null yaw angle. Therefore, this paper addresses how 𝐶𝐷 depends not 
only on the Reynolds number 𝑅𝑒 and the deflector angle 𝛼, but also on 
the ground clearance 𝛿. We analyzed the Ahmed body for a nominal 
ground clearance as well as a distance that is 14 times greater than 
the nominal value. Despite representing an academic experiment, this 
greater ground clearance, neglecting the ground effect, makes the study 
relevant to aerial or marine vehicles.

There is limited literature assessing the ground clearance for the 
slanted Ahmed body, and even fewer studies consider the slanted con-
figuration equipped with rear deflectors at ground clearances different 
from the original one. For this reason, we will consider in this study 
rigid deflectors at the junction between the roof and the slant of the 
Ahmed model for different constant angle values. The study aims to 
understand the aerodynamic effects of rear solid deflectors on a slanted 
Ahmed body for different incoming velocities, two ground clearances 
and deflector angular position. The paper is organized in the as follows. 
Section 2 describes the two experimental set-ups. Section 3 presents 
and discusses the results, focusing on base flow validation for different 
force sensors in Section 3.1, drag reduction after applying passive 
control in Section 3.2, the effect of ground clearance in Section 3.3, 
PIV results explaining the wake dynamics in Section 3.4 and discussion 
in Section 3.5. The main conclusions are drawn in Section 4.
2 
2. Experimental setup

2.1. Model

The experiments were carried out using an Ahmed body with a 
slant angle of 𝜑 = 25◦, modified by installing a rear-mounted fixed 
deflector (see Fig.  1). The deflector is located at the top rear edge and 
has half the length of the slant (𝑙∕𝑆 = 0.50). Several fixed deflector 
configurations were tested, varying the deflector angle 𝛼 from −16◦
to +16◦, where 𝛼 = 0◦ corresponds to a horizontal configuration, 
and positive values indicate that the deflector is pitched upwards with 
respect to the horizontal. The deflectors and the model were manufac-
tured from resin, with the model scaled to a height of H = 72 mm, 
maintaining geometric similarity with the original Ahmed body. The 
model has two interchangeable rear sections: one with the original 
Ahmed geometry and another with a recessed region in the roof where 
the deflectors are attached using three countersunk screws flush with 
the surface. For the comparison between ground effect and no ground 
effect conditions, the four cylindrical supports from the original model 
were replaced with a single NACA0012 profile, which connected the 
model to the force sensor. The experiments, which include force and 
velocity field measurements, were performed in two different facilities: 
a wind tunnel and a water towing tank, both located at the Laboratory 
of Aero-Hydrodynamics of the University of Malaga.

2.2. Wind tunnel

The wind tunnel has a test section with a cross-sectional area of 
1 m × 1 m and a length of 4 m, with the force sensor at the center 
of the test section, featuring a turbulence intensity below 1% under 
all testing conditions. The operating condition is set by fixing the fan 
power; in our study, this resulted in freestream velocities that covered 
Reynolds numbers 𝑅𝑒𝐻 = 𝑈∞𝐻∕𝜈 from 60 × 103 to 170 × 103, where 
𝑈∞ is the freestream velocity, 𝐻 is the height of the model, and 𝜈 the 
fluid kinematic viscosity dependent on temperature. Two experimental 
configurations were tested in the wind tunnel to measure drag forces 
with and without ground effect.

On one hand, wind tunnel experiments with ground effect (see 
Fig.  2a) were tested using a false floor board that was installed to 
suppress the influence of the boundary layer developing over the tunnel 
floor. The model was positioned at 175 mm above the tunnel floor, 
while the false floor was adjusted so that the clearance between the 
bottom of the Ahmed body and the false floor was 𝛿1 = 12.5 mm. This 
clearance corresponds to the nominal ground clearance of the original 
Ahmed experiments [2] scaled to our model size. The board’s leading 
edge, shaped as a NACA0012 airfoil profile to prevent boundary layer 
separation, was positioned at a distance of 585 mm from the front of 
the model.

On the other hand, wind tunnel experiments without ground effect 
(see Fig.  2b) were conducted using the same mounting arrangement 
as in the previous case, but without the false floor. As a result, the 
model clearance relative to the tunnel floor was 𝛿2 = 175 mm. At this 
distance, which is 14 times greater than the nominal clearance of the 
Ahmed experiments, there is no interference with the boundary layer 
developing over the tunnel floor. This avoids the ground effect.

2.3. Towing tank

Additional tests were conducted in a towing tank with a length 
of 10 m and a cross-sectional area of 0.5 m × 0.5 m to measure 
drag forces for smaller 𝑅𝑒𝐻  and to obtain velocity fields through 2D-
PIV experiments. The model moves at velocity 𝑈∞ suspended upside 
down within the towing tank, maintaining sufficient clearance from 
the walls to avoid blockage effects, which remained below 4% (see 
Fig.  3). The model was attached to the force sensor using the same 
streamlined NACA0012 profile strut employed in the wind tunnel tests, 
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Fig. 1. Three dimensional representation and dimensions of the experimental model: a 1:4 scale version of the original Ahmed body [2] with a slant angle of 
25◦, modified with a flap at the rear edge. The inset shows a detail of the deflector dimensions and position including the reference for the angle 𝛼.
Fig. 2. Experimental setup in the wind tunnel (a) case with ground effect. The inset shows a detail of the ground clearance, (b) case without ground effect.
Fig. 3. Experimental setup for the force and PIV measurements in the water 
towing tank.

thereby minimizing flow interference. The distance between the model 
underbody and the free surface of the water was 𝛿2 = 175 mm to 
replicate the wind tunnel experiments without ground effect. Constant 
towing speeds were selected, ranging from 0.37 m/s to 0.76 m/s, 
corresponding to Reynolds numbers from 30 × 103 to 60 × 103. To 
conduct the 2D-PIV measurements, the laser sheet was set in a fixed, 
perpendicular position to the towing direction. The high-speed camera 
recorded the flow on the lee-side of the model in the (𝑥, 𝑦)-plane at 
several locations along the 𝑧-coordinate, as shown in Fig.  3.

