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decomposition confirm the interpretation of the latter mode 
as the pumping of the recirculation bubble.

1  Introduction

Ever since the influence of aerodynamic drag on the over-
all moving resistance was first pointed out, aerodynamic 
optimization of the external shape has been an impor-
tant step when designing a new vehicle. Whether perfor-
mance or low fuel consumption is required, the most com-
mon research topic on ground vehicle aerodynamics is 
the reduction in the drag coefficient. It is known that this 
is not a trivial task, since ground vehicles can be consid-
ered as bluff bodies, which are characterized by complex 
three-dimensional flow structures. For this kind of study, 
the great variability in the shapes of ground vehicles (e.g., 
notchback or fastback cars, vans, buses, trains) has also to 
be considered. This variety makes it difficult to provide 
general guidelines about the best strategies to adopt for 
reducing aerodynamic drag.

These are the reasons why fundamental research is 
mostly performed on bluff bodies with elementary shapes, 
so that only a specific aspect of an actual vehicle can be 
analyzed. One of the simplified vehicle models is the well-
known shape introduced by Ahmed et al. (1984). This body 
consists of a parallelepiped with the global proportions of 
a common hatchback car, presenting four rounded edges at 
the front and a slanted plane at the rear. The goal of the 
latter is to model the rear window of a hatchback car. The 
authors found that the drag of this body was highly sensi-
tive to the slant angle of the plane, and they were able to 
relate it to the different wake topologies. In particular, for 
slant angles between 0◦ and 12.5◦, the flow is attached to the 
slanted plane and separates at the rear, the wake consisting 

Abstract  In recent years, the increasing interest in reduc-
ing the aerodynamic drag of vehicles, such as station wag-
ons, minivans or buses, has led research to focus on the 
characterization of square back bluff geometries. In this 
paper, the results of an extensive experimental campaign 
on the full-scale well-known body of Ahmed et  al. (1984) 
are presented, for two height-based Reynolds numbers, 
ReH = 5.1× 10

5 and 7.7× 10
5. Eighty-one measurement 

points were used to map the base pressure field, while the 
wake topology was investigated by means of a series of ten 
2D Particle Image Velocimetry planes. These measurements 
clearly show that the wake presents a bi-stable behavior, 
characterized by a random succession of switches between 
two well-defined mutually symmetric configurations, con-
firming the results from Grandemange et al. (J Fluid Mech 
722:51–84, 2013b. doi:10.1017/jfm.2013.83) for the same 
model. For the presented results, the timescale of this phe-
nomenon is of the order of 800V∞/H. The sensitivity of the 
bi-stability to the yaw angle was also investigated, and con-
siderations on how to take such a behavior into account in 
post-processing this kind of field are given. High-frequency 
measurements were also carried out with four piezoelectric 
transducers and a synchronized two-component hot-wire. 
The results show a low-frequency spectral activity: peaks 
at StH = 0.13 and 0.19, corresponding to vortex shedding 
modes, were found on the lateral base pressures and in the 
far wake, whereas a signature at StH = 0.08 was visible on 
the vertical base centerline and in the recirculation bub-
ble shear layer. Correlation analysis and proper orthogonal 
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of a recirculation bubble which, qualitatively, is no differ-
ent from the ones obtained from elementary bluff bodies. 
When the slanted plane inclination is between 12.5◦ and 30◦, a 
considerable drag enhancement is documented, associated 
with a reattachment on the slant and the formation of two 
counter-rotating vortices developing from the upper cor-
ners. Beyond 30◦, the flow is no longer able to reattach on 
the slanted plane: A wake consisting of a recirculation bub-
ble is formed again, and the drag suddenly decreases to the 
value of the square back configuration.

With time, the Ahmed body has become a reference 
for the study of vehicle aerodynamics. Most research has 
focused on the 25◦ or 30◦ slanted geometry, mainly for the 
interest in finely characterizing this complex 3D configura-
tion. For example, the visualizations by Spohn and Gillié-
ron (2002) and the analysis by Vino et al. (2005) and Wang 
et al. (2013) gave more insight into the topology of the lon-
gitudinal structures and their interaction with the slanted 
plane separation region. The measurements and proper 
orthogonal decomposition (POD) analysis by Thacker et al. 
(2012) also highlighted the spectral properties of the recir-
culating flow. The natural flow of the 25◦ body was numeri-
cally simulated with large eddy simulations by Krajnović 
and Davidson (2005) and by Minguez et al. (2008).

Another reason is that since it presents many sources of 
drag, the slanted Ahmed body is a good starting point for 
testing drag control strategies. Drag reductions were regis-
tered with passive geometry modifications (Thacker et  al. 
2012) or with devices such as splitter plates (Gilliéron and 
Kourta 2010), flaps (Beaudoin and Aider 2008) or deflec-
tors (Fourrié et al. 2011). Active control techniques such as 
pulsed jets (Joseph et al. 2012) or synthetic jets (Kourta and 
Leclerc 2013) have also been successfully used.

However, in recent years, more and more studies have 
been carried out on square back Ahmed bodies, because of 
the increasing demand for station wagons or mini wagons. 
The different kind of wake of the square back geometry 
does not allow the application of most of the control strate-
gies developed for the 25◦ configuration.

As far as drag reduction is concerned, the usual approach 
is to attempt to recover pressure at the base. The motivation 
for this is that for a square back-like wake, 70 % of the total 
drag comes from the base pressure distribution, as shown 
by Ahmed et al. (1984) on their body. Khalighi et al. (2001) 
showed that substantial drag reductions can be achieved by 
creating a cavity with four deflectors or with steady blow-
ing jets (Khalighi et al. 2012), as Wassen et al. (2010) also 
showed numerically.

One interesting finding derives from the work of Gran-
demange et  al. (2013b), who documented and charac-
terized a bi-stable flow behavior on a 1:4 scale model 
square back Ahmed body. This bi-stability consists in 
the dynamic switch of the wake topology between two 

well-defined configurations which are mutually symmetric 
with respect to the vertical center plane. The succession of 
these switches is random with a timescale of the order of 
1000V∞/H (V∞ being the free-stream velocity and H the 
height of the model). This means that the well-described 
symmetric flow configuration typical of this body derives 
from the averaging of the two asymmetric configurations, 
requiring a long acquisition time when studying this kind 
of problem. Complementary studies were carried out by the 
same authors, who found out that bi-stability can be sup-
pressed by reducing the ground clearance (Grandemange 
et al. 2013a) or by perturbing the wake with the insertion of 
horizontal or vertical control cylinders (Grandemange et al. 
2014). The bi-stability phenomenon has also been reported 
for a double-backward-facing step by Herry et  al. (2011). 
Courbois et al. (2014) also showed that under precise wind 
yaw angle conditions, the evolution of the lift force of an 
actual minivan can have a bi-stable behavior. The numeri-
cal simulation of bi-stability is a difficult task, due to its 
very long timescale. However, the wake of the square back 
Ahmed body as calculated by Wassen et  al. (2010) pre-
sented an unexpected asymmetry in the horizontal plane. 
The two-state evolution of the side force of the simulation 
by Östh et al. (2014) might also be related to bi-stability.

The recent findings by Rigas et al. (2014) indicate that 
the instantaneous pressure field behind their axisymmetric 
body is actually antisymmetric and randomly rotates. As in 
the previously cited works, when averaging on long-time 
runs, the pressure field becomes symmetric. Also, the time-
scale associated with this phenomenon is about 500 times 
the characteristic time calculated on free-stream velocity 
and on the diameter of the body. These properties suggest 
a multistable behavior of the wake, developing over an infi-
nite number of states.

The wake bi-stability does not seem to interfere with 
the other periodic modes that can be detected by means 
of spectral analysis. As far as the periodic modes are con-
cerned, many authors agree with the identification of the 
low-frequency modes associated with vortex shedding, 
both from the left-/right-side planes and from the roof and 
the floor of the vehicle (Grandemange et  al. 2013b; Östh 
et al. 2014; Lahaye et al. 2014). A lower-frequency mode 
was also found by Khalighi et  al. (2001, 2012) for the 
Ahmed body and by Duell and George (1999) on a bluff 
body similar to the one from Ahmed, but with a square sec-
tion. This mode is usually explained as a pumping of the 
whole recirculation bubble (Berger et  al. 1990). Khalighi 
et al. (2001) associated their 20 % drag reduction with the 
suppression of this spectral peak.

