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The spatio-temporal properties of the unsteady wall pressure field of a model A-pillar conical vortex
are studied in this paper by combining 2 component LDV measurements and multi-point pressure mea-
surements using off-set microphones. The model body has sharp edges. Detailed LDV measurements
are presented and discussed in the vortex region. The fluctuating velocities are the signature of both
an unsteady behaviour of the organised vortical structure interacting with the wall and of finer scale
turbulence carried by the unsteady flow. A spectral analysis of the fluctuating pressure under the vor-
tex core is used to analyse the link between the temporal and spatial scales of the unsteady aerody-
namics and the wall pressure field. We show that the conical vortex is a guide for the velocity
perturbations and that their hydrodynamic pressure footprint is transported at the measured mean
axial velocity in a local reference frame aligned with the vortex core. Two distinct peaks of coherence
can then be associated with perturbations having (i) a length scale of the order of the full length of the
conical structure; (ii) a length scale of the order of the width of the structure. These perturbations may
correspond to a global meandering of the structure (low frequency contribution) and to large scale per-
turbations generated during the rolling-up of the unsteady vortex sheet. Notably, the energy containing
higher frequency parts of the PSD are only weakly correlated when distant sensors are considered. The
three distinct contributions extracted here have a significant impact as far as Cp’ is concerned and
should be transmitted in very different ways by the car structure because the frequency and length
scale range is very distinct.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Conical vortices generated over surfaces having a swept angle
with the incident wind are found in a particularly large class of
practical applications. Leading edge vortices that develop over del-
ta-wings have been extensively studied because they provide a sig-
nificant amount of lift and because their breakdown is critical to
fighter aircraft performance (Delery, 1994). Most studies focus on
relatively high angles of attack and slender delta-wings. The coni-
cal vortex then develops away from the wall and a core axial veloc-
ity larger than the freestream velocity is measured (see e.g. Ol and
Gharib, 2003 and references therein). The use of particle image
velocimetry (PIV) to educe the near-surface topology (Yavuz
et al., 2004) is promising because it allows the identification of re-
gions of unsteadiness along the surface of the fixed or moving
wing. Less slender wings having low angles of attack and for flows
of lower Reynolds numbers where studied by Ol and Gharib (2003)
using stereoscopic PIV. A clear modification of the mean and fluc-
tuating characteristics of leading edge vortices in these conditions
was clearly established.
ll rights reserved.
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Conical vortices are also important features for civil engineering
and transport engineering. They are responsible for extreme
suction peaks occurring on the roof of low-rise buildings (see e.g.
Kawai and Nishimura, 1996; Banks et al., 2000) and their unsteady
behaviour over parallelepiped models of buildings is certainly
strongly coupled with the complex 3D aerodynamics of these bluff
bodies and its interaction with the ground (upstream horse-shoe
vortex system, unsteady 3D wake, etc.).

The study presented in this paper has a strong link with the
aerodynamic and aero-acoustic of passenger vehicles. More partic-
ularly, we focus here on the study of a model A-pillar conical vor-
tex. Previous studies (see Alam et al., 2003 and references therein)
have clearly established that the flow around a passenger car’s A-
pillar region is a major source of ‘‘in-cabin” aerodynamic noise.
The main source is due to the resultant fluctuating pressure on
the vehicle structure. Of course, by means of large A-pillar radii
and avoidance of flow separation, aerodynamic noise can be mini-
mised. Unfortunately, such constraints often conflict with style
constraints. There is therefore a need for analysis, even in model
situations with sharp edges, in order to develop efficient control
strategies which are efficient whatever the geometry. An impor-
tant particularity of these A-pillar structures is their strong interac-
tion with the lateral wall of the car. This differs from delta-wing
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Fig. 1. Picture of the body. Oil flow visualisation obtained by using a mixture of
white spirit and kaolin powder.
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leading edge vortices at high angle of attack. This interaction is
particularly clear when analysing mean velocity fields around
vehicles. For example, a mirror image can be used to qualitatively
understand the mean downstream evolution of these structures of
concentrated vorticity that shift to the roof of the car when travel-
ing toward the back of the car (Hucho, 1998; Gillieron, 2000;
Depardon et al., 2006).