2.4. Protocol

In summary, three experimental configurations were carried out: 
one in the wind tunnel with ground effect (𝛿1 = 0.17𝐻 = 12.5 mm), and 
two without ground effect (𝛿2 = 14𝛿1 = 2.43𝐻 = 175 mm), conducted 
in both the wind tunnel and the towing tank. Force measurements 
were performed in both facilities and PIV experiments were conducted 
in the towing tank. To ensure measurement accuracy and repeatabil-
ity, each experimental condition was tested three times for the force 
3 
measurements, whereas for the PIV measurements, 50 repetitions were 
performed to obtain statistically converged averaged velocity fields. 
Furthermore, temperature and velocity variations were carefully mon-
itored and accounted for in the determination of fluid density and 
viscosity, ensuring the accuracy and reliability of the Reynolds num-
bers and drag coefficients obtained. For the wind tunnel experiments, 
since the operating condition was set by fixing the fan power and 
the Reynolds number was then calculated from the measured velocity 
and air temperature, the different experimental configurations were 
not always tested at exactly the same Reynolds numbers, although the 
values were comparable.

2.5. Force measurements

Force measurements were conducted in both the wind tunnel and 
the towing tank using a six-axis force/torque sensor (Schunk FTD-
Gamma SI-32-2.5) with an accuracy of ±0.006 N and a sampling 
frequency of 1 kHz.

For each free-stream velocity 𝑈∞, the force acting on the combined 
set of the Ahmed body and the NACA0012 profile was measured. Then, 
the contribution of the NACA0012 profile was measured separately 
and subtracted from the total force. After this force correction, the 
non-dimensional drag coefficient 𝐶𝐷 was calculated as follows: 

𝐶𝐷 = 𝐷
1
2𝜌𝐻𝑊𝑈2

∞

(1)

where 𝐷 is the corrected drag force after subtracting the support 
contribution, 𝜌 is the fluid density, 𝑈∞ is the free-stream velocity for 
wind tunnel tests or the towing velocity for towing tank experiments, 
𝐻 is the model height, and 𝑊  is the model width. Note that force 
measurements were repeated at least three times for each experimental 
condition (except for a limited number of intermediate Reynolds num-
ber points in the 𝐶𝐷-𝑅𝑒𝐻  curves) in order to assess consistency. The 
drag force is computed from the time-averaged drag force signal, and 
each force graph explicitly displays repeated measurements as separate 
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markers, which allows for a direct visual assessment of repeatability. 
Additionally, we have evaluated the time-averaged value over increas-
ing acquisition time intervals to ensure convergence of the mean drag 
coefficient over time.

2.6. Velocity measurements

For the towing tank experiments, velocity fields were measured 
using the 2D Particle Image Velocimetry (2D-PIV) technique. For these 
measurements, a laser sheet was positioned in a fixed position illumi-
nating a plane perpendicular to the axial axis (see Fig.  3). The thin 
laser sheet (<1 mm thick) was generated using a pair of 1 W green 
continuous laser sources (Microvec model SM-SEMI-1 W) coupled with 
cylindrical lenses (6.25 mm focal length). A high-speed monochrome 
camera (Phantom model CINEMAG-II v611) equipped with a Tamron 
lens (SP 70–200 mm, f/2.8) was positioned in front of the towing tank, 
allowing the observation of the model wake evolution. The camera 
captured images with a resolution of 1280 × 800 px at a frame rate of 
400 fps, corresponding to a time interval between consecutive images 
of 𝛥𝑡 = 2.5 ms. To complete the PIV setup, glass silver-coated spheres 
of 0.01 mm (HGS-10 from Dantec) were used as tracer particles. 
These seeding particles are neutrally buoyant in water, thus minimizing 
their relative motion to the water flow due to gravity and centrifugal 
accelerations.

For each experiment run, the model moved at 𝑈∞ = 590 mm/s, 
while the measurement plane sheet remained fixed in the laboratory 
frame. As a result, the recorded image sequence provides snapshots 
at successive axial positions relative to the model, separated by 𝛥𝑧 =
𝑈∞𝛥𝑡 = 1.475 mm ≈ 0.02𝐻 . Each consecutive image pair yields an 
instantaneous 2D velocity field, and stacking these planes along the 
𝑧-axis produces a reconstruction of the entire 3D wake structure, as 
in [33].

A limitation of this towing-tank configuration is that, in the body-
fixed frame, the measurement plane effectively moves downstream at 
the free-stream velocity. Therefore, within a single run, coherent un-
steady features may appear ‘‘phase-locked’’ in the reconstructed wake. 
To avoid this bias, we repeated the experiment 50 times and computed 
ensemble-averaged velocity fields, ensuring that the unsteady wake 
dynamics were sampled at random phases across runs. A convergence 
study confirmed that the ensemble mean remains essentially unchanged 
when averaging more than 30 tests.

