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ABSTRACT
The separating and reattaching flow over a thick plate

with sharp angle atRe= 80000 is investigated using pressure
and HS-PIV measurements. After having studied the mean
flow properties, which are found in good agreement with the
litterature, a particular emphasis is given concerning theeduc-
tion and the analysis of the evolution of the large scale vortices
downstream of the reattachment. This is done using an adapted
multi-time and multi-channel stochastic estimation of theve-
locity correlated with the wall pressure. Swirling strength and
Finite Time Lyapunov Exponents are then used in order to de-
tect and characterize the structures and their dynamics. Con-
ditional statistics based on the feature longitudinal position are
then computed in order to educe intensities, size, positionand
convection velocity of each conditional feature.

INTRODUCTION
Understanding the intrinsic spatial and unsteady features

of separating and reattaching flows has a great importance for
the design and control of a large amount of engineering ap-
plications. In particular, identification and tracking of criti-
cal points, such as vortices and saddle points, remains an im-
portant issue when dealing with unsteady flows. As part of
a French ANR project (DIB: Dynamic, Unsteadiness, Noise),
the present study investigates the turbulent flow generatedby
a blunt flat plate with right-angled corners at Reynolds num-
ber 80000. According to the literature (e.g. Kiya & Sasaki
(1985)), large scale vortices shed from the shear layer are ad-
vected downstream of the mean reattachment point and dissi-
pated into the outer boundary layer, as schematically described
in figure 1. The objective here is twofold: to analyse the re-
lationship between the shed structures and the wall fluctuat-
ing pressure, and to characterize their evolution downstream
of the reattachment. To this aim, simultaneous High Speed
PIV (HS-PIV) and wall pressure measurements have been car-
ried out in the reattachment region. After having studied the
mean flow properties, the fluctuating velocity correlated with
the wall pressure is estimated using an adaptation of stochastic
estimation, and the coherent structures are analysed usingboth
Eulerian and Lagrangian criteria. The first section presents the
experiment and the post-processing tools that have been devel-
opped. Following sections deals with the analysis of the mean

motion, the eduction of the coherent vortices, and the evolution
of these large scale vortices.

EXPERIMENTAL SET-UP and POST-
PROCESSING
Flow Configuration

The experiments are performed in a 1/2 open throat ane-
choic low-speed Eiffel type’s wind tunnel. The square nozzle
section has dimensions of 460 mm× 460 mm. The blunt flat
plate ise=30 mm thick, 1300 mm long and 460 mm wide giv-
ing a solid blockage of 6.5% and an aspect ratio of 15.3. The
plate is parallel to the nominally smooth stream (fig. 1).

Figure 1. Schematic of the flow configuration and the ridge
line of the FTLE field

The leading edge is located 300 mm downstream the jet
outlet. The trailing edge is streamlined to minimize any wake-
induced unsteadiness. The experiments are performed at a
free-stream velocityU0 =40 m.s−1 (Re=8.104 based on the
thickness of the plate). The flow will be described henceforth
using a cartesian co-ordinate system(x,y) to indicate the axial
and vertical directions. The origin is set on the leading edge of
the plate at the mean stagnation point. The corresponding ve-
locity component are denoted byU andV. In the next sections,
all the quantities are made non-dimensional usingU0 ande.

Measurements
HS-PIV HS-PIV systems have been used to record im-

ages of particles having a mean diameter of 1µm. Illumina-
tion is provided by a New Wave PEGASUS Laser emitting
two pulses of 10mJ (laser sheet thickness≤ 1mm). About 16
000 velocity fields were acquired with a PHOTRON ABX-RS
camera in the symmetry plane y=0 at a frequency rate of 2kHz
in order to obtain a long time interval of high speed PIV data.
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The resolution of the sensor is 1024×1024 pixels2 with a pixel
size of 0.108mm/pixel. The time interval between two laser
shots is fixed at 20µm. A multipass algorithm with a final
interrogation window size of 16×16 pixels2 and 50% overlap-
ping is applied. Spurious velocities are identified and replaced
using both peak ratio and median filters. The maximum uncer-
tainty on instantaneous velocity measurements are estimated
at 0.54m/s (displacement of 0.1pixel). The TRPIV domain
is located fromx/e ≃ 3 to x/e≃ 10. Other low frequency
PIV plane upstream of the reattachment location have been ac-
quired to complement the mean flow analysis.

