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1 Introduction

Near wakes contribute for the most part to the total drag
of bluff bodies. These turbulent wakes are strongly affected
by free-stream conditions, which essentially, manifest under
the effect of free-stream turbulence and side winds. Although
academic vehicle configurations such as the Ahmed body have
been studied under the effect of free-stream turbulence, its ef-
fect on models displaying realistic thus complex configura-
tions is difficult to reach at the full scale and hardly reported
in the literature. In addition, direct comparisons between the
Ahmed body and a realistic car model have rarely been at-
tempted (Bonnavion, 2018). In this paper, we analyse the ef-
fect of free-stream turbulence on the near wake and the re-
sulting drag between an Ahmed body and a 2004 Citroén C4
coupé model. This hatchback model is representative of mid-
range city vehicles that are widely popular in Europe.

Near-wake bluff body analyses begin with the definition
of an interface used to project the mass and momentum equa-
tions to diagnose the exchanges of these fluxes between the
wake and the outer flow. For example, Grandemange et al.
(2013a) and Passaggia et al. (2021) used the dividing stream-
line, also known as the separatrix, to estimate the momentum
budget in the mid vertical plane of the Ahmed body. They
showed that, in the case of the Ahmed body, four quantities
are relevant: the shear and normal Reynolds stresses, the mean
pressure, and the curvature of the mean streamline. Passag-
gia et al. (2021) used the same approach on the same body
subject to free-stream turbulence generated by bi-planar grids
and showed that homogeneous and isotropic turbulence signif-
icantly modified the aerodynamic drag and its wake properties.

However, using the separatrix as an interface imposes two
major constraints; (i) streamlines are only well suited for es-
sentially two-dimensional flows which restricts the analysis to
the mid vertical and horizontal plane and (ii) there is no net
mass flux across a streamline, which prevents a possible mass-
entrainment analysis. An alternative approach was proposed
in Stella et al. (2017a) using the Recirculation Region Inter-

face (RRI), which is defined along the zero-mean streamwise
velocity. While the separatrix is located along the centre of
the shear layers, the RRI crosses the centre of the vortices,
thereby defining the region where mass entrainment and mo-
mentum are linked. Zeidan ef al. (2023) carried out a similar
analysis in the near-wake of a flat-back Ahmed body, whereas
Khan et al. (2024) extended this approach to the analysis of
the three-dimensional wake. In this paper, we apply the same
analysis to the Ahmed body and the Citroén C4 model subject
to turbulence.

In what follows, we analyse the near-wake characteristics
alongside mass and momentum budgets in order to understand
and diagnose base- and total-drag variations which depend non
trivially on the turbulent intensity and the integral lengthscale
in both cases. In particular, we show that while the mass en-
trainment budgets evolves similarly for both geometries, the
momentum budget shows an opposite behaviour, highlighting
some limits of the Ahmed body as a relevant surrogate to real-
istic car geometries.

2 Experimental setup

The full-scale square-back Ahmed body with dimensions
[L,W,H] = [1.044,0.340,0.288] m (Ahmed er al. (1984))
is compared against the results obtained from a Citroén C4
with similar dimensions [1.074, 0.437, 0.352] m. Experiments
were carried out in the S1 wind tunnel at PRISME labora-
tory (Orléans, France). The test section of this closed-loop
wind tunnel is a 2x2 m2 and extends over 5 m. The ground
clearance G was set to G = 50 mm for the Ahmed body and
G = 43 mm for the C4 while a flap is mounted along the
trailing edge of the raised floor to compensate for blockage.
The free-stream velocity, monitored by a Pitot probe located at
2m from the grids, is Us, = 20+ 0.2 m/s, which corresponds
to Rey = UH/V = 4 x 103, with v the kinematic viscosity
of air. The setup is shown in Figure 1. Free-stream turbu-
lence is generated by regular bi-planar grids placed at the in-
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Figure 1. Schematic showing the two different models for
the Ahmed body (top) and the Citroén C4 model (bottom)
showing the location of measurements for the comparative
study.