The work presented in this paper aims at further devel-
oping the experimental data base on the study of the square 
back Ahmed geometry and tries to establish the points of 
agreement between the previous studies. The final goal of 
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this research is to provide as detailed as possible experi-
mental information on the unsteady phenomena related to 
the wake of the square back Ahmed body, with a view to 
the development of optimized flow control strategies.

All the presented results derive from experimental meas-
urements on a full-scale geometry. After the description of 
the experimental setup in Sect. 2, the dependence of the 
drag coefficient on the Reynolds number is discussed in 
Sect. 3. In Sect. 4, the unsteady topology of the wake is dis-
cussed, by means of pressure base measurements and PIV 
in the wake. The bi-stable behavior of the wake is clearly 
identified and documented. High acquisition frequency 
pressure and velocity measurements were also carried out, 
and spectra and correlations are shown in Sect. 5. Then, in 
Sect. 6, a complementary analysis based on the POD of the 
pressure signals is presented, before concluding with some 
final considerations.

2 � Experimental setup

The experimental campaigns took place in the sub-
sonic “Lucien Malavard” closed-loop wind tunnel of the 
PRISME laboratory at the University of Orléans, France. 
Its test chamber section is 2 m by 2 m wide, with a 
free-stream turbulence level lower than 0.4  %. The 
1:1 scale Ahmed body (length L = 1.044m, height 
H = 0.288m, width W = 0.389m, ground clearance 
50 mm) is placed over a raised floor, as shown in Fig.  1. 
The same figure also depicts the Cartesian coordinate sys-
tem used in this paper. The X axis is directed toward the 
flow direction, whereas the Z axis coincides with the ver-
tical direction. Its origin is placed on the floor, the X = 0 
point corresponding to the base plane position, with the 
Y = 0 point aligned with its vertical centerline. Two free-
stream velocities were chosen, V∞ = 26.7 and 40m s−1. The 
corresponding Reynolds numbers, calculated on the Ahmed 

body height, are ReH = 5.1× 105 and 7.7× 105, respec-
tively. Before testing the Ahmed body, the boundary layer 
profiles over the floor were investigated. Transition occurs 
before the position of the model nose. Just below the rear 
base, the boundary layer is fully turbulent, and for 26.7 
m s−1, its 99  % boundary layer thickness δ99 = 24mm, 
whereas its displacement thickness is δ1 = 3.7mm. These 
values are smaller than the 50 mm model ground clearance. 
The raised floor presents, at its end, a trailing edge flap. Its 
deflection was set up before inserting the Ahmed model so 
that the pressure distribution around the ground plane is 
uniform. The aerodynamic forces on the Ahmed body were 
measured by means of an external strain gauge balance, 
linked to the model via a plate-beam structure embedded in 
the floor, and a mast sheltered from the flow with a stream-
lined fairing. The balance is equipped with a turntable. The 
yaw angle between the model and the flow was measured 
with an absolute encoder whose precision is 0.08◦.

The characterization of the mean wake topology was 
performed in two steps: A cartography of the pressure 
field over 81 points placed at the rear of the body was 
obtained by means of three MicroDAQTM pressure scan-
ners, as shown in Fig.  2a; pressure data were sampled at 
20 Hz for 900 s. Because of the bi-stability phenomenon 
typical of this kind of wake (Grandemange et  al. 2013b), 

Fig. 1   Experimental setup
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Fig. 2   Pressure and velocity exploration. Mean field measurements: 
a positions of the pressure taps and b the ones of the 2D PIV planes; 
c spectral analysis probed positions with the piezoelectric transduc-
ers, and d with the hot-wire probe
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it is necessary to analyze the pressure histories acquired 
with this instrumentation. Thus, it is important to determine 
what their frequency response is. The connecting pressure 
tubes used were 0.6 m long with a 1.56 mm internal diame-
ter. According to Bergh and Tijdeman (1965), the first reso-
nance frequency of the probe-transducer system is 125 Hz. 
This frequency is high enough to avoid a distortion effect 
on the pressure reading: In fact, the spectral analysis car-
ried out with piezoelectric transducers showed that most 
of the dynamic activity is found at low frequencies (in the 
worst case, at 26 Hz for V∞ = 40m s−1), see Sect. 5. Also, 
the bi-stable behavior pressure switches are very rapid, 
shorter than the sampling period of 0.05 s of the pressure 
scanners. This means that the energy associated with this 
phenomenon is at even lower frequencies. Indeed, if a bi-
stable switch is modeled with a Heaviside function, its Fou-
rier transform will be:

where δ(f ) is the Dirac function and j the imaginary unit. 
Furthermore, the presence of a phase shift induced by the 
tubing is not of great concern, since all the tubes were of 
the same length so that the 81 pressure measurement acqui-
sitions can be assumed to be practically synchronized. It 
has to be mentioned that this measurement system was not 
synchronized with the other equipment.

Two-dimensional PIV on a series of orthogonal planes 
was performed by means of a LaVisionTM system, in order 
to characterize the mean topology of the wake recirculation 
bubble, as shown in Fig. 2b. In particular, the five horizon-
tal (XY) planes are 612× 408mm2 with a spatial resolution 
of one vector every 1.22 mm and were acquired for 500 s 
at 2 Hz, whereas the sizes of the vertical (XZ) planes are 
558× 490mm2, their resolution is 1.95 mm/vect, and their 
acquisition time was 400 s at 1 Hz.

Four piezoelectric KuliteTM transducers were used to 
capture high-frequency parietal pressure fluctuations near 
the rear edges, on a total of 16 measurement points, as 
shown in Fig. 2c. The sampling frequency was 2 kHz for an 
acquisition time of 525 s.

As far as the velocity is concerned, 2D hot-wire meas-
urements were performed on a series of 87 points, on the 
wake shear layer and behind the reattachment point of the 
recirculation bubble, as shown in Fig. 2d. For each point, 
data were gathered at 20 kHz for 450 s. During these tests, 
further unsteady pressure measurements were carried out, 
at the middle of the edges of the base section (in red in 
Fig. 2c). It was not possible to synchronize these two meas-
urement devices by means of a trigger. However, an electric 
reference signal was acquired at the same time with the two 
different instruments. By computing the point of maximum 
cross-correlation between the two reference acquisitions, 

(1)F{H(t)} =
δ(f )

2
+

1

2π jf

it was possible to resynchronize the measurements when 
post-processing the data, allowing the calculation of the 
coherence between pressure and velocity.

3 � Ahmed body drag

In this section, the global drag of the Ahmed body is com-
pared to the pressure drag generated at the base of the body. 
The aerodynamic global drag coefficient, obtained via bal-
ance measurements, is defined as follows:

where D is the measured drag force, ρ is the air density, 
S = 0.112m2 is the projected frontal surface, and V∞ is the 
free-stream velocity. The contribution of the base pressure 
drag is calculated by integration of the pressure coefficient 
field, measured from the rear tappings:

in which p∞ is the reference static pressure, measured in 
the unperturbed upstream flow.

The Reynolds dependence of the two drag coefficients is 
presented in Fig. 3. The Reynolds number ReH was calcu-
lated on the reference height of the model and free-stream 
velocity. Free-stream velocity was varied between 15 
and 45 m s−1, the corresponding Reynolds number being 
ReH = 3.67× 105 and 8.15× 105, respectively. For both 
coefficients, a slight dependence on the Reynolds number 
is noticeable.

Specifically, the measured global drag coefficient var-
ies from CD = 0.329 for ReH = 3.67× 105 to CD = 0.315 
at ReH = 8.15× 105. This range of values is higher than 

(2)CD =

D

0.5ρSV2
∞
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Fig. 3   Reynolds dependence of the global drag coefficient CD and of 
the base pressure drag coefficient CD,base
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the CD = 0.250 result from Ahmed et al. (1984). However, 
also the results of other previous works show global drag 
coefficients greater than the one from Ahmed et al. (1984). 
In particular, it is found that the global drag for the square 
back configuration varies between CD = 0.274 by Grande-
mange et  al. (2013b) and CD = 0.364 from Eulalie et  al. 
(2014).

The base pressure drag shows a slow increase with 
Reynolds number. In particular, the CD,base value calculated 
from the highest Reynolds dataset is greater by 2.7 % than 
the one obtained at ReH = 3.67× 105. The contribution 
of CD,base on the global drag varies between 71 and 76 %, 
which is in agreement with recent researches on this geom-
etry (Grandemange 2013; Eulalie et al. 2014).