Fluctuating pressure measurement The
measurements of the surface fluctuating pressure are obtained
with ten off-set sensors located fromx/e = 5.25 to 8.6
downstream of the reattachment. Off-set sensors have the
advantage to increase the pressure range of sensors because
the fluctuating pressure decreases along the flexible tube
between the pressure tab and the sensor. Those sensors are
differential with a bandwidth of [0Hz-1.6kHz] and a pressure
range of 250Pa. Details of the methodology are provided in
Ruiz et al. (2010). The maximal error on fluctuating pressure
is evaluated 9.4Pa. The sampling frequency is 5.12 kHz and a
cut-off frequency of the anti-aliasing filters is set at 2 kHz. A
square signal triggered by the Q-switch of the first laser cavity
is used for the synchronisation of PIV and pressure aquisition.

Post-processing techniques
Stochastic estimation of the velocity field

from the pressure data As will be seen in the the
following section and in agreement with the litterature, a
strong spatio-temporal coherence is found in a frequency range
around f e

U0
≃ 0.12, both in the velocity and in the pressure

data. This coherence is to be related to the large scale vor-
tices emanating from the separated shear layer and dissipating
once embedded in the outer layer downstream of the reattach-
ment. In order to analyse the spatio-temporal characteristics of
these structures and their evolution, a multichannel and multi-
time version of stochastic estimation of the fluctuating velocity
conditionned to the pressure traces has been developped. For
comparison, classical LSE (Linear Stochastic estimation)have
also been carried out. The classical LSE consists in finding the
best approximation of the conditional velocity givenp at the
sensors location under the form ˜ui(x,t) = B j p j(t) wherep j de-
notes the pressure at sensorj . Here the ten sensors described
above are used for the estimation. The coefficientsB j are clas-
sically determined by solving the linear systemui pk = B j p j pk
(Adrian (1979)). Two modifications are made to enhance the
estimation: First, the pressure of the ten sensors are considered
in a temporal window centred around the instant of the estima-
tion. Second, a POD is performed on this spatio-temporal pres-
sure data set (this technique is actually well-known as Multi-
Channel Singular Spectrum Analysis in the meteorology field).
The modes are then extended following the Extended POD
procedure introduced by Borée (2003) to estimate the velocity
fluctuations correlated with the pressure. This consist in taking
theN first POD coefficients as the conditionning events in LSE
and if all modes are considered, a multi-time LSE is recovered.
This spatio-temporal technique was proposed by Perrinet al.
(2008) to extract coherent patterns in the near wake of a cylin-

der and Ruizet al. (2010) have then successfully applied the
same technique in the wake of a disk above a flat plate. Two
parameters has to be chosen in the procedure: the time win-
dow lengthT and the number of extended modes considered
for the estimation. It is noticeable that keeping all modes and
increasingT is actually a dangerous practice if the same data
set is used for the determination of the extended modes and
for the estimation (in this case, the term reconstruction ismore
appropriate) because 100% of the fluctuating energy can artifi-
tially be reconstructued due to the finite data set availableand
a lack of convergence. Performing a prediction of a different
data set with the same modes then results essentially in noise.
Tests have been carried out by considering two subsets of the
data, one used for the determination of the extended modes,
the other to evaluate the quadratic error between the estimated
and the original field. DifferentT andN were tested and an
optimum has been found for a time window of approximately
2 shedding periods, and usingN = 40 modes. The extended
mode procedure presents two advantages over LSE: first, as
just explained, it prevents from an artificially good estimation
of the velocity due to a lack of convergence; second, the spatio-
temporal POD filtering allows to filter out the small scale ran-
dom contribution to the fluctuating pressure before performing
the estimation. Altougth not shown in the paper due to space
limitation, it is noticeable that the POD coefficients kept for
the estimation have a spectral content in the same frequency
range than the large scale vortical structures.

Finite Time Lyapunov Exponents The follow-
ing short presentation of the FTLE theory is adapted from
Garthet al. (2007). In a finite spatial and temporal domain,
the positionx of a fluid particle starting at a positionx0 at
time t = t0 is obtained by integration of the velocity field
along the particle path.x(t; t0,x0) satisfiesx(t0; t0,x0) = x0
and ẋ(t0; t0,x0) = v(t,x), where the dot denotes the derivative
with respect to the first parameter. By integrating all trajecto-
ries in the neighborhood ofx0 during the timeT and after lin-
earization, Haller (2001) showed that the maximum dispersion
occurs in the unit direction associated with the largest eigen-
valueλmaxof ATA, whereA= ∇