/ Cr | G | kC, | 2xu? | 2w | Lg T,

Ahmed | 033 | 027 | 98% | -28% 30% 1.57 | 0.093

C4 0.26 | 0.18 | 84% -4% 20% 0.68 | 0.057

Table 1. Summary of the different contributions to the drag
coefficient.

let of the test section (1.5 m upstream of the leading edge of
the raised floor). In this study, three grids with square bars
were considered, each of them being characterised by a so-
lidity defined as y = b/M(2 —b/M) = [16,48,55] % where
M = [143,320,360] mm and b = [25,90,120] mm stand for
the grid mesh and the bar thickness (see figure 1), and produce
turbulence intensities

Tu= \/u%/umz 4.8,9,13)(%), (1)

respectively. These measurements were obtained using a hot
wire located at the same longitudinal position than the back of
the body but at the centre of the test section. Note that this
position is also where the origin is set, as shown in figure 1. In
addition, longitudinal profiles of turbulent intensity were per-
formed in the test section in order to correct the measurements
obtained from the Pitot tube. The grid and free-stream turbu-
lence properties are summarised in Passaggia et al. (2021).

3 Methodology

The equations for the conservation of mass and momen-
tum are made non-dimensional using U.. as the velocity scale
and the height of the body H as a lengthscale. The non-
dimensional quantity therefore reads

xi=x{/H, ui=u}/Us, p=p"/pUZ

Flow solutions are then split between a temporal mean U and
a fluctuation u’ using Reynolds’ decomposition

ui(xi,t) = U () +u (xi,8),  plxi,t) = P(x;) + p'(xi,1).
The total drag coefficient hence writes

2Fp

=D 2
PHWUL 2

Cp

where W is the width of the body. Note that the aspect ratio
H/W = 0.84 for the Ahmed body and 0.8 for the C4 model.
The base-pressure drag is obtained as

Cr= o J[crtnaras, 3)

integrated over the base of each body, where C, = 2(P —
P..)/pU2 and where P., is the static pressure far from the body.
Further, the contributions to the base-pressure drag are anal-
ysed by means of a momentum budget evaluated along the re-
circulation region connects the base to the near wake. In order
to determine the contours of the recirculation region, thereby
defining a closed control volume for the analysis, we use the
Recirculation Region Interface (Stella ez al., 2017b) defined as

RRI = x; . 4
Xi U—o 4

Using the vertical mid plane, located at the centre of the vehi-
cles (i.e. y = 0), the momentum budget simplifies to

h N
Co~ | Cplu=y=0,2)dz= / [K(Cp+ 262) — 2 w]dx,
G RRI
&)
where kK = dz/dx and h < H is the height at which the RRI
reconnects to the base of the body (see figure 2 for the de-
tails on each wake). In this configuration, the static pressure
in the test section is not uniform and compensates the local
turbulence level Tuz. In order to circumvent this problem, the
static pressure p.(x) was corrected using hot-wire measure-
ments performed in the free-stream at different streamwise lo-
cations, allowing for correcting the static pressure obtained at
the rear of the bluff bodies as well as the free-stream velocity
as measured by the Pitot tube (Bailey er al., 2013).
In addition to the momentum budget, the mass-entrained
across the RRI defines the mean amount of fluid entrained in-
side the near wake and writes

e =p [ Wind. ©)
JRRI
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Figure 2. Schematic of the two wakes for (a) the Ahmed body and (b) the Citroén C4 model measured in the mid-plane at y = 0 where
streamlines in black are overlapped onto the recirculation region interface (shown in white) where mass and momentum budgets are
calculated. The length of the recirculation region is also shown in red.
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Figure 3. Cp as a function of C,, for (red) the Ahmed body

and (blue) the C4 model and for the three turbulence grids that
is T, ~0.4% (%), T, ~4.8% (o), T, = 9% (0), T, = 13% (A).
The dashed line shows the fit Cp = Cj, +0.08.

where W, is the vertical component of the velocity entering
the recirculation region. Moreover, there exists a link between
the mass and the momentum budget. As shown in Stella ef al.
(2018), the mean pressure can be partially linked to the mass
entrained through the use of the circulation and Kelvin’s theo-
rem. In other words, the mass entrained can be used as a proxy
in order to evaluate how the pressure from the mean flow af-
fects the pressure at the base.