The difference between the two coefficients is represent-
ative of the amount of drag generated by the front of the 
vehicle and by the cylindrical stilts, as well as of the fric-
tion drag with the other walls of the body.

4 � Unsteady topology characterization

4.1 � Bi‑stable behavior of the wake

The cartography of the parietal mean pressure field is 
reported in Fig. 4a, for the lower free-stream velocity. As 
for the global forces, no significant dependence of the pres-
sure coefficient on the Reynolds number was noticed.

It can be observed that the time-averaged field is quite 
homogeneous, the spatial averaged pressure coefficient 
being −0.22. This result is in agreement with the literature 
on the same body (Khalighi et al. 2001; Grandemange et al. 
2013b; Wassen et al. 2010). In fact, a slight horizontal pres-
sure gradient exists: The pressure increases by 10 % close 
to the vertical edges, when compared to the base center 
values.

What could appear surprising is the RMS value of the 
Cp field, as shown in Fig.  4b, which is large, when com-
pared to the mean value. At its worst, for the taps situated 
in (Y/H = ±0.32, Z/H = 0.67), the RMS value is up to 

25 % of the steady coefficient value. The only exception is 
in the vertical centerline of pressure taps (Y/H = 0), where 
the fluctuation level is low, compared to neighboring taps.

These high RMS values result mainly from the bi-stable 
behavior of the pressure field, which was already observed by 
Grandemange et al. (2013b) on the same geometry, at a 1/4 
scale, and by Herry et al. (2011) on a double-backward-facing 
step. Further evidence for this is provided in Fig. 5a which 
reports the temporal evolution of the synchronized measure-
ments of two piezoelectric transducers, located at symmetric 
points of the lower edge, at Y/H = ±0.32. At these points, 
the highest Cp RMS values of the piezoelectric transducer 
data were measured. As can be seen, the pressure coefficient 
of the two taps continuously switches between two well-
defined levels. This is even more evident when the probability 
density functions (PDFs) computed on the whole acquisition 
time interval are plotted, as shown in Fig. 5b, since the pres-
sure data distribute as a bimodal statistical function.

The same kind of unsteady pressure behavior was also 
detected with the pressure scanners, as shown in Fig.  5c. 
In this figure, the evolution of the pressure coefficient from 
the two points presenting the highest RMS from Fig. 4b is 
considered. In Fig. 5d, the PDFs at these points are com-
pared to the one obtained from the evolution of the Cp at 
the base center. It can be seen here that the pressure dis-
tributes as a typical gaussian function, indicating that there 
is no bi-stable behavior. This explains the lower Cp RMS 
value observed at the vertical taps centerline.

The results shown are for a free-stream velocity of 
26.7m s−1, and it has to be added that the bi-stable behav-
ior was visible for both the free-stream velocities.

The pressure switches randomly occur on long time-
scales, as detailed in Sect. 4.2. The changes in stable posi-
tion are synchronous, not only when considering left-to-
right symmetric pressure taps, as shown in Fig. 5a, c, but 
also when measurement points on the same part of the base 
are considered, as illustrated in Fig. 5e.

The bi-stability phenomenon was not only detected for 
pressure cartography measurements, butt was also high-
lighted in the velocity field measured with PIV, as shown 

Fig. 4   Rear pressure field car-
tography, ReH = 5.1× 105, the 
black dots representing the posi-
tions of the taps: a canonical 
time averaging, b RMS value
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for the points in Fig. 6. The PIV data acquired in the ver-
tical centerplane show no evidence of bi-stable behavior, 
confirming what was observed for the pressure cartography 
in Fig. 5d.

The two distinct stable positions of the pressure field 
can be visualized by means of a conditional averaging of 
the unsteady data, provided that it is possible to identify, at 
a given instant, in which stable configuration the wake is. 
Since the pressure switches happen at the same instants for 
all the pressure positions, the phase identification process 
can be based on the time history of at least one significant 
measurement point. In the case of the pressure scanners, 
the taps situated at (Y/H = ±0.32, Z/H = 0.67) were cho-
sen (i.e., those considered in Fig. 5c), since the highest val-
ues of Cp RMS are reported there. The unsteady data of all 
the pressure taps were sorted into two groups, according to 
the sign of the function �Cp,CA:

This criterion is qualitatively the same as the one used by 
Grandemange et al. (2013b), in which the conditional aver-
aging of the rear pressure field was based on the calculation 
of the base pressure gradient in the Y  direction.

The conditionally averaged pressure fields of the two 
separate phases are represented in Fig. 7a, b. It can be seen 

(4)

�Cp,CA = Cp

(

Y

H
= 0.32,

Z

H
= 0.67, t

)

− Cp

(

Y

H
= −0.32,

Z

H
= 0.67, t

)

that strong left-to-right imbalances are visible for each bi-
stable field. The pressure field corresponding to the bi-sta-
ble configuration for which �Cp,CA > 0, shown in Fig. 7a, 
presents a low-pressure region on the left base side. As can 
be seen from Fig. 13b, the related velocity field also looks 
dissymmetric. So, in the following, this position will be 
identified with the letter “L”. Similarly, when �Cp,CA < 0, 
the fields appear to be antisymmetric relative to the center-
line vertical axis with the previous one, so the correspond-
ing phase will be named “R”.

Whatever stable position is considered, the lowest pres-
sure deriving from the bi-stability differs by 27  % with 
respect to the related long-time-averaged value. These val-
ues are registered where the greatest RMS variations are 
also seen, at (Y/H = ±0.32, Z/H = 0.67). The two stable 
fields are symmetric to the vertical centerplane. Figure 7c 
plots the spatial average between the two stable phases, 
defined as:

where Cp,L and Cp,R are the conditionally averaged values 
for the generic pressure tap of the coordinates (i, j). The 
obtained field is uniform and is almost identical to the 
long-time average presented in Fig.  4a, as can be clearly 
seen in Fig.  7d, where the mid-height Cp distribution is 
compared for the two stable positions and the two averaged 
fields. The Cp recalculated with Eq. 5 differs by 0.1 % at 
most from the canonical averaged field.

(5)Cp,LR(i, j) =
Cp,L(i, j)+ Cp,R(i, j)
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Fig. 5   Bi-stable behavior of the pressure field. Piezoelectric trans-
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Thus, the conditionally averaged base pressure field 
alternates between two well-defined schemes. Since the 
base drag makes the largest contribution to the global 

CD, it is interesting to calculate it for the stable posi-
tions as shown in Fig.  7a, b. It was found that, for 
ReH = 5.1× 105,CD,base,L = CD,base,R = CD,base = 0.221, 

Fig. 6   Velocity bi-stability: a–d 
non-dimensionalized veloci-
ties evolutions for four points 
inside the recirculation bubble, 
ReH = 5.2× 105, e visualiza-
tion of points positions
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and for ReH = 7.7× 105,CD,base,L = CD,base,R = CD,base

= 0.227. So, the bi-stability phenomenon does not affect 
the mean value of the base drag, because the pressure vari-
ation on the left or right base part is balanced on the other 
side, as can be clearly seen from Fig. 7d. Even if this has 
an effect on the yawing moment, this result has also to be 
taken into account when trying to reduce drag on a body 
showing such bi-stability. In fact, when drag is investi-
gated, the bi-stability phenomenon does not induce bias 
on the results. An important consequence is that the previ-
ous results obtained on this kind of body do not have to be 
reconsidered. On the other hand, the Cp variation on a sin-
gle point can be substantial, so, if local effects are being 
studied, greater care has to be taken, because part of the 
recorded variations can derive from bi-stability rather than 
from the effect of the drag control strategy.

Conditional averaging can also be applied to the PIV 
data, as shown in Fig. 8. In this case, the sorting criterion is 
based on the sign of the function �Vi,CA, depending on one 
significant measurement point:

where i is the direction of the velocity component, x̃, ỹ, z̃ 
are the coordinates of the considered point, and Vi is 
the velocity average for the considered measurement. 
For the horizontal PIV planes, the Vy velocity compo-
nent for the points at (x̃ = 0, ỹ = 0) was used, whereas 
for the vertical planes bi-stability was evident on the Vx 

(6)�Vi,CA = Vi(x̃, ỹ, z̃, t)− Vi(x̃, ỹ, z̃)

component at (x̃ = 0.75H , z̃ = 0.29H). The sorted phases 
were assembled by topology coherence and interpolated 
on a 3D volume. Figure 8 shows the V/V∞ = 0.1 isosur-
faces of the obtained velocity fields. The points shown 
in Fig. 6 lie on these surfaces. As seen for the pressure 
fields, the two bi-stable conditionally averaged configu-
rations of the wake show a left-to-right antisymmetry 
and their averaging yields the well-known symmetric 
recirculation bubble.