To the authors’ knowledge, only a few publications present an
accurate study of the fluctuating velocity fields and/or fluctuating
pressure fields in these typical flow structures. The paper of Alam
et al. (2003) presents a very interesting parametric study of the
mean and fluctuating pressure measurements for a family of ideal-
ized road vehicles at different yaw angles. Unfortunately, no mea-
surements of the associated velocity field were provided. The
maximum fluctuating pressure coefficient is large for a slanted
sharp-edged A-pillar (�30% at 0� yaw angle) and located under
the separated conical vortex. Power spectral densities are also pre-
sented and preferential Strouhal numbers are identified. However,
these Strouhal numbers are based on an arbitrarily chosen length
scale and are therefore difficult to associate with particular physi-
cal events. This observation motivates the use of multi-point anal-
ysis techniques.

Our objectives in the present work were as follows: (i) to pres-
ent a model geometry that can be used for physical analysis and
further control studies (Lehugeur and Gillieron, 2006); (ii) to pro-
vide a measurement of the mean and fluctuating velocity field in
the conical vortex region; (iii) to provide multi-point measure-
ments of the surface pressure in order to better understand the
spatio-temporal evolution of the fluctuating wall pressure.

We believe that the last point is particularly important for aero-
acoustic studies. Indeed, not only the temporal characteristics but
also the spatial length scales and when possible the determination
of the transport properties from a cross-spectral analysis are essen-
tial data if one is to understand a side window vibration or flexure.
The experimental set-up and measurements techniques are pre-
sented in Section 2. Mean and fluctuating velocity fields in the con-
ical vortex and spatio-temporal properties of the fluctuating
pressure at the wall are then discussed. A physical discussion is
proposed in Section 4. The link between both sets of measure-
ments, with a local reference frame aligned with the core of the
vortex being used for the velocity, is believed to clearly highlight
the mean transport of the large scale perturbations in the conical
vortex, and the associated length scales.
2. Experimental set-up and measurements techniques

A picture of the body is shown in Fig. 1. The length and width of
the base are L = 400 mm and W = 120 mm. The height of the model
is H = 90 mm. The two lateral sides are inclined at 10� while the an-
gle of the forward facing ramp is 30�. The junction between the
ramp and the roof is rounded in order to prevent flow separation
on the top of the body. Indeed, such separation would result in a
strong coupling between the two A-pillar vortices. All other angles
are sharp in order to control the location of flow separation. The
body was carefully aligned with the oncoming flow and only a 0�
yaw angle is studied here.

The free stream velocity of this study is fixed and equal to
U1 = 30 m/s. The Reynolds number based on H is then
ReH = 1.8 � 105 and is lower than usual values for car aerodynam-
ics. In Fig. 1, we see that the turbulence of the boundary layer is
tripped at the sharp nose. The oil flow visualisation obtained using
a mixture of white spirits and kaolin powder shows that the flow
remains attached on the body.

The dimensions of the exit section of the 3/4 open throat an-
echoic wind tunnels are 450 mm � 450 mm. More details con-
cerning the wind tunnel can be found in Hoarau (2006). The
blockage ratio of the body plus supporting strut is 6%. The loca-
tion of the body was chosen according to SAEJ2071 (1994) rec-
ommendations for 3/4 open throat wind tunnels. The nose of
the body is located at a distance of 200 mm from the exit sec-
tion of the wind tunnel. Our motivation was here to minimize
interactions with the ground. Therefore, the height of the
streamlined supporting strut is 100 mm in order to place the
body outside the boundary layer knowing that the displacement
thickness of the boundary layer at that location and without any
model is d* = 1.2 mm, leading to a 99% thickness d of order
10 mm.