The instant velocity fields were computed from the images using the 
DPIVSoft software [34], which is specifically designed for flows with 
strong rotational motion and implements a double pass PIV method 
with window deformation. For these measurements, an interrogation 
window size of 32 × 32 px was used, with an overlap of 79%. The 
vorticity was numerically derived from the mean velocity field using a 
second-order finite-difference scheme applied to both velocity compo-
nents in the (𝑥, 𝑦)-plane [35]. Additionally, to quantify and compare the 
intensity of the C-vortices, we used derived quantities from the mean 
vorticity field: the wake circulation 𝛤+ and the maximum vorticity 𝜔+

(or 𝛤− and 𝜔− for the clockwise vortex).
The wake circulation was obtained by integrating the vorticity in 

the desired region:

𝛤+(𝑧) = ∬𝜔𝐻∕𝑈∞>0.1
𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦,

𝛤−(𝑧) = ∬𝜔𝐻∕𝑈∞<−0.1
𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦, (2)

where 𝛤± denotes the total integrated circulation of the C-vortices 
together with secondary wake structures, for counterclockwise and 
clockwise rotation, respectively. Regions with |𝜔𝐻∕𝑈∞| ≤ 0.1 were 
excluded from the integration to remove low-vorticity background 
noise. 

The maximum vorticity in each (𝑥, 𝑦)-plane is very sensitive to spu-
rious values. Therefore, to obtain a robust measure of vortex intensity, 
4 
we define 𝜔+ (and 𝜔−) as the mean of the highest (or most negative) 
vorticity samples in each plane as follows: 

𝜔+(𝑧) = 1
𝐾

∑

(𝑥,𝑦,𝑧)∈𝑃+
𝜔(𝑥, 𝑦, 𝑧), 𝜔−(𝑧) = 1

𝐾
∑

(𝑥,𝑦,𝑧)∈𝑃−
𝜔(𝑥, 𝑦, 𝑧), (3)

where 𝑃± denotes the set of points in the upper and lower 1% percentile 
of the vorticity values in each (𝑥, 𝑦)-plane, respectively, and 𝐾 denotes 
the number of points in those sets.

The coordinates (𝑥±𝑣 , 𝑦±𝑣 ) of the C-vortices at each axial distance 
were estimated as the vorticity-weighted centroids of the region of 
highest (or most negative) vorticity: 

𝑥±𝑣 (𝑧) =
∬𝛺±(𝑧)

𝑥𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦

∬𝛺±(𝑧)
𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦

, 𝑦±𝑣 (𝑧) =
∬𝛺±(𝑧)

𝑦𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦

∬𝛺±(𝑧)
𝜔(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦

,

(4)

where the region 𝛺±(𝑧) was defined as
𝛺+(𝑧) = {(𝑥, 𝑦) ∶ 𝜔𝐻∕𝑈∞ ≥ 2}, 𝛺−(𝑧) = {(𝑥, 𝑦) ∶ 𝜔𝐻∕𝑈∞ ≤ −2}.

3. Results

3.1. Validation

Before conducting the experiments involving the novel configura-
tions of the Ahmed body with deflectors, the overall experimental 
setup was validated to ensure the reliability of both the wind tunnel 
and towing-tank measurements. The validation procedure was first 
performed for the wind tunnel setup, including the force sensors and 
mounting system. For this purpose, measurements were carried out 
using the base case configuration with the nominal clearance, 𝛿1, and 
the resulting drag coefficient was compared with the published data of 
Bello et al. [4] over a wide range of Reynolds numbers (see Fig.  4a). 
The comparison shows very good agreement, confirming the accuracy 
of our experimental methodology and the proper operation of the 
measurement system.

Due to the limited amount of data available in the literature re-
garding the drag coefficient without ground effect, the towing tank 
measurements at 𝛿2 were validated by comparing them with the wind 
tunnel results obtained at the same ground clearance, for the two 
configurations used for the PIV measurements. As shown in Fig.  4b, the 
towing tank and wind tunnel results overlap and exhibit the same trend, 
confirming the consistency between the two experimental methodolo-
gies. In this regard, it should be emphasized that Ahmed body is fixed 
in the wind tunnel, as shown in Fig.  2b. However, the towing tank 
forces the model to move at velocity 𝑈∞ in a steady (non-turbulent) 
flow upstream, as shown in Fig.  3.

3.2. Effect of deflector angle and Reynolds number on drag coefficient at 
nominal ground clearance, 𝛿1

This study aims to minimize drag by using deflectors on flows with 
Reynolds numbers of the order of 105. The main questions are to deter-
mine which deflector configuration minimizes the drag, what the max-
imum possible drag reduction is, and whether changing the Reynolds 
number affects these two parameters. To address these questions, we 
analyze the drag behavior for a wide range of 𝛼 and 𝑅𝑒𝐻 .