4.2 � Statistical analysis of the stable phase duration

The excerpt of the temporal evolution of the pressure field 
from Fig.  5c shows that the bi-stable phenomenon is not 
periodic. In order to characterize its timescale, a statistical 
approach is necessary.

The random variables chosen as parameters for this 
study are the durations of each stable position, tphase,i (with 
i = L, R), defined as the time elapsed between two suc-
cessive phase switches. The populations for the analysis 
were obtained from the conditional averaging operation 
explained in Eq. 4.

In the following, it is verified that the transitions 
between the two phases can be assumed as purely ran-
dom. One method to perform this is checking if the pro-
cess can be modeled as a stationary Markov chain. For 
this, the switching process has to satisfy the following 
properties:

Fig. 7   Conditional averaging 
of pressure data: a rear pressure 
phase L, b rear pressure phase 
R, c spatial average of the two 
identified phases, d comparison 
of the pressure distributions at 
Z/H = 0.67
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1.	 it evolves in a discrete number of states;
2.	 the PDF of the time duration for each state is a decreas-

ing exponential;
3.	 each state transition depends only on the starting phase 

and not on the previous states (memorylessness property).

The first property is satisfied by the bi-stability phenom-
enon itself. For the second, the PDFs of tphase,i, deriving 
from the experiments at the higher free-stream veloc-
ity, are shown in Fig.  9a. During the considered run 
190 phase switches were recorded, meaning that the 
statistics on the left and right positions are computed 
on two populations of NL = NR = 95 observations. The 
obtained PDFs have decreasing trends, well matched 
with an exponential probability distribution of the type 
f (tphase) = �e−�tphase. To verify this hypothesis, the cumu-
lative density function of the experimental data was cal-
culated, so that a Kolmogorov–Smirnov test could be 

performed, as shown in Fig.  9b, c. The null hypothesis 
is that the experimental data fit an exponential distribu-
tion of parameter � = 1/tphase. The results are reported in 
Table 1: The null hypothesis is rejected if the maximum 
distance between experimental and theoretical distribu-
tions, Dexp, is greater than the statistical test KSα. This is 
not verified with the present data, so the statistical test is 
passed and the two populations derive from exponential 
distributions.

To verify the memorylessness property, the probability of 
change of state after exactly t∗ seconds was calculated. If the tran-
sition does not depend on the past phases, the formula is given 
[the demonstration is found in Grandemange et al. (2013b)]:

where Pshift is the probability of changing its stable position 
in a 1 s acquisition. The results are plotted in Fig. 9d. Equa-
tion 7 fits the experimental data reasonably well. Thus, the 

(7)P(S(t + t∗) �= S(t)) = Pshift(1− Pshift)
t∗

Fig. 8   Conditional averaging 
of velocity data, V/V∞ = 0.1 
isosurfaces: a phase L, b phase 
R, c spatial average of the two 
identified phases
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randomness of the bi-stability phenomenon can be modeled 
with a Markov chain. 

The timescale of the bi-stability phenomenon was esti-
mated by calculating the mean duration tphase of the two 
stable positions. This time was compared to the character-
istic aerodynamic times, calculated on free-stream velocity 
and both the height H and the width W of the Ahmed body. 
The results are presented in Table  2, and the comparison 
with the ones from Grandemange et al. (2013b) is also pro-
posed. It is evident that the mean is significantly greater 
than the characteristic Ahmed body time, confirming that 
the bi-stability phenomenon affects the longest timescales.

Even if the results of the presented work have an order 
of magnitude that is compatible with those reported in 
Grandemange et  al. (2013b), our bi-stability timescales 
are lower. It is thought that this discrepancy derives from 
the different sampling frequency, which is 1 Hz in the 
case from the literature, whereas it is 20 Hz for the results 
presented here. In fact, we detected phase durations 

shorter than 1 s, which contributed to decreasing the value 
of tphase. When our data were artificially resampled at 1 
Hz, the agreement with Grandemange’s results was sig-
nificantly improved.

An important consequence of this bi-stable behavior is 
that when analyzing the flow on this body, the large value 
of the bi-stability timescale requires averaging on a long 
acquisition time. If the run is too short, one of the stable 
positions may become predominant and an asymmet-
ric field is obtained after data averaging. Let us consider 
Fig. 10, which shows the time percentage during which the 
phase identified at t = 0 is present. The dotted black line 
indicates equal distribution between the two phases.

With the Ahmed body perfectly aligned to the wind flow, 
in the first 120 s, the initial phase is slowly balanced by its 

Fig. 9   Statistical analysis of 
the phase time duration tphase,i, 
ReH = 7.7× 105: a probability 
density functions, b, c cumula-
tive distribution functions for 
each phase, d PDF of remaining 
in the same phase
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Table 1   Kolmogorov–Smirnov test on the tphase,i populations

Null hypothesis: random variables tphase distributing as exponential 
probability functions, rejected if Dexp > KSα, with α = 5%

Phase Dexp KSα

L 0.105 0.137

R 0.136 0.138

Table 2   Timescales of the bi-stability phenomenon

Experiment Model scale ReH tphase (s) tphase
V∞

H
tphase

V∞

W

Grande-
mange et al. 
(2013b)

1:4 9.2× 104 5.3 1472 1082

Present work, 
20 Hz

1:1 5.1× 105 4.56 421 312

1:1 7.7× 105 7.43 657 486

Present work, 
1 Hz

1:1 5.1× 105 11.82 1092 808

Resampling 1:1 7.7× 105 10.21 1418 1050
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opposite. The two phases tend to be reasonably distributed 
(60 vs 40 % distribution at worst) after 320 s, correspond-
ing to 40–45 times the mean transition time (i.e., on the 
order of 104 V∞/H). We are aware that this result is spe-
cific for the present tests. Still, this shows the importance 
of setting up long-time acquisitions when dealing with a 
bi-stable wake. If acquisitions are too short, the bi-stability 
can bias the results and mislead the data interpretation.

Hopefully, as will be detailed in the next section, the 
perfect balance between the two stable positions is not 
strictly necessary to characterize the mean field when bi-
stability is involved, provided that it is possible to identify 
the two phases.

4.3 � Bi‑stability sensitivity to yaw angle

As previously seen from Figs. 7 and 8, the topology of each 
stable position exhibits a left-to-right asymmetry. Comple-
mentary tests were carried out for different values of the 
yaw angle β, as shown in Fig.  11, in order to study the 

effects of a small angle of yaw induced by a misplacement 
of the body into the flow. It is important to point out that for 
these new measurements, the acquisition time is still 900 s, 
as for the previous results.

First, the pressure fields obtained from canonical aver-
ages at β = −1◦ and −2◦ were compared to the most simi-
lar bi-stable position . The data previously presented cor-
respond to the β = 0◦ curve. This is done in Fig.  11b, in 
which the measurements at the base mid-height are com-
pared. It can be observed that the three distributions are 
qualitatively very similar. In fact, the differences between 
the zero-drift conditionally averaged field and the long-
time-averaged yawed fields are mostly situated toward 
the vertical centerline: for example, at Y/H = 0, and for 
β = 1◦, the difference is 7 %.

Then, the bi-stable behavior of the yawed wake was 
studied by tracing the PDFs of the Cp evolution at the point 
indicated in the sketch from Fig. 11c. When the body is cor-
rectly aligned to the flow, the two PDF maxima are nearly 
at the same level, meaning that the presence of the two bi-
stable phases is equiprobable. In other words, none of the 
stable positions predominates, so that on a sufficiently long 
acquisition, the averaged pressure field is not asymmetric. 
If a yaw angle of 0.4◦ is imposed, a bimodal distribution of 
the Cp coefficient is still obtained, but this time the lower 
pressure position is preferred. The wake still has a bi-sta-
ble behavior, but in this case, one stable position is most 
seen during the acquisition. When the yaw angle is further 
increased up to 1◦, only one phase is detected, meaning that 
the bi-stability behavior is suppressed.