4 Drag to base-pressure analysis

Force measurements are reported in figure 3 for the dif-
ferent turbulence grids and for the two models considered in
this study. It is worth noting that, in the case of both bod-
ies, base-pressure modifications are directly proportional to
the drag coefficient, meaning that base-pressure drag essen-
tially drives the total drag. Furthermore, the ratio of base- to
total-drag is close to 0.82 for the Ahmed body and 0.69 for
the C4 model, which is relatively close. In addition, as shown
in figure 3, variations of the base-to-total-drag coefficient re-
mains linear throughout the entire set of experiments, that is
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Figure 4. Recirculation length variations in (%) of ALy as a
function of the turbulence intensity 7u for (red) the Ahmed
body and (blue) the C4 model.

Cp ~ Cp, which hints at a common mechanism acting on the
wake of these bluff bodies.

5 Mass-entrainment and RRI analysis

Analysing the length of the recirculation region, both
cases show that Lg decreases linearly with increasing turbu-
lence intensities, as shown in figure 4 while the base pressure
drag both increases or decreases depending on the value of Tu,
which is odd with the current understanding of bluff-body near
wakes in the presence of turbulence.

In order to provide a comparative analysis, all quantities
are normalised using the reference case, such that

ALp = (Lr —Lg0)/Lgro- @)

where Ly is the recirculation length measured for the ref-
erence case when Tu ~ 0 (all reference values are reported
in table 1). Using this approach, both bodies now show the
same evolution for this normalised recirculation length, mean-
ing that the lengthscale of reference remains the recirculation
length, independently of the geometry.
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Figure 5. Evolution of the mean mass entrained Arit, (%)
across the RRI in the vertical plane as a function of the tur-
bulence intensity Tu for (red) the Ahmed body and (blue) the
C4 model.

The mass entrained into the wake is reported in figure 5
where the mass entrained into the wake is also normalised and
writes Arite = (i1, — tite ) /1ite 0, Where rite o is the mass en-
trained without free-stream turbulence. Similar to the obser-
vations for the recirculation length, the mass entrained into the
wake decreases essentially linearly for both cases with respect
to the turbulence intensity. In fact, there is a direct link be-
tween both quantities since they are both linearly dependent
on Tu, which provides

Arite ~ ALR,

and therefore hints to the idea that the entrainment velocity
remains essentially constant and that the recirculation length
is the main control parameter for mass entrainment, indepen-
dently of the geometry of the body.

6 Momentum budget analysis

Contributions to the base drag are directly linked to the
momentum budget integrated along the recirculation-region
interface in eq. (5) where each term was measured or
estimated using particle image velocimetry and a pressure
scanner for both cases and for all turbulence grids (see figure
4(a,b) for the details of the wake structure and the Reynolds
shear stress). The approach to obtain pressure is detailed in
Shanmughan et al. (2020); Passaggia et al. (2021). Similar to
the analysis for the mass entrained in the near wake, we report
the normalised evolution for each term evaluated along the
RRI. Since pressure is the dominant term, as reported in table
1, we report its dependence in figure 6 where both geometries
display very different behaviours and signs. In the case of the
Ahmed body, and similar to the results obtained in Passaggia
et al. (2021); Zeidan et al. (2023) along the separatrix, the
contribution of the pressure to the base drag decreases by
40% between the lower and the larger value of the turbulence
intensity. In contrast, the contribution of the pressure term
for the realistic car model remains essentially unaffected by
free-stream turbulence. Its contribution increases by 17%
when adding free-stream turbulence (which is actually linked
to the earlier transition of the boundary layer developing along
the raised floor).
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Figure 6. Difference of contribution in (%) of the pressure
term in the momentum budget along the RRI as a function
of the turbulence intensity 7u for (red) the Ahmed body and
(blue) the C4 model.
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Figure 7. Difference of contribution in (%) of the turbulent
normal stress term in the momentum budget along the RRI as
a function of the turbulence intensity 7Tu for (red) the Ahmed
body and (blue) the C4 model.