Fig.  5a shows the variation of 𝐶𝐷 with 𝑅𝑒𝐻  for several 𝛼 values. 
First, it is evident that the deflector configurations affect the value of 
𝐶𝐷 decreasing it for a certain 𝛼 range, being 𝛼 = −8◦ the case with 
the lowest 𝐶𝐷. Second, all deflector configurations follow the same 
decaying trend when increasing 𝑅𝑒𝐻 , whereas the base case exhibits 
a different behavior from 𝑅𝑒𝐻 = 105 onwards. As all the deflector 
configurations exhibit similar trends, the values of 𝛼 that most improve 
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Fig. 4. Drag coefficient (𝐶𝐷) versus 𝑅𝑒𝐻 for the base case model. (a) Wind tunnel measurements at the nominal ground clearance, 𝛿1, together with the results 
of Bello et al. [4]. (b) Wind tunnel and towing tank measurements at 𝛿2.
Fig. 5. Drag coefficient for 𝛿1 ground clearance. Comparison between the experimental data and the values predicted by the proposed formulation. (a) 𝐶𝐷 versus 
𝑅𝑒𝐻 for the base case and six deflector configurations. (b) 𝐶𝐷 versus 𝛼 for three Reynolds numbers.
the aerodynamic behavior of the Ahmed body remain consistent across 
all 𝑅𝑒𝐻 .

Fig.  5b displays 𝐶𝐷 variation versus 𝛼 for three different 𝑅𝑒𝐻  values 
for a closer inspection of the 𝛼 influence on 𝐶𝐷. Each 𝑅𝑒𝐻  series 
displays the same overall shape and distribution, exhibiting a similar 
quadratic variation around a 𝛼opt independent of 𝑅𝑒𝐻 . That minimum 
𝐶𝐷 among the tested cases occurs at 𝛼 = −8◦, followed by 𝛼 = −4◦. 
Therefore, the optimal deflector angle at 𝛿1 lies around these values.

Based on these observations, a formulation is proposed to estimate 
the drag coefficient by decoupling the effects of the deflector angle 𝛼
and the Reynolds number 𝑅𝑒𝐻 : 

𝐶𝐷(𝛼,𝑅𝑒𝐻 ) = 𝐶𝐷,𝑝(𝛼) + 𝐶𝐷,𝑓 (𝑅𝑒𝐻 ). (5)

This expression separates the total drag coefficient into two indepen-
dent contributions: a pressure (or form) drag component, 𝐶𝐷,𝑝, that 
depends only on the deflector angle, and a viscous friction component 
that varies with the Reynolds number. This formulation is consistent 
with the pressure drag being nearly independent of Reynolds for bluff 
bodies once the flow is fully separated, whereas it can vary significantly 
with changes in body shape [36]. In our case, variations in 𝛼 modify the 
slant and rear flow topology, thus altering the form drag. Conversely, 
the viscous contribution is only weakly affected by 𝛼, but it decreases 
slightly with increasing Reynolds number due to the thinner boundary 
5 
layer that develops over the model surface. Accordingly to this decou-
pled formulation and the previous observations, the pressure drag term 
is expressed as a quadratic function of 𝛼: 
𝐶𝐷,𝑝(𝛼) = 𝑐0 + 𝑐1(𝛼 − 𝛼opt)2, (6)

where 𝛼opt represents the deflector angle that minimizes drag, 𝑐0 cor-
responds to the pressure drag contribution of the optimum deflector 
angle, and 𝑐1 accounts for the sensitivity of drag to variations in the 
deflector angle.

The friction drag, which depends only on the Reynolds number is 
defined as: 
𝐶𝐷,𝑓 (𝑅𝑒𝐻 ) = 𝑐2 𝑒

−𝑅𝑒𝐻 ∕(106 𝑘) (7)

where 𝑐2 denotes the maximum friction contribution, corresponding to 
the low Reynolds number limit, and 𝑘 is a decay constant that deter-
mines how rapidly the viscous effects diminish as 𝑅𝑒𝐻  increases. The 
𝐶𝐷,𝑓  proposed approximation is consistent with the general structure 
of the correlation proposed by Bello et al. [4] for the Ahmed body 
without deflectors which was modeled as an exponential decay function 
with 𝑅𝑒. This exponential behavior reflects the progressive reduction of 
skin friction drag with increasing Reynolds number due to the thinner 
boundary layer and lower relative viscous stresses acting on the model 
surface.
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Table 1
Fitted coefficients from experimental data for all deflectors, at nominal ground 
clearance ( 𝛿1 = 0.17𝐻) and without ground effect (𝛿2 = 14𝛿1 = 2.43𝐻).
 𝑐0 𝑐1 𝛼𝑜𝑝𝑡 𝑐2 𝑘  
 𝛿1 0.28 2.3 × 10−4 −7.9 0.20 0.082 
 𝛿2 0.23 2.4 × 10−4 −5.8 0.22 0.114 

Once the approximation function type has been selected, the coef-
ficients of the proposed correlation (𝑐0, 𝛼opt , 𝑐1, 𝑐2 and 𝑘) are obtained 
by performing a global least-squares fit of the proposed expression to 
the set of experimental data corresponding to deflector angles 𝛼 =
{−16◦, −8◦, −4◦, −2◦, 0◦, 2◦, 4◦, 8◦, 16◦}, ground clearance 𝛿1, and 
Reynolds numbers 𝑅𝑒𝐻  between 50 × 103 and 150 × 103. The resulting 
coefficients are listed in the first row of Table  1. These coefficients 
result in a root-mean-square error of 0.004, demonstrating that the 
proposed formulation accurately captures the experimental trends with 
minimal deviation. The quality of the fit is further illustrated in Fig.  5, 
where the experimental data are shown together with the analytical 
fit, while Fig.  6 displays a 3D surface of the fitted function 𝐶𝐷(𝛼,𝑅𝑒𝐻 ), 
with the cross-sections shown in Fig.  5 indicated by black solid lines. 
Furthermore, the fitted parameters indicate that the pressure drag 
contribution 𝐶𝐷,𝑝 represents approximately 70% to 90% of the total 
drag, which is consistent with the proportions reported by Ahmed [2] 
for similar slant angle configurations, thereby supporting the physical 
consistency of the proposed decomposition.