A finer analysis was carried out for yaw angles close 
to 0◦. For these sets of data, the two stable positions were 
identified in the same way as for Fig. 7 and the persistence 
time of each one was expressed as a percent of the whole 
acquisition. The dependence of the latter quantity on the 
yaw angle β is plotted in Fig. 11d, for both the free-stream 
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Fig. 10   Presence of the initial phase during the acquisition
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Fig. 11   Sensitivity of the bi-stable wake behavior to the yaw angle β
: a reference system, b pressure distribution at Z/H = 0.67 for differ-
ent values of β, c probability density functions of the indicated pres-

sure tap for different values of β, d sensitivity of the permanence time 
of the “L” phase, expressed as time percentage, to the yaw angle
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velocities. The dotted line represents the equiprobability 
of the two bi-stable positions. A clear trend is not visible, 
and the curves are not antisymmetric relative to the β = 0◦ 
position, as could be thought. This can be attributed to the 
randomness of the bi-stable behavior, which can scatter the 
data. However, a clear predominance of one phase is visible 
when |β| > 0.2◦. It is also worth noting that only at these 
two angles, the phase time distribution is different for the 
two free-stream velocities, whereas for other values of β, 
the results are coherent.

Another interesting result from Fig. 11c is the fact that the 
points of maxima of the PDF functions do not significantly 
shift with β. This indicates that when the wake presents bi-
stability, the yaw angle mostly affects the permanence time, 
but has little effect on the topology of each stable position.

A confirmation analysis was carried out by imposing a 
yaw angle of −0.35◦ on the Ahmed body. If the pressure 

distribution measured at the mid-height pressure taps is 
compared to the one at 0◦, as shown in Fig.  12, a slight 
asymmetry is visible. The analysis of the pressure evolu-
tion showed that the “R” phase is now visible for 70.5 % 
of the time, which creates the asymmetry when averaging 
all the data of the acquisition. However, the two topolo-
gies of the conditionally averaged “R” phase are almost 
identical.

Thus, it is interesting to perform the spatial average of 
the two stable phases identified, as previously done for 
Figs. 7 and 8. All of the steps of the spatial averaging anal-
ysis are reported in Fig. 13, in the case of the whole pres-
sure field and for the velocity measured at the model mid-
height (Z/H = 0.67).

When spatially averaging the two stable positions, as 
shown in Fig. 13d, the non-yawed symmetric pressure field 
was again observed. The trace of the toric recirculation 
bubble in the wake is also symmetric. This means that for 
a correct study of the wake in the case of bi-stability, the 
perfect alignment of the body to the flow is not mandatory, 
since it is possible to reconstruct the long-time steady field 
by processing the data. In the least favorable case, it is even 
possible to reconstruct the long-time symmetric field from 
the characterization of a single stable phase, since the bi-
stable fields are mutually symmetric. This can be an impor-
tant point in the case of numerical simulations, where the 
calculation of the unsteady field on very long timescales 
can be time-consuming, if not impossible.

5 � Spectral analysis

In this section, our study focuses on the periodic wake 
dynamics, for which the timescale is comparable to the 
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Fig. 12   Mid-height pressure distribution at ReH = 5.1× 105: results 
of the canonical average and of the stable position R for β = 0◦ and 
−0.35◦

Fig. 13   Bi-stability sensitivity analysis for ReH = 5.1× 105 and β = −0.35◦, rear Cp field and non-dimensional velocity of the mid-height 
plane Z/H = 0.67: a long-time canonical average, b stable position R, c stable position L, d spatial average of the two separated phases
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characteristic aerodynamic time. As seen in Sect. 4.2, these 
properties are not relative to the bi-stability phenomenon. 
This is the reason why conditional averaging was not per-
formed for these analyses. However, the acquisition time of 
all the data presented in this section was 450 s, which is 
long enough to obtain a reasonable equipresence of the two 
bi-stable positions previously presented. Nevertheless, as 
will be seen in the next section, it is still possible to identify 
the bi-stability signature from the analysis of their power 
spectra.

5.1 � Spectra of the pressure and velocity signals

The spectra deriving from the measurements of the piezo-
electric transducers are presented in Fig. 14. Figures 15, 16, 
17 and 18 report the most interesting results from the hot-
wire tests. The results are presented in the form of power 
spectral densities (PSDs); the dotted lines represent the 
−7/3 and −5/3 logarithmic decaying laws, for the pres-
sure and velocity spectra, respectively. In Figs. 15, 16, 17 
and 18, the PSDs were vertically shifted, so that the peak 

Fig. 14   Pressure power spectral 
densities on the rear of the 
model: a probings on the mid-
dle points of the rear edges, b 
probings on the corners

Fig. 15   Velocity power spectral 
densities on the upper shear 
layer of the wake, Y/H = 0

: a longitudinal component Vx

, b transverse component Vy, c 
vertical component Vz, d prob-
ing positions superposed on the 
PIV streamlines
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frequencies can be easily identified for all the measure-
ments. In the following, all the non-dimensional frequen-
cies are expressed as Strouhal numbers, StH, calculated on 
the free-stream velocity V∞ and the height of the model H.

The pressure spectra present energy peaks at StH ≈ 0.45 
that do not appear in the hot-wire measurements. Addi-
tional investigations showed that these peaks are not related 
to the Ahmed body, but may be attributed to the raised floor 
structure within the wind tunnel. These frequencies will 
therefore not be further discussed in this study.

These results show that most of the spectral activity is 
observable at low frequency. The most recurrent peak is 
found at StH = 0.13. Should this number be non-dimen-
sionalized with the width of the Ahmed model, we obtain 
StW = 0.175, which is compatible with a Von Kármán vor-
tex shedding mode, developing on the left and right sides 
of the Ahmed body. This result is also documented in the 
literature (Grandemange et al. 2013b; Lahaye et al. 2014). 
This peak is found for all the pressure measurements 
taken outside the vertical centerline, as shown in Fig. 14a, 
b, and for the hot-wire probings made downstream 
the recirculation bubble, when the transverse velocity 

(8)StH =

fH

V∞

component Vy is considered, as shown in Figs.  15b,  17b 
and 18b.

It is still worth mentioning that this Von Kármán mode 
is independent of the bi-stable behavior characterized in the 
previous section, in spite of what the left-to-right symmetry 
of the two phenomena could suggest. As seen in Sect. 4.2, 
the mean timescale of the bi-stability is way greater than 
the characteristic aerodynamic time. Thus, bi-stability only 
affects the lowest aerodynamic frequencies. In the pressure 
spectra in Fig. 14, both the StH = 0.13 peak and an energy 
increase at the lowest frequencies are visible. Indeed, Gran-
demange (2013) demonstrated that:

where A is the autospectrum function. Then, the spectrum 
associated with a bi-stable quantity decreases with a −2 
law for very low frequencies, and this is compatible with 
the present spectra.

The other Von Kármán frequency corresponding to the 
vortex shedding from the floor and the roof of the model 
was also found, only for the hot-wire measurements, as 
shown in Figs. 16a, c and  18b, where peaks at StH = 0.19 
are visible. This result agrees with the findings of Lahaye 
et  al. (2014) and Östh et  al. (2014). Once again, this 
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frequency was detected downstream the recirculation bub-
ble; also, the peak becomes more marked when the dis-
tance to the base increases.

Our results show the presence of a lower energy peak, 
for StH ≈ 0.07− 0.08, found for the pressures at the ver-
tical centerline probing, as shown in Fig. 14a, and mostly 
in the shear layers for the longitudinal and vertical com-
ponents Vx and Vz of the hot-wire probings, as shown in 
Figs.  15a, c,  16c and  17a. More precisely, this frequency 
was found in the longitudinal mid-plane (Y/H = 0) and at 
mid-height (Z/H = 0.67).

This low-frequency mode has been observed on the 
square back Ahmed body by Khalighi et al. (2001, 2012). 
Its existence was, however, doubted by Grandemange et al. 
(2013b). We have reasons to think that the results pre-
sented here are not in contradiction with those of the lat-
ter authors: In their case, most of the hot-wire probing was 
made at X/H > 1.5, i.e., behind the recirculation bubble. 
Our results show that at these locations, the predominant 
modes are those deriving from vortex shedding, which is 
coherent with Grandemange’s conclusions. In our case, the 
StH = 0.08 peak is rather found in the shear layer measure-
ments, as also found by Khalighi et al. (2001).