The velocity measurements are obtained with a two color La-
ser Doppler Velocimeter (LDV) in backscatter configuration. A glo-
bal characterisation of the flow around the body is presented in
Hoarau (2006). Both longitudinal and vertical velocity compo-
nents are measured and data obtained in the A-pillar vortex re-
gion will be discussed in this paper. The 0.488 lm and
0.5145 lm wavelength beams of an argon-ion laser are used to
produce the LDV fringe patterns. The estimated size of the mea-
surement volume is less than 0.1 mm in diameter and 1.3 mm
long in the spanwise direction. The mean data rate is always lar-
ger than 5 kHz. The inter-arrival time weighting scheme is used
to calculate the mean velocities and Reynolds stresses. A regu-
lated glycerine smoke seeding system was specially designed
for the wind tunnel and a homogeneous seeding was achieved
in the measurement region. The diameter of the smoke particles
is of the order of one micrometer. Their time constant is therefore
sp ¼ qpd2

p=18l � 3ls, where qp is the density of the particles, dp

their diameter and l the dynamic viscosity of air. We have
checked that they are able to accurately track the turbulent flow
in the present experiment.

The flow will be described henceforth using a cartesian co-ordi-
nate system (x, y, z) to indicate the axial, transverse and vertical
directions. The origin is set on the symmetry plane and nose of
the body (see Fig. 1). The components of the instantaneous velocity
field are denoted, respectively by (U, V, W), where U is the longitu-
dinal component and W is the vertical component. Only these com-
ponents are measured by the present LDV system. The symbol h i
indicates an averaging operator. The components of the instanta-
neous fluctuating velocity field are denoted respectively by (u, v,
w). The expressions u0 and w0 stand, respectively for longitudinal
and vertical standard deviation: u0 ¼

ffiffiffiffiffiffiffiffiffi
hu2i

p
and w0 ¼

ffiffiffiffiffiffiffiffiffiffi
hw2i

p
. The

number of uncorrelated events captured is always larger than
5000. Consequently, estimated statistical absolute errors for mean



Fig. 2. Pressure holes machined in the lateral surface of the body (all dimensions in
mm). The vertical dashed grey line corresponds to the location of the LDV measu-
rement plane. n1 and n2 are the distances from the ‘‘A-pillar” sharp edge along lines
1 and 2.

Table 1
Location of the pressure tabs along lines 1 and 2

Line 1 C1,1 C1,2 C1,3 C1,4 C1,5 C1,6 C1,7 –
n (mm) 2 6 10 14 18 22 26 –

Line 2 C2,1 C2,2 C2,3 C2,4 C2,5 C2,6 C2,7 C2,8

n (mm) 2 6 10 14 18 22 26 30
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Fig. 3. Front view of the body in the LDV plane x = 100 mm.
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values are respectively DhUi� 0.03u0, Du0 � 0.02u0 and Dhuwi �
0.03u0w0 with a 95% confidence level.

Measurements of the surface fluctuating pressure are obtained
with off-set microphones because the distance between pressure
holes can be much smaller than that achieved with flush mounted
microphones. The pressure probes comprise electret microphone
cartridges which are connected to pressure tabs (inner diameter
0.9 mm) via a pneumatic circuit (a flexible tube of length 0.3 m)
(Laumonier et al., 2001). Note that a long tube of 2 m length is con-
nected to each sensor to adapt the impedance and to avoid acoustic
resonances. For each probe, the frequency response is measured
(magnitude and phase) with a B&K UA 0922 coupler and a refer-
ence microphone (see Hoarau et al., 2006 for more details). The sig-
nal/noise ratio of the pressure probe is 50 dB. The signal recorder is
able to simultaneously acquire 16 pressure probe signals with an
effective sampling frequency of 12.8 kHz and a cut-off frequency
of the anti-aliasing filters set at 6.4 kHz. The frequency response
of each pressure probe is used to correct the magnitude and phase
of the spectral functions – Power Spectral Density (PSD), cross-
spectrum. The Power Spectral Density (PSD) is estimated with
the Welch method. The time series data are split into segments
of 2096 points with a 50% overlap. A Hamming window is used
to compute the modified periodogram of each segment. The num-
ber of segments is 250. Sixteen pressure sensors are located inside
the body and all the connecting cables go through the supporting
strut. Acquisitions along two lines perpendicular to the inclined
edge of the ‘‘A-pillar” (lines 1–2 of Fig. 2) will be described in the
present paper. The precise location of each pressure tab along each
line is provided in Table 1. In Table 1, n is the distance from the
sharp ‘‘A-pillar”; Ci,j corresponds to the pressure sensor number j
located along line i.