From the fitted coefficients, the optimal angle can be estimated 
as 𝛼opt = −7.9◦ for the nominal ground clearance, 𝛿1. The geometric 
modification introduced by the deflector can be compared to the effect 
of varying the slant angle of the rear surface in Ahmed’s original model, 
while not being geometrically identical. In fact, the optimal deflector 
configuration identified here produces a qualitatively similar effect to 
that of Ahmed’s optimal geometry.

To illustrate this phenomenon, Fig.  7 represents 𝐶𝐷 vs. 𝛼 for the 
current study with relatively long deflectors (𝑙∕𝑆 = 0.50) together with 
the original Ahmed study [2] when varying the slant angle 𝜑. Note that 
the geometry of an Ahmed body with a slant angle 𝜑 produces a change 
in slope at the slanted section that is similar to the one produced by a 
deflector with angle −𝛼. This relation between 𝐶𝐷 and 𝛼 is not observed 
in previous studies with shorter deflectors such as those used in [23,31] 
(𝑙∕𝑆 = 0.09). In these works, deflectors do not reduce drag until a 
critical angle is reached, see again Fig.  7. Therefore, the combination 
between the deflector’s length and 𝛼 is a key parameter to address drag 
reduction.

These results of the influence of 𝑙∕𝑆 and 𝛼 on 𝐶𝐷 are consistent 
with the idea that a large part of the drag reduction originates from the 
weakening of the C-vortices. As previously reported [1,2,5,11,20], this 
weakening is associated with flow regimes in which the separated shear 
layer over the slant does not reattach, so that a recirculation bubble on 
the slanted surface is not formed. For short deflectors, a sufficiently 
large angle is required to strongly deflect the flow and trigger this 
regime change. In contrast, with our longer deflectors, a substantial 
drag reduction is already achieved even at 𝛼 = −16◦.

3.3. Comparison between nominal ground clearance, 𝛿1, and no ground 
effect conditions, 𝛿2

The influence of ground clearance on the aerodynamic performance 
of the Ahmed body with deflectors was analyzed by comparing the 
results obtained at the nominal ground clearance, 𝛿1, with those mea-
sured under negligible ground effect conditions, 𝛿2, which is 14 times 
larger than 𝛿1. Fig.  8 shows that the variation of 𝐶𝐷 with 𝑅𝑒𝐻  and 𝛼
under no ground effect conditions exhibits the same general behavior 
as that observed for 𝛿1. Consequently, a fit of the same type as that 
described for 𝛿  was applied for 𝛿  measurements, providing good 
1 2

6 
Fig. 6. Three-dimensional surface of the analytical fit 𝐶𝐷(𝛼,𝑅𝑒𝐻 ), where the 
vertical planes represent some of the intersections shown in Fig.  5, and the 
black lines indicate all the 𝛼 and 𝑅𝑒𝐻 values analyzed in that figure.

Fig. 7. 𝐶𝐷 versus 𝛼. Comparison between the present measurements at 𝛿1, 
the original Ahmed results (plotted as 𝜑 = −𝛼) [2], and the results with short 
deflectors (𝑙∕𝑆 = 0.09) from [23,31].

agreement. The analytical correlation accurately reproduces the exper-
imental results for all deflector configurations with a root-mean-square 
error of less than 0.005. Similar to the 𝛿1 case, the base case follows a 
distinct trend from the deflector cases, see Fig.  8a. This difference can 
be attributed to the geometric disparity between the base model and 
the deflector configurations, resulting in a different wake flow behavior 
behind the body.

Even though the variation of 𝐶𝐷 with 𝑅𝑒𝐻  and 𝛼 for 𝛿2 has the same 
structure than in the 𝛿1 case, the actual 𝐶𝐷 values are different. Fig.  9a 
presents the variation of 𝐶𝐷 with 𝑅𝑒𝐻  for the base case and selected 
deflector angles at both 𝛿1 and 𝛿2 to facilitate a direct comparison. For 
the base case, the influence of ground clearance is very small but the 
𝛿2 cases have a smaller 𝐶𝐷. For the configurations with a deflector, 
eliminating the ground interaction leads to a significant drag reduction. 
This drag reduction is mainly produced by the form drag contribution 
since by removing the influence of the floor, the recirculating flow 
behind the body is modified. This effect is captured in the analytical 
fits in variations in the 𝑐0 coefficient, being smaller for the 𝛿2 case, 
leading to an overall drag reduction, see Table  1.

Furthermore, the rate of 𝐶𝐷 decrease when increasing 𝑅𝑒𝐻  is con-
sistently higher for 𝛿2 than for 𝛿1 at every 𝛼. While the flow over the 
upper surface of the body remains nearly unchanged before boundary 
layer separation, the underbody flow is affected by the absence of 
the floor. This effect modifies the velocity gradients in the underbody 
area, resulting in a faster decay of the friction drag contribution with 
increasing Reynolds number, as reflected by the smaller 𝑘 value, see 
Table  1.