A possible interpretation of this low-frequency activ-
ity is the nonlinear interaction of the two vortex shedding 
modes in the wake. Indeed, StH = 0.08 is close to the dif-
ference of the other two characteristic frequencies, 0.19 
and 0.13, as also remarked in Lahaye et al. (2014). In the 
literature, a similar result was obtained from the direct 
numerical simulations of Ehrenstein and Gallaire (2008), 
regarding the wake of a flow passing over a bump at low 
Reynolds number. Here, they showed that the dynam-
ics resulting from the unstable modes is at the origin of a 
lower-frequency wake beating.

The occurrence of a very low frequency in 3D wakes 
is often reported. To the best of our knowledge, this phe-
nomenon was first described by Berger et  al. (1990) for 
both the wakes of a circular disk and of a sphere. In their 
flow visualization experiments, they showed that the wake 
moves periodically in the streamwise direction at a non-
dimensional frequency of St = 0.05. This kind of behavior 
of the wake is often given the name of “bubble pumping” 
phenomenon.

Duell and George (1999) also referred to the bubble 
pumping mechanism when studying the pressure field 
at the rear of a body similar to the Ahmed model, but 
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ponent Vy, c probing positions superposed on the PIV streamlines

10−2 10−1 100 101 102

StH

P
S

D
(V

x/V
∞

)

StH = 0.19
StH = 0.13

(a)

10−2 10−1 100 101 102

StH

P
S

D
(V

y/V
∞

)

StH = 0.19

(b)

0 1 2
−1

−0.5

0

0.5

1

X/H

Probe positions, Z/H = 0.87

Y
/H

(c)

Fig. 18   Velocity power spectral densities on the right-side shear layer of the wake, Z/H = 0.87: a longitudinal component Vx, b transverse com-
ponent Vy, c probing positions superposed on the PIV streamlines



	 Exp Fluids (2015) 56:99

1 3

99  Page 16 of 22

presenting a square section. In particular, they found a 
strong coherence between the unsteady pressure fluctua-
tions of the left and right side, for St = 0.07. They inter-
preted this as indicating that the pumping phenomenon 
derives from the pairing of eddies shed from the model 
edges. The eddies grow until they reach the separation 
point, where they shed.

However, it is worth noting that Duell and George 
(1999) also made hot-wire measurements on the upper 
shear layer and the St = 0.07 peak was not visible in their 
spectra, unlike the present results or those of Khalighi et al. 
(2001).

5.2 � Coherence analysis

In this section, the correlation between the fluctuations of the 
rear pressure field and those of the velocity in the wake is 
studied by computing the coherence function and the phase 
shift between the two signals. First, the coherence between 
the pressure signals, measured at the points shown in Fig. 14, 
is considered, as shown in Fig. 19. The coherence between 
two synchronized signals was calculated as follows:
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|P12(f )|
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Fig. 19   Coherence of the unsteady pressure measurements, ReH = 4.66× 105: a between the centers of the vertical edges, b between the cent-
ers of the horizontal edges, c between the two left corners, d between the two upper corners, e between two opposite corners
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where P12 is the cross-spectrum and P11 and P22 are the 
auto spectra of signals 1 and 2. The phase between the two 
signals is defined as the angle of the complex cross-spec-
trum function:

where Im and Re are the imaginary and real parts of the 
complex P12 function.

When left-to-right opposite probing locations are con-
sidered, it is found that the pressure fluctuations show a 
strong coherence toward the lowest frequencies. In particu-
lar, it is interesting to state that the two signals tend to be 
perfectly coherent, while being in phase opposition. This is 
another confirmation of the left-to-right bi-stable behavior 
of the wake. The signals in Fig. 19a present, as expected, 
strong coherence for StH = 0.13. Once again, when the 
phase shift is checked, the signals are in phase opposition, 
which confirms the interpretation of this peak of energy as 
a Von Kármán mode.

As far as the measurements on the centerpoints of the 
horizontal edges are concerned, as shown in Fig.  19b, 
coherence is high at low frequencies and slowly decreases 
until, at StH = 0.1, the signals become incoherent. The 
decreasing trend is only interrupted by the peak found at 
StH = 0.08, the frequency of the bubble pumping phenom-
enon. In the range of Strouhal numbers considered, the 
pressure signals are phased.

As expected from the auto spectra results from Fig. 19b, 
the coherence functions of the measurements taken from 
the rear corners present local peaks for the left-to-right Von 
Kármán mode. However, low but non-negligible levels of 
coherence (around 20 %) are visible at the bubble pumping 
frequency. It is also possible to find coherence for the top-
to-bottom vortex shedding mode, when measurements of 
the corners of the same side are taken, as shown in Fig. 19c. 
The weak coherence peak visible at StH = 0.04 could be 
compatible with low-frequency acoustic noise. The phase 
shifts observed for the corner point measurements at the 
Strouhal numbers of StH = 0.13 and 0.19 are consistent 
with the interpretation of vortex shedding, whereas in the 
case of the coherence peak at StH = 0.08, the pressure sig-
nals are phased in the vertical direction and are in opposi-
tion in the transverse direction. This does not agree with the 
axisymmetric bubble pumping seen by Berger et al. (1990). 
It should be remembered, however, that at the considered 
frequencies, the coherence is weak.

As far as the synchronized pressure/hot-wire measure-
ments are concerned, it was decided to place the piezo-
electric transducers in the configuration of Fig. 14a, since 
their spectra efficiently detected most of the unsteady 
phenomena previously described (i.e., the bi-stability, the 

(11)ϕ12(f ) = arctan

(

Im
[

P12(f )
]

Re
[

P12(f )
]

)

StH = 0.08 mode, the vortex shedding developing from the 
lateral surfaces). The results are shown in Figs. 20 and 21.

When considering the upper shear layer, the coherence 
between the velocity components Vx and Vz and the upper 
pressure measurement has a frequency behavior similar to 
the one seen in Fig.  19b. A peak of strong correlation at 
StH = 0.08 is also visible. The upper central shear layer 
is also correlated with the lateral phenomena, as shown in 
Fig. 20b. The transverse velocity Vy is strongly correlated 
with the pressure measured on the vehicle side at the lowest 
frequencies, whereas the correlation at StH = 0.13 increases 
with the distance to the rear surface. The same behavior is 
also seen for coherence of the side shear layer Vy velocity 
with the same pressure tap, as shown in Fig. 21a.

It is also interesting to consider the phase shift 
between the two signals. In the upper shear layer, at 
the lowest frequencies, the pressure and the Vx and Vz 
velocity components are in phase opposition. This is 
not surprising, since a steady enhancement of the veloc-
ity induces low pressure. However, for StH = 0.08, the 
phase shift does not show a visible spatial gradient. This 
behavior was also seen for the lower central shear layer. 
Since the StH = 0.08 peak was detected on the recircu-
lation bubble, this means that at this frequency, there is 
a low-frequency movement of the wake in the longitudi-
nal direction. In other words, the pressure fluctuations in 
the vertical longitudinal center plane are induced by the 
periodic shrinking and expansion of the recirculating part 
of the wake, as shown in Fig. 22, which agrees with the 
bubble pumping interpretation.

On the contrary, the phase shift evolves with distance 
for StH = 0.13, as we expected from the vortex shedding 
interpretation of this spectral mode. In particular, from 
these phase shifts it is possible to calculate the time lag, 
tlag, between the pressure and velocity signals, as shown in 
Fig.  23. This quantity increases with distance and can be 
reasonably approximated with a linear dependence. This 
means that the convection velocity of the eddies is con-
stant. More specifically, it was found, for the present data, 
that the convection velocity is 0.44V∞ for the upper shear 
layer and 0.6V∞ for the one on the side.

6 � Proper orthogonal decomposition of the base 
pressure field

In this section, the Proper Orthogonal Decomposition tech-
nique (POD) from Lumley (1967) is applied to the pressure 
measurements we collected from the two measurement sys-
tems employed.

As is well known, this method decomposes the fluctua-
tion field p′(x, t) = p(x, t)− p(x) into a set of basis func-
tions (or POD modes) � so that:
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where Nm is the number of measurement points and a(n)(t) 
is the modal coefficient relative to the nth POD mode �(n).