3. Mean and fluctuating velocity field in the conical vortex

Mean and fluctuating velocity fields were measured in a vertical
plane located at x = 100 mm (100 mm from the nose of the body –
see Figs. 2 and 3). Contour plots are presented in Figs. 4 and 5a and
b. The mean rotation of the conical vortex is clearly identified in
this plane (consider the sign of hWi component in the vortex region
of Fig. 4b). A mean longitudinal velocity is measured in the vortex
core. The vertical dashed line plotted in Figs. 4 and 5 is the vertical
line corresponding to the maximum negative value of hWi (see
Fig. 7). This defines an approximate mean edge of the vortex. We
learn from Figs. 5a and b that high values of huui and hwwi are de-
tected inside the structure only. To be more quantitative, dimen-
Fig. 4. Mean velocity field in the plane x = 100 mm. A and B are points selected for a detailed study – see Fig. 7 and 8. (a) hUi (m/s); (b) hWi (m/s).



Fig. 5. Reynolds stresses in the plane x = 100 mm. (a) huui (m2/s2); (b) hwwi (m2/s2).
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sionless quantities are plotted along horizontal and vertical pro-
files passing across the location of maximum longitudinal fluctuat-
ing velocity in Figs. 6 and 7. This maximum is located at y � 54 mm
and z � 40 mm. Two maxima of huui=U2

1 and hwwi=U2
1 are ob-

served on the vertical profile (Fig. 6). The first one, located at
z � 48 mm, corresponds to the 3D shear layer separating from
the sharp ‘‘A-pillar”. The anisotropy is high with hwwi/huui � 1.8.
This anisotropy is believed to be associated with a vertical flapping
of the shear layer. The second peak is located in the core of the vor-
tex. Vertical fluctuations in this region are again more intense than
horizontal ones (hwwi/huui � 1.5). We also notice in Fig. 6 that u
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and w are negatively correlated (The correlation coefficient
Ruw = huwi/u0w0 is Ruw � � 0.2 in the core and Ruw � � 0.3 in the
shear layer wrapping around the vortex core). Understanding the
fluctuating character of the velocity field in such a 3D situation is
a complex problem. These fluctuations are indeed the result of (i)
a high turbulence level generated in the 3D swept shear layer after
flow separation at the sharp edges; (ii) an unsteady behaviour of
the conical vortex itself interacting with the lateral wall of the
body and (iii) a global coupling of the separated structures on
the whole body. These contributions cannot be separated from
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single point velocity measurements. We will show in the following
that the study of their spatio-temporal signature on the unsteady
wall pressure field leads to interesting conclusions.

To give a more detailed description, two points shown in Figs. 4
and 7a have been selected on both sides of the mean centre of the
vortex. The associated pdf of U and W and a cloud of (U, W) points
are presented in Fig. 8. The left hand side of Fig. 8 corresponds to
point A located in a region of strong positive hWi. Nevertheless,
the probability of finding negative values of W is non-zero and
the pdf of W at that point is negatively skewed. On the contrary,
point B is located at the edge of the structure (negative value of
hWi) but the probability of finding positive W is considerable while
the pdf of W here is positively skewed. The signature of these ex-
treme events is assumed here to be associated with a lateral and
vertical meandering of the vortical structure, which engulfs vortic-
ity from the 3D shear layer. At point A, the huwi correlation is neg-
ative which means that high longitudinal velocities are associated
(in a statistical sense) with negative vertical velocities. Noting that
the interaction of the vortex core with the nearest side wall corre-
sponds to a ‘‘mirror induced” velocity along the side wall and di-
rected toward the sharp edge, such extreme events at point A
could correspond to shrinkage of the separated structure along
-30