Another notable difference between the two ground clearances is 
the shift in the optimal deflector angle, from 𝛼 = −7.9◦ at 𝛿  to 
opt 1
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Fig. 8. Drag coefficient for 𝛿2 ground clearance: comparison between the experimental data and the values predicted by the proposed formulation. (a) 𝐶𝐷 versus 
𝑅𝑒𝐻 for the base case and six deflector configurations. (b) 𝐶𝐷 versus 𝛼 for three Reynolds numbers.
Fig. 9. Comparison of drag coefficient between the nominal ground clearance, 𝛿1, and the no ground effect clearance, 𝛿2. Markers represent experimental data, 
and lines correspond to the values predicted by the proposed formulation. (a) 𝐶𝐷 versus 𝑅𝑒𝐻 for the base case and two deflector configurations. (b) 𝐶𝐷 versus 
𝛼 for two Reynolds numbers.
𝛼opt = −5.8◦ at 𝛿2. Fig.  9b shows that, for any given 𝑅𝑒𝐻 , the effect of 
varying 𝛿 on 𝐶𝐷 is very small for low 𝛼, which geometry resembles the 
base case configuration. The effect of 𝛿 on 𝐶𝐷 increases monotonically 
with 𝛼 up to about a 10% for 𝛼 = 16◦.

Table  2 summarizes the drag reduction achieved by all tested de-
flectors at both ground clearances for two representative Reynolds 
numbers. In the most favorable case, the deflectors yield a decrease 
in 𝐶𝐷 exceeding 27% with respect to the base case for 𝑅𝑒𝐻 = 155 ×
103. Furthermore, the range of 𝛼 values producing a substantial drag 
reduction is relatively broad, spanning more than 10◦. This result sug-
gests that deflector-based configurations could be effective even under 
practical conditions where precise angular positioning is not feasible, 
as moderate deviations from the optimal angle would not significantly 
affect performance. Although this study has primarily focused on drag, 
some lift measurements are also reported for completeness. Fig.  10 
presents the variation of 𝐶𝐿 with 𝛼 for several deflector configurations 
and Reynolds numbers for the two ground clearances studied. The 
effect of varying 𝛿 on the lift is more pronounced than the effect on the 
𝐶𝐷. When the model is positioned 14 times farther from the ground, 
𝐶𝐿 increases by 𝛥𝐶𝐿 ≈ 0.20–0.25, independently of the deflector angle 
or the Reynolds number. The influence of 𝛼 is also evident with 𝐶𝐿
decreasing nearly linearly as the angle increases. Finally, it can be seen 
that the Reynolds number has a weak influence on the 𝐶  value. 
𝐿

7 
Table 2
Drag reduction of each deflector configuration 
relative to the base case. Results are shown for 
the nominal ground clearance, 𝛿1, and the no 
ground effect clearance, 𝛿2, for two Reynolds 
numbers. The highest drag reduction for each 
ground clearance and Reynolds number is high-
lighted in blue.

𝑅𝑒𝐻 = 72.5 × 103 𝑅𝑒𝐻 = 155 × 103

𝛼 (◦) 𝛿1 𝛿2 𝛿1 𝛿2
−16 9.4% 13.2% 16.0% 20.1%
−8 15.8% 18.2% 22.1% 26.2%
−4 12.5% 19.0% 19.6% 27.1%
−2 11.6% 18.2% 18.6% 26.2%
0 10.9% 17.0% 17.1% 24.8%
2 8.7% 15.1% 14.6% 22.5%
4 5.9% 13.0% 11.6% 19.8%
8 0.1% 6.5% 6.4% 13.3%
16 −17.1% −7.1% −14.2% −3.0%

3.4. PIV results for no ground effect condition, 𝛿2

To identify the flow features responsible for the observed drag 
reduction, 2D-PIV measurements were performed in the towing tank 
for no ground effect clearance 𝛿 . The experiments were performed over 
2
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Fig. 10. Lift coefficient versus 𝛼 for several 𝑅𝑒 and ground clearances 𝛿1 and 
𝛿2. The base case is represented at 𝛼 = −25◦.

two different models with noticeable drag difference, the base case and 
𝛼 = −4◦ configuration. Since statistically converged averaged fields of 
the body wake are necessary, 50 experiments were conducted for each 
configuration at a constant Reynolds number of 50 × 103 (see again 
Section 2 for details on the experimental setup). The axial vorticity 
component was calculated from the mean velocity fields to elucidate 
the wake dynamics.

Fig.  11 presents the wake vorticity structures obtained from the 
2D-PIV measurements for the base case (Fig.  11a–d) and for the con-
figuration with a deflector at 𝛼 = −4◦ (Fig.  11e–h). In both cases, the 
vorticity fields reveal the characteristic counter-rotating longitudinal 
vortices (C-vortices) generated along the lateral edges of the rear slant, 
together with secondary vortical structures developing near the model 
surface. As they move downstream, the C-vortices evolve and adapt 
to the recirculation bubbles formed behind the vertical base model, 
defining the near-wake structure [2]. Although the overall topology of 
the wake is similar in both configurations, there are clear differences 
in the coherence, strength, and downstream evolution of these vortical 
structures. To facilitate the detailed description of each case, the 𝑧-axis 
is defined as the streamwise (axial) direction, with its origin at the rear 
end of the model and positive values extending downstream.