It can be demonstrated that the solution of Eq. 12 is the 
same as that of the eigenvalue problem:

in which Nt is the number of the available time samples.
Figure 24 shows the eigenvalues �(n) resulting from the 

solution of Eq.  12, when the datasets obtained with both 

(12)p′(x, t) =

Nm
∑

n=1

a(n)(t)�(n)(x)

(13)

R�(n)
= �

(n)�(n)(x)
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




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Rij =
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the pressure scanners and the piezoelectric transducers are 
used. These curves also correspond to the percent of energy 
associated with each mode. The results obtained from the 
two measurement systems are coherent, in that the first 
two modes have high energy levels (greater than 10  %). 
The different amount of energy obtained from the scanners 
and from the piezoelectric transducers is mainly due to the 
difference in number and disposition of the pressure taps 
in each case, as will be clearer when the modal forms are 
discussed.

When the cumulative energy is calculated, it is found 
that the first two modes from the piezoelectric transducer 
dataset are 77.3 % of the overall energy, whereas when the 
scanner data are used, 84.4 % of the energy is reached with 
only 4 POD modes.

It is then interesting to show the aspect of the correspond-
ing eigenvectors, by representing them in the form of car-
tographies on the rear of the model. This is done in Figs. 25 
and  26. It can be seen that the first POD mode from the two 
measurement systems shows a left-to-right antisymmetry. This 
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Fig. 20   Pressure/velocity coherence along the upper shear 
layer, Y/H = 0: a longitudinal velocity Vx versus pressure at 
(Y/H = 0,Z/H = 1.07), b transverse velocity Vy versus pressure at 

(Y/H = 0.62,Z/H = 0.67), c vertical velocity Vz versus pressure at 
(Y/H = 0,Z/H = 1.07), d positions of the hot-wire measurements
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POD mode is therefore compatible with both bi-stability and 
the Von Kármán mode seen in the pressure spectra, as shown 
in Fig.  14. The PSD of this POD mode coefficient a(1)(t), 

calculated on the piezoelectric transducer dataset, as shown in 
Fig. 27, has a clear peak at StH = 0.13 and the −2 law low-
frequency energy increase, typical of bi-stability behavior.

Fig. 21   Pressure/velocity 
coherence along the side shear 
layer, Z/H = 0.67: a transverse 
velocity Vy versus pressure at 
(Y/H = 0.62,Z/H = 0.67)

, b positions of the hot-wire 
measurements
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Fig. 22   Interpretation of the 
StH = 0.08 spectral peak in 
the Y/H = 0 plane, according 
to phase shift results between 
pressure and velocity: a positive 
pressure fluctuations, b negative 
pressure fluctuations
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The second POD mode obtained with both measurement 
systems is similar. In particular, this mode enhances the 
pressure taps of the vertical centerline, and the correspond-
ing spectrum from piezoelectric transducers has a peak at 
StH = 0.08. The vertical centerline taps all have the same 
sign, meaning that for this mode, pressure fluctuations 
are phased at Y/H = 0. This agrees with the phase shift 
results seen previously in Fig. 19b. This mode can be asso-
ciated with the bubble pumping phenomenon. This mode 
appears to be more energetic when using the piezoelectric 

Fig. 25   POD modes eigenvec-
tor representation, derived from 
the pressure scanner dataset: 
a–d first to fourth modes
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Fig. 26   POD modes eigenvector representation, derived from the 
piezoelectric transducers dataset: a–d first to fourth modes
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transducer dataset simply because in the case of the pres-
sure scanners the energy is distributed over a wider num-
ber of locations, most of which contribute to the first POD 
mode.

The third and fourth POD modes are identified in reverse 
order on the two available datasets. However, the results 
of the two POD analyses are consistent: In both cases, the 
energy levels of these modes are approximately the same. 
The most interesting mode between the two is the one in 
which the eigenvector shows an up-to-down antisymmetry, 
compatible with the up-to-down Von Kármán mode. In fact, 
the related spectrum shows a very weak peak at StH = 0.19.

7 � Summary and conclusions

An extensive measurement campaign was carried out on the 
natural wake of a full-scale square back Ahmed body with 
the final goal of studying its unsteady dynamics modes. 
The experiments were performed at two different height-
based Reynolds numbers, ReH = 5.1× 105 and 7.7× 105. 
The results provide evidence of a bi-stability phenomenon 
and of a low-frequency spectral activity.

The bi-stable behavior of the wake was detected with 
three different measurement systems, showing that both the 
base pressure and the velocity fields switch between two 
mutually symmetric left-to-right positions. The well-docu-
mented symmetric configuration corresponds to the averag-
ing of the signal time series on a long time interval.

By means of a conditional averaging of the different sig-
nals, it was then possible to characterize the topology of 
each stable phase. It has been demonstrated that one phase 
is the reflexion symmetric of the other, relatively to the ver-
tical median plane. Furthermore, the field reconstructed 
from their spatial averaging is the same as the one obtained 
from canonically averaging the acquired data.

The statistical analysis made on the time duration of 
each bi-stable position highlighted the completely random 
behavior of this bi-stability. The calculation of the aver-
age duration between two phase switches indicates that 
the timescale of the bi-stability is large and of the order of 
800V∞/H. This means that to properly characterize the 
two stable positions, acquisitions must be done on long 
runs. As an example, for the specific cases discussed in this 
paper, the acquisitions had to last at least 104 V∞/H.

The temporal distribution of the two stable positions 
proved to be sensitive to the yaw angle. In fact, when a 
low yaw angle of 0.4◦ is imposed, a 70 % of the time phase 
predominance appears. The canonical averaging of the 
bi-stable signal then provides the expected yawed field. 
Moreover, the bi-stability disappears when the yaw angle is 
further increased beyond 1◦. However, independently of the 
yaw angle, provided it is small, the topologies of the phases 

are qualitatively the same, and the correct long-time-aver-
aged symmetric wake can be reconstructed by spatial aver-
age of the two phases.

As far as the spectral analysis of base pressure and wake 
velocity is concerned, we have been able to detect, in addi-
tion to the bi-stability, three other low-frequency activi-
ties. In particular, we have found two modes, at StH = 0.13 
and 0.19, associated with vortex shedding, developing 
from the vertical and horizontal walls of the Ahmed body, 
respectively. We also detected a lower-frequency activ-
ity, at StH = 0.08, which was previously found by only a 
few authors. The physical origin of this phenomenon is 
under investigation. One possible explanation of this low-
frequency mode could be the nonlinear interaction of the 
vortex shedding modes.

These periodic activities have been localized in specific 
places. When considering the base pressure measurements, 
the StH = 0.08 mode was found in the vertical centerline, 
whereas the StH = 0.13 may be identified on both sides of 
this line. The POD analysis confirms this result, by assign-
ing the most energetic mode to both the left-to-right vor-
tex shedding and the bi-stability, whereas the second mode 
corresponds to the StH = 0.08 spectral peak. In the case of 
velocity measurements, this latter mode was found in the 
shear layer of the recirculation bubble, for the longitudinal 
and vertical component. Downstream of the reattachment 
point, the two modes associated with vortex shedding are 
visible.

In order to provide an interpretation for the StH = 0.08 
spectral peak, correlation analyses of the synchronized 
pressure and velocity signals were carried out. At this 
Strouhal number, the pressure signals of the taps at the 
middle of the horizontal edges are phased. Furthermore, 
there is little phase shift between the pressure and velocity 
measurements, suggesting that at StH = 0.08, the recircula-
tion bubble periodically shrinks and expands. These results 
are coherent with the “bubble pumping” phenomenon as an 
explication for this low-frequency mode.

Acknowledgments  The work presented in this paper was carried 
out in the framework of the “Live-Cams” (limitation of the impact 
of vehicles on the environment by means of aerodynamic control 
using synthetic microjets) project, which is supported by the French 
National Research Agency (ANR). The authors also acknowledge Mr. 
Stéphane Loyer for his precious help in setting up the wind tunnel 
experiments.