-20

-10

0

10

20

30

40

50

-30 -20 -10 0 10 20 30 40 50

U (m/s)

W
 (m

/s
)

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

7.0%

8.0%

-30 -20 -10 0 10 20 30 40 50

U (m/s)

co
u

n
t

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

7.0%

8.0%

-30 -20 -10 0 10 20 30 40 50

W (m/s)

co
u

n
t

Fig. 8. pdf of U and W and cloud of (U,W) points at points A
the sharp edge. On the contrary, no significant huwi correlation is
measured at the mean edge of the vortex (point B). The signature
of this velocity field on the wall pressure is now considered.
4. Spatio-temporal properties of the fluctuating pressure field
at the wall

Fluctuating pressure has been measured along the two trans-
verse lines of Fig. 2. The fluctuating pressure coefficient
Cp0 ¼

ffiffiffiffiffiffiffiffiffi
p2h i

p
=ðqU2

1=2Þ plotted in Fig. 9 was obtained by integrating
the power spectral density (PSD) between 50 Hz and 5 kHz. Note
indeed that fluctuating pressure measurements using off-set elec-
tret microphone cartridges are not accurate below 50 Hz. The ab-
scissa in Fig. 9 is the distance n from the ‘‘A-pillar” sharp edge
normalised by the mean reattachment distance nR. The location
of this mean reattachment was estimated from oil flow visualisa-
tion and can be approximated by a straight line originating from
the front edge of the body and inclined at an angle of 20� with re-
spect to the x axis. We see that our spatial discretization is not fine
enough to smoothly resolve the evolution of C0p. The two maxima
are detected for n/nR < 1 and, beyond these maxima, the evolution
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of C0p along the two lines is reasonably self-similar. The two max-
ima correspond respectively to the third pressure sensor of line 1
(C1,3) and to the fifth sensor of line 2 (C2,5). These two locations
are considered next because it is important to study the develop-
ment of the conical vortex along its axis and not ‘‘slice by slice”.

Fig. 10a present both PSD at C1,3 and C2,5 and the modulus of the
cross-spectrum. With the semi Log representation adopted here,
we have, in a frequency domain [f1, f2]:

R f2
f1

PSDðf Þdf ¼
R f2

f1
f �

PSDðf ÞdLnðf Þ. This representation is therefore useful because the
energy content is readily visualised. Fig. 10b shows the coherence
between the two signals while Fig. 10c shows the phase evolution
in the frequency domain (in the high frequency range, we restrict
ourself to the domain where the coherence is larger than 0.1). At
C1,3, the PSD is maximum in the frequency band f 2 [1.5 kHz,
3 kHz]. The maximum shifts toward lower frequencies on the sec-
ond transverse line and approximately spans the frequency inter-
val f 2 [1.5 kHz, 2.5 kHz] at C2,5. One interesting result is that the
values of the cross-spectrum and of the coherence are very weak
in these frequency bands. The physical phenomena responsible
for these maxima are therefore only weakly correlated between
the two sensors.

On the contrary, we observe a very clear local maximum of
both PSD, of the cross-spectrum and of the coherence centred
at f � 1 kHz. Moreover, even if the energy content is lower, the
coherence between both signals is high in the low frequency re-
gion (very large peak centred at f � 300 Hz). In Fig. 10c, we mea-
sure a quasi-linear evolution of the phase angle with frequency.
Indeed, the slight rupture is only measured in the region where
the coherence is weak. This result will be discussed in the next
section.

A synthetic view across the footprint of the structure on the
wall is obtained by integrating the PSD and the interaction energy
in the three distinct frequency bands [100 Hz, 700 Hz], [700 Hz,
1.5 kHz] and [1.5 kHz, 4 kHz]. Fig. 11a presents, from sensor C1,1

to sensor C1,5 along line 1, the fluctuating pressure energyR f2
f1

PSD1;jðf Þdf ¼
R f2

f1
p̂1;jðf Þp̂�1;jðf Þdf integrated in these [f1, f2] fre-

quency bands (full symbols) and the modulus of the integrated
interaction energy j