Although pressure is the dominant term for the case of the
Ahmed body, turbulence plays up to a third of the contribution
at the base of the Ahmed body and 20% for the C4 model (see
table 1). This quantity is further investigated, in order to un-
derstand the response of the flow to free-stream turbulence.
The effect of free-stream turbulence on the contribution of the
normal stresses is shown in 7. The results obtained on the RRI
provide the same results that were obtained on the separatrix in
Passaggia et al. (2021) on the Ahmed body and decrease lin-
early by 20% with increasing free-stream turbulence intensity.
This is again at odds with the results obtained on the realistic
car model where the contribution of the normal stresses re-
mains, once again, essentially independent of the free-stream
turbulence intensity.

As a result, the base-pressure drag of the realistic car
model is only dictated through the evolution of the Reynolds
stresses to the momentum budget. Their evolution is reported
in figure 8 for both geometries and shows once again very sim-
ilar behaviour with respect to the Ahmed body. For both cases,
the contribution of the Reynolds shear stress to the momentum
budget decreases by 12 % for both geometries. As shown in
Passaggia et al. (2021) the mechanisms associated with the de-
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Figure 8. Difference of contribution in (%) of the turbulent
shear stress term in the momentum budget along the RRI as
a function of the turbulence intensity 7u for (red) the Ahmed
body and (blue) the C4 model.

crease of the Reynolds stresses and therefore the variations of
drag are quite different for both geometries. On one hand, the
Ahmed body shows a reduction of the Kelvin-Helmbholtz in-
stabilities on the upper and lower shear layers (see Passaggia
et al. (2021) for a complete analysis). On the other hand, the
wake in the C4 displays a different mechanisms which is asso-
ciated with turbulent diffusion term which is characterized by
rare but violent events near the end of the recirculation region,
and associated with the “breathing of the recirculation region”,
which is also present in the case of the Ahmed body but over-
shadowed by the reflectional symmetry breaking of the wake
(Volpe et al., 2015). This aspect will be analysed in more de-
tails during the presentation.

7 Conclusion

While the Ahmed body is often used as a surrogate for
analysing the effect of flow-control devices (Grandemange
et al., 2013b; McNally et al., 2019) or the external factors
such as side winds (Bonnavion et al., 2017) or free-stream tur-
bulence (Passaggia et al., 2021) on road vehicles, this study
shows a more nuanced reality. For instance, only considering
integral quantities such as the total drag or the base-pressure
drag on local quantities such as the recirculation region or
mass entrainment alone might provide illusive conclusions.
For instance, in the case of the Citroén C4 coupé model, and
despite normalized characteristics, free-stream turbulence has
a dramatic effect on the Ahmed body while the realistic car
model is four times less receptive. Furthermore, the drag bud-
get for the realistic car model is essentially controlled by the
Reynolds shear stress term, along the lower shear layer, associ-
ated with the lower recirculation region interface. This clearly
hints to the idea that control strategies for a realistic car ge-
ometries will be less efficient than for an Ahmed body. This
was recently shown in Abed-Meraim et al. (2025) for the same
car model; While Grandemange et al. (2013b) showed very
promising effects of flaps to improve the aerodynamic drag of
an Ahmed body, results reported for a realistic car geometry
show a very different sensitivity Abed-Meraim et al. and are
further aligned with the results obtained for a full-size vehicle,
as reported in Sebben et al. (2017). This study therefore calls
for a warning when attempting to transpose control strategies
from canonical bluff bodies to realistic geometries.
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