References

Ahmed S, Ramm R, Faltin G (1984) Some salient features of the 
time-averaged ground vehicle wake. SAE paper 840300

Beaudoin JF, Aider JL (2008) Drag and lift reduction of a 3D bluff 
body using flaps. Exp Fluids 44(4):491–501. doi:10.1007/
s00348-007-0392-1

http://dx.doi.org/10.1007/s00348-007-0392-1
http://dx.doi.org/10.1007/s00348-007-0392-1


	 Exp Fluids (2015) 56:99

1 3

99  Page 22 of 22

Berger E, Scholz D, Schumm M (1990) Coherent vortex structures 
in the wake of a sphere and a circular disk at rest and under 
forced vibrations. J Fluids Struct 4(3):231–257. doi:10.1016/
S0889-9746(05)80014-3

Bergh H, Tijdeman H (1965) Theoretical and experimental results 
for the dynamic response of pressure measuring systems. NLR 
report TR F 238

Courbois A, Cadot O, Ricot D, Ruiz T, Harambat F, Herbert V, Vign-
eron R, Delery J (2014) Characterizations of force and pressure 
fluctuations on real vehicles. In: 49th International symposium 
of applied aerodynamics, Lille, 24–26 March

Duell EG, George A (1999) Experimental study of a ground vehicle 
body unsteady near wake. SAE Trans 108(6):1589–1602

Ehrenstein U, Gallaire F (2008) Two-dimensional global low-fre-
quency oscillations in a separating boundary-layer flow. J Fluid 
Mech 614:315–327. doi:10.1017/S0022112008003285

Eulalie Y, Gilotte P, Mortazavi I, Bobillier P (2014) Wake analysis and 
drag reduction for a square back Ahmed body using les compu-
tations. In: Proceedings of the ASME 2014 4th Joint US-Euro-
pean fluids engineering division summer meeting, FEDSM2014, 
August 3–7, 2014, Chicago, Illinois, USA, FEDSM2014-21552

Fourrié G, Keirsbulck L, Labraga L, Gilliéron P (2011) Bluff-body 
drag reduction using a deflector. Exp Fluids 50(2):385–395. 
doi:10.1007/s00348-010-0937-6

Gilliéron P, Kourta A (2010) Aerodynamic drag reduction by ver-
tical splitter plates. Exp Fluids 48(1):1–16. doi:10.1007/
s00348-009-0705-7

Grandemange M (2013) Analysis and control of three-dimensional 
turbulent wakes: from axisymmetric bodies to road vehicles. 
PhD thesis, ENSTA ParisTech

Grandemange M, Gohlke M, Cadot O (2013a) Bi-stability in the 
turbulent wake past parallelepiped bodies with various aspect 
ratios and wall effects. Phys Fluids (1994-present) 25(9):095103. 
doi:10.1063/1.4820372

Grandemange M, Gohlke M, Cadot O (2013b) Turbulent wake past a 
three-dimensional blunt body. Part 1. Global modes and bi-sta-
bility. J Fluid Mech 722:51–84. doi:10.1017/jfm.2013.83

Grandemange M, Gohlke M, Cadot O (2014) Turbulent wake past a 
three-dimensional blunt body. Part 2. Experimental sensitivity 
analysis. J Fluid Mech 752:439–461. doi:10.1017/jfm.2014.345

Herry B, Keirsbulck L, Paquet J, Labraga L (2011) Flow bista-
bility downstream of three-dimensional double backward 
facing steps at zero-degree sideslip. J Fluids Eng 133(5). 
doi:10.1115/1.4004037

Joseph P, Amandolèse X, Aider JL (2012) Drag reduction on the 25° 
slant angle Ahmed reference body using pulsed jets. Exp Fluids 
52(5):1169–1185. doi:10.1007/s00348-011-1245-5

Khalighi B, Zhang S, Koromilas C, Balkanyi S, Bernal LP, Iaccarino 
G, Moin P (2001) Experimental and computational study of 

unsteady wake flow behind a bluff body with a drag reduction 
device. SAE technical paper 2001–01B-207

Khalighi B, Chen KH, Iaccarino G (2012) Unsteady aerodynamic 
flow investigation around a simplified square-back road vehi-
cle with drag reduction devices. J Fluids Eng 134(6):061101. 
doi:10.1115/1.4006643

Kourta A, Leclerc C (2013) Characterization of synthetic jet actuation 
with application to Ahmed body wake. Sens Actuators A Phys 
192:13–26. doi:10.1016/j.sna.2012.12.008

Krajnović S, Davidson L (2005) Flow around a simplified car, part 
2: understanding the flow. J Fluids Eng 127(5):919–928. 
doi:10.1115/1.1989372

Lahaye A, Leroy A, Kourta A (2014) Aerodynamic characterisation 
of a square back bluff body flow. Int J Aerodyn 4(1):43–60. 
doi:10.1504/IJAD.2014.057804

Lumley JL (1967) The structure of inhomogeneous turbulent flows. 
In: Yaglom AM, Tatarski VI (eds) Atmospheric Turbulence and 
Radio Wave Propagation, Nauka, Moscow, pp 166–178

Minguez M, Pasquetti R, Serre E (2008) High-order large-eddy sim-
ulation of flow over the “Ahmed body” car model. Phys Fluids 
(1994-present) 20(9):095101. doi:10.1063/1.2952595

Östh J, Noack B, Krajnovic S, Barros D, Borée J (2014) On the need 
for a nonlinear subscale turbulence term in pod models as exem-
plified for a high-reynolds-number flow over an Ahmed body. J 
Fluid Mech 747:518–544. doi:10.1017/jfm.2014.168

Rigas G, Oxlade AR, Morgans AS, Morrison J (2014) Low-dimen-
sional dynamics of a turbulent axisymmetric wake. J Fluid Mech 
755:R5. doi:10.1017/jfm.2014.449

Spohn A, Gilliéron P (2002) Flow separations generated by a simpli-
fied geometry of an automotive vehicle. In: IUTAM symposium: 
unsteady separated flows, pp 8–12

Thacker A, Aubrun S, Leroy A, Devinant P (2012) Effects of sup-
pressing the 3D separation on the rear slant on the flow structures 
around an Ahmed body. J Wind Eng Ind Aerodyn 107–108:237–
243. doi:10.1016/j.jweia.2012.04.022

Vino G, Watkins S, Mousley P, Watmuff J, Prasad S (2005) Flow 
structures in the near-wake of the Ahmed model. J Fluids Struct 
20(5):673–695

Wang X, Zhou Y, Pin Y, Chan T (2013) Turbulent near wake of an 
Ahmed vehicle model. Exp Fluids 54(4):1490. doi:10.1007/
s00348-013-1490-x

Wassen E, Eichinger S, Thiele F (2010) Simulation of active drag 
reduction for a square-back vehicle. In: King R (ed) Active 
flow control II, notes on numerical fluid mechanics and mul-
tidisciplinary design, vol 108. Springer, Berlin, pp 241–255. 
doi:10.1007/978-3-642-11735-0_16

http://dx.doi.org/10.1016/S0889-9746(05)80014-3
http://dx.doi.org/10.1016/S0889-9746(05)80014-3
http://dx.doi.org/10.1017/S0022112008003285
http://dx.doi.org/10.1007/s00348-010-0937-6
http://dx.doi.org/10.1007/s00348-009-0705-7
http://dx.doi.org/10.1007/s00348-009-0705-7
http://dx.doi.org/10.1063/1.4820372
http://dx.doi.org/10.1017/jfm.2013.83
http://dx.doi.org/10.1017/jfm.2014.345
http://dx.doi.org/10.1115/1.4004037
http://dx.doi.org/10.1007/s00348-011-1245-5
http://dx.doi.org/10.1115/1.4006643
http://dx.doi.org/10.1016/j.sna.2012.12.008
http://dx.doi.org/10.1115/1.1989372
http://dx.doi.org/10.1504/IJAD.2014.057804
http://dx.doi.org/10.1063/1.2952595
http://dx.doi.org/10.1017/jfm.2014.168
http://dx.doi.org/10.1017/jfm.2014.449
http://dx.doi.org/10.1016/j.jweia.2012.04.022
http://dx.doi.org/10.1007/s00348-013-1490-x
http://dx.doi.org/10.1007/s00348-013-1490-x
http://dx.doi.org/10.1007/978-3-642-11735-0_16

	Experimental characterization of the unsteady natural wake of the full-scale square back Ahmed body: flow bi-stability and spectral analysis
	Abstract 
	1 Introduction
	2 Experimental setup
	3 Ahmed body drag
	4 Unsteady topology characterization
	4.1 Bi-stable behavior of the wake
	4.2 Statistical analysis of the stable phase duration
	4.3 Bi-stability sensitivity to yaw angle

	5 Spectral analysis
	5.1 Spectra of the pressure and velocity signals
	5.2 Coherence analysis

	6 Proper orthogonal decomposition of the base pressure field
	7 Summary and conclusions
	Acknowledgments 
	References