R f2
f1

p̂1;jðf Þp̂�1;3ðf Þdf j of sensor C1,j with C1,3

(empty symbols and dashed lines). p̂1;jðf Þ is the Fourier transform
of the pressure signal at sensor C1,j and p̂�1;jðf Þ its complex conju-
gate. In Fig. 11b, each interaction energy has been normalised by
the local total interaction energy in the frequency band [100 Hz,
4 kHz] in order to emphasise the relative contribution of each fre-
quency band. We see clearly that the ‘‘high frequency” contribu-
tion is dominant only in the neighbourhood of the reference
sensor. On the contrary, the local relative contributions in the
intermediate frequency band is approximately constant across
the vortex structure while the relative contribution of the lower
frequency part increases on the side of the conical structure. This
shows that the corresponding physical events have a large scale
transverse coherent signature.

The small size of the model used here however prevents us from
obtaining a refined description along the transverse direction of
the structure. Spatio-temporal properties of the pressure signal
along the vortex core are therefore discussed in more depth in
the next section.

5. Discussion

In 2D separated flows, the link between the velocity field and
the fluctuating wall pressure field is clearly established (Kiya and
Sasaki, 1983; Cherry et al., 1984; Hudy et al., 2003). In particular,
large scale structures shed from the separated region are trans-
ported downstream and dissipate over the recovering boundary
layer (Castro and Epik, 1998; Song et al., 2000) and their wall pres-
sure signature is very clear (Hoarau et al., 2006). These results are
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difficult to extend to fully 3D aerodynamic situations. However, we
are here in a particular situation in which the wall pressure fluctu-
ations are associated with perturbations of the conical vortex
structure itself or to smaller scale perturbations transported by this
particular flow structure. Let us conjecture here that the determi-
nation of the flow velocity field projected along the direction of
the vortex core is important in this particular region of the flow
field. We approximately locate the centre of the vortex at the point
of maximum turbulence in the plane x = 100 mm: (x, y) = (54 mm,
40 mm). A straight line drawn from the corner of the nozzle of the
body and passing through this point then has an angle of h � 22�
with the x-axis in a vertical plane and a small angle of u � 3� with
the x-axis in a horizontal plane. Neglecting u, we can obtain from
the two-component LDV measurements the two components Ua

and Wa of the velocity field, aligned, respectively with the vortex
axis and perpendicular to it (in a vertical plane containing the axis).
Ua and Wa read: Ua = Ucosh + Wsinh and Wa = � Usinh + Wcosh.
Dimensionless mean and rms quantities are then computed and
the horizontal profiles presented in Fig. 12a and b are associated
with the data displayed in Fig. 7a and b. The mean rotation is
clearly detected and we now see that the maximum of the rms val-
ues are located at hWai � 0. Moreover, the magnitude of the verti-
cally oriented rms velocities is significantly larger than the axially
oriented rms velocities (hwawai/huauai � 2) with a very small corre-
lation coefficient Ruawa ¼ huawai=u0aw0a. Noticeably, the axial mean
velocity hUai is quasi-constant across the core of the vortex with
hUai � 28 m/s. Considering again the wall pressure fluctuations dis-
cussed previously (Figs. 9a–c), we observe that, for perturbations
transported by the velocity field at a constant mean velocity UC,
the phase difference dh depends linearly on the frequency with:
dðdhÞ

df ¼ 2p DL
UC

. Such elementary relations seem difficult to apply to a
3D velocity field. However, we are here in a particular situation
with a quasi-uniform mean velocity component when the velocity
is projected in the direction of the axis of the conical vortex (see
Fig. 12). The slope of the straight line drawn in Fig. 10c has thus
been computed by assuming that perturbations are transported
along the core of the vortex at the velocity UC = hUai � 28 m/s
and by using the distance DL = 34 mm between the pressure sen-
sors. A very good agreement is observed and shows that the pertur-
bations are guided and transported along the axis of the conical
vortex at the mean axial velocity.