For the base case configuration (Fig.  11a–d), a pair of well-defined 
C-vortices forms and rolls up rapidly along the sides of the rear slant. 
After separating from the surface, these vortices open outward and 
exhibit strong deformation after passing over the vertical basis recir-
culation bubble, stretching vertically as they are advected downstream 
until reaching a distance of approximately 𝑧 = 2𝐻 . This fact has 
been reported by other authors, but for the nominal ground clearance 
configuration [37,38]. Beyond this position 𝑧 = 2𝐻 , they gradually 
concentrate and acquire a nearly circular cross-section, maintaining 
this structure up to about 𝑧 = 5𝐻 . On the slant, and very close 
to the model surface, a pair of smaller longitudinal counter-rotating 
vortices develops between the C-vortices [5], each rotating opposite 
to the vortex on its side and with lower intensity (Fig.  11b). These 
secondary vortices, which are also visible in the nominal clearance 
configuration [37,38], dissipate rapidly downstream. Our PIV results 
depicted in Fig.  11b are also in excellent agreement with those complex 
structures reported by [5], thus confirming the high quality of the 
measurements.

For the configuration with a deflector at 𝛼 = −4◦ (Fig.  11e–h), the 
C-vortices still form, but their structure is less concentrated and their 
overall intensity is lower. Note that, for this reason, a lower vorticity 
threshold was used in Fig.  11e to represent the 3D isosurface than in 
Fig.  11a. Since the deflector is located at the beginning of the slant, 
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where the C-vortices originate along its lateral edges, the vortex roll-
up process is modified, thereby altering the downstream development 
of their structure. Moreover, this effect is not limited to the main C-
vortices, but also affects the secondary vorticity structures, i.e., the 
smaller counter-rotating vortices that appear between the C-vortices, 
which are weaker and dissipate more rapidly downstream (Fig.  11f). 
As a result, the vorticity field in the deflector configuration appears 
more diffuse and the overall flow structure is less coherent than in the 
base case.

To further analyze the streamwise evolution of the C-vortices, two 
complementary quantities are shown: the circulation 𝛤± and the max-
imum vorticity 𝜔± along the 𝑧-axis for both configurations, see Fig. 
12a–b. Both 𝛤± and 𝜔±, computed as defined in Eqs. (2) and (3), exhibit 
similar overall trends for each configuration reaching a peak shortly 
after vortex roll-up and then decaying downstream with comparable 
slopes. However, marked differences arise in terms of intensity and 
circulation, consistent with the variations observed in the wake struc-
ture (Fig.  11). In the base case presented in Fig.  12c the C-vortices 
are roughly twice as intense as those in the 𝛼 = −4◦ configura-
tion depicted in Fig.  12d, with the vorticity peak occurring closer to 
the model. The smoother evolution in the deflector configuration is 
physically consistent with its altered flow topology: the presence of 
the deflector restricts free vortex roll-up along the slant, forcing an 
interaction between the shear layers of the slant and the deflector. 
The resulting roll-up produces more elongated and less concentrated 
vortical structures, leading to lower peak vorticity and a more gradual 
vortex decay downstream.

Furthermore, the local extreme and inflection points of the 𝛤± and 
𝜔± evolution along the wake concur with the successive stages of vortex 
development. In the base case, both quantities exhibit a sharp rise im-
mediately downstream of the rear end (plane A in Fig.  12c), associated 
with the development of the wake structures originated in the slant. 
They reach their maximum when the C-vortices pass over the recir-
culation bubble and stretch (plane B), marking the beginning of their 
vertical elongation. Once fully stretched, the vortices progressively lose 
intensity, with a two-stage decay: an initial phase while they remain 
elongated, followed by a softer decline once they contract and adopt 
a more circular cross-section (plane C). A secondary inflection in 𝛤±

appears further downstream (plane D), coinciding with the transition 
from a region where the vortex core maintains an almost constant size 
to one where it shrinks progressively, suggesting a redistribution of 
vorticity within the wake.

In the deflector configuration, the C-vortex evolution is smoother 
than the base case with some remarkable differences. First, the early 
slope change identified in the base case before the 𝛤± and 𝜔± peaks is 
absent. In addition, both the peak and the main variation in the decay 
rate occur further downstream (plane A in Fig.  12d), consistent with the 
delayed and smoother vortex evolution induced by the deflector. The 
transition in the decay rate is slightly more pronounced for 𝜔± than 
for 𝛤±, appearing at 𝑧 ≈ 3𝐻–4𝐻 , compared with 𝑧 ≈ 1.5𝐻–2.5𝐻 in 
the base case. This transition corresponds to a higher dissipation in the 
wake, as shown in Fig.  12d after plane B.

3.5. Discussion

The 2D-PIV results provide a clear physical explanation for the 
drag reduction observed in the deflector configurations. The counter-
rotating C-vortices are known to play a dominant role in generating 
pressure drag, as they induce a low-pressure region in the wake im-
mediately behind the body [1,23]. Consequently, any modification of 
their structure or intensity directly affects the overall form drag. In the 
present experiments, the inclusion of deflectors weakens these vortices 
and smooths their development, thereby mitigating the pressure drop 
at the rear and reducing the total drag. Moreover, the downstream 
displacement of the vorticity peak, occurring once the vortices stabilize 
after passing over the vertical basis recirculation bubble, suggests an 
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Fig. 11. Wake vorticity structures for the base case (left column) and the 𝛼 = −4◦ configuration (right column). Panels (a) and (e) show vorticity isosurfaces 
at 𝜔𝐻∕𝑈∞ = ±1.5 (base case) and ±0.75 (𝛼 = −4◦). Panels (b–d) and (f–h) present vorticity maps on the three planes indicated in (a) and (e). The isosurface 
vorticity levels from (a) and (e) are outlined in the vorticity maps by thick black lines.
elongation of this bubble, a phenomenon commonly associated with 
drag reduction in bluff-body wakes [1,39].