Representative length scales can be associated with both coher-
ence peaks observed in Fig. 10b. For the low frequencies, f � L1/
UC � 1 with UC � 28 m/s and f � 300 Hz leads to L1 � 90 mm. The
associated length scale is thus of the order of the full length of
the conical structure and we might associate this contribution to
a meandering of the structure. At intermediate frequencies, f � L2/
UC � 1 with UC � 28 m/s and f � 1 kHz leads to L2 � 28 mm. L2 is
of the order of the width of the structure (see Fig. 4) and might
be associated with perturbations generated during the rolling-up
of the unsteady vortex sheet (a 3D equivalent to vortex shedding)
and transported along the core of the vortex. Note that the conical
vortex is here a guide for these large scale perturbations in a 3D sit-
uation. Finally, let us consider the energy containing higher fre-
quency part of the PSD. Signals associated with sensors C1,3 and
C2,5 are only weakly correlated in this frequency band. We there-
fore conjecture that this contribution is due to a 3D turbulent field
generated in the shear layers and uncorrelated between C1,3 and
C2,5 because the turn over time scale is too short. One more hint
supporting this hypothesis comes from the shift toward lower
frequencies detected when comparing both PSD (Fig. 10a). If we
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suppose that these physical events are associated with a similar
Strouhal number scaling on the local reattachment length nR, we
should get f1nR1/U1 � f2nR2/U1) f2/f1 � nR1/nR2. With f2 � 2 kHz
and f1 � 2.5 kHz, one gets f2/f1 � 0.8 while nR1/nR2 � [89tg(20)/
123tg(20)] � 0.72 (see Fig. 2). The frequency shift is therefore
expected to be due to the contribution of a turbulent field resulting
from the development of the 3D shear layer and adapting itself to
the development of the conical vortex.

6. Conclusion

The spatio-temporal properties of the unsteady wall pressure
field of a model A-pillar conical vortex has been studied in this pa-
per by combining 2 component LDV measurements and multi-
point pressure measurements using off-set microphones. The mod-
el body has sharp edges. Detailed LDV measurements have been
displayed in the vortex region. A conical vortex develops along
the side walls of the body. Both the 3D shear layer separating from
the sharp edges and the vortex core are highly unsteady regions.
Moreover, the magnitude of the vertical rms velocities is signifi-
cantly larger than the axial rms velocities. These fluctuating veloc-
ities are the signature of both an unsteady behaviour of the
organised vortical structure interacting with the wall and of finer
scale turbulence carried by the unsteady flow. We show that the
spectral analysis – PSD, cross spectrum, coherence – of the fluctu-
ating pressure at distant pressure sensors located near the line of
maximal Cp’ – that is to say under the vortex core – is useful for
analysis of the link between the temporal and spatial scales of
the unsteady aerodynamic and wall pressure field. In particular,
we have shown that the conical vortex is a guide for the velocity
perturbations and that their hydrodynamic pressure footprint is
transported at the measured mean axial velocity in a local refer-
ence frame aligned with the vortex core. Two distinct peaks of
coherence can then be associated with perturbations having (i) a
length scale of the order of the full length of the conical structure;
(ii) a length scale of the order of the transverse size of the struc-
ture. These perturbations may correspond to a global meandering
of the structure (low frequency contribution) and to large scale
perturbations generated during the rolling-up of the unsteady vor-
tex sheet. Notably, the energy containing higher frequency parts of
the PSD are only weakly correlated when distant sensors are con-
sidered. We notice that the associated physical events correspond
to a similar Strouhal number, scaled on the local reattachment
length. We therefore conjecture that they correspond to the contri-
bution of a turbulent field resulting from the development of the
3D shear layer, adapting itself to the development of the conical
vortex and uncorrelated between distant sensors because its
length scale and turn over time scale is too short.

The three distinct contributions extracted here from the com-
bined study of the pressure and velocity fields have a significant
impact as far as Cp’ is concerned and might be transmitted in very
different ways by the car structure because the frequency and
length scale range is very distinct. Energy transfer and non-linear
interactions between these components are of course expected
and were not studied here. We believe that this is a necessary step
for a good understanding and eventually for the control of this un-
steady aerodynamic.
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