This behavior is consistent with the 𝐶𝐷 trends as 𝛼 varies, shown 
in Fig.  9b. For small deflector angles, the device remains close to the 
slant and produces only a small influence on the roll-up along its lateral 
edges, allowing the formation of strong, concentrated C-vortices that 
yield high induced drag. Conversely, for positive 𝛼 values, although 
9 
the C-vortex generation is significantly disrupted, the deflector intro-
duces new separated flow regions that contribute to an additional drag 
increase. For some intermediate 𝛼 values between these two extreme 
positions, the deflector partially modifies the roll-up process without 
producing new large scale separations, leading to an effective drag re-
duction. This analysis also explains the differences observed in previous 
studies on drag reduction using rear-mounted deflectors at 𝛿1 [3,31]. In 
those works, the smaller deflectors employed probably produce weaker 
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Fig. 12. Circulation and vorticity along the wake for the base case and the 𝛼 = −4◦ configuration. (a) Circulation in the (𝑥, 𝑦)-plane for both rotation senses, as 
defined in Eq.  (2). (b) Maximum axial vorticity for both rotation senses, as defined in Eq.  (3). Blue vertical lines indicate the positions of the planes shown in (c) 
for the base case wake, and red vertical lines those shown in (d) for the 𝛼 = −4◦ configuration. Panels (c) and (d) show vorticity isosurfaces, at 𝜔𝐻∕𝑈∞ = ±2.2
for the base case, and at 𝜔𝐻∕𝑈∞ = ±0.75 for the deflector configuration. The uncertainty of the quantities 𝛤 ± and 𝜔± is represented with translucent bands 
and it was estimated with the standard deviation of each magnitude evaluated in the instantaneous field using a set of 𝑁 = 50 independent runs and being the 
integration region (±𝜔𝐻∕𝑈∞ > 0.1, 𝑃 ±) obtained from the mean field.. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
interference with the roll-up process on the slant, resulting in different 
flow alteration mechanisms and, consequently, different drag trends.

Concerning the differences observed when ground clearance is al-
tered, our 2D-PIV measurements for the base case without ground effect 
reveal concentrated C-vortices with very similar structures to those 
previously reported under ground effect conditions [20,37,38,40]. This 
resemblance is further illustrated in Fig.  13, which compares our PIV 
results at 𝛿2 with published data obtained at nominal ground clearance, 
showing that the C-vortex structures remain alike for both cases. Due to 
this similarity in the wake structure, only small differences in form drag 
are expected. On the other hand, the presence of the ground modifies 
the underbody flow, generating a boundary layer that alters the local 
velocity gradients compared with the 𝛿2 case, thereby affecting the 
friction drag contribution. However, since the viscous contribution to 
the total drag is small compared with the form drag for a bluff body, the 
overall difference between both clearance conditions remains limited, 
as shown in Fig.  9a.

4. Conclusion

We experimentally determined 𝐶𝐷 of an Ahmed body with de-
flectors having half the length of the slant. We used a wind tunnel 
and a towing tank for 𝑅𝑒𝐻  ranging from 30 × 103 to 170 × 103. The 
results show that incorporating a deflector with an optimal angle 𝛼
significantly reduces drag up to 27% in the most favorable configu-
ration. Therefore, including deflectors is a promising way to improve 
aerodynamic efficiency and the benefits that come with it, such as 
lower fuel consumption. This drag reduction was observed for both 
a nominal ground clearance and a higher clearance that minimizes 
any ground effect, being more pronounced for higher 𝑅𝑒  and greater 
𝐻

10 
Fig. 13. C-vortices position in the wake for the base case. Comparison between 
the present PIV results for the no ground effect case (𝛿2) and previous 
PIV measurements from other authors with a slant angle of 𝜑 = 25◦ at 
nominal ground clearance (𝛿1) [37,38,40]. The C-vortices positions (𝑥±𝑣 , 𝑦±𝑣 ) are 
computed as defined in Eq.  (4), with the regions 𝛺±(𝑧) indicated by translucent 
bands.
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ground clearance. Moreover, we have identified an analytical function 
that approximates 𝐶𝐷 for each (𝑅𝑒𝐻 , 𝛼) pair for both ground clearances, 
which will facilitate future design efforts.

Remarkably, for each floor clearance 𝛿, there exists an optimal 𝛼
for all analyzed 𝑅𝑒𝐻 , making the optimal design robust to changes 
in inflow conditions. Furthermore, the range of 𝛼 values producing a 
substantial drag reduction is relatively broad, spanning more than 10◦. 
This result suggests that deflector-based configurations could be effec-
tive even under practical conditions where precise angular positioning 
is not feasible, as moderate deviations from the optimal angle would 
not significantly affect performance.

2D-PIV measurements reveal that the drag reduction is associ-
ated with the attenuation and restructuring of the counter-rotating 
C-vortices in the vehicle wake. This effect becomes particularly relevant 
when varying ground clearance, as changes in the wake size and 
dispersion alter its interaction with the ground and, consequently, the 
total drag.

In summary, the inclusion of deflectors is clearly beneficial and a 
crucial part of designs for achieving drag reduction, even with smaller 
𝑅𝑒 than those typically analyzed in most of the bibliography. Possi-
ble applications for different vehicle sizes and shapes, both marine 
and aerial, are numerous, and further investigation into this topic is 
necessary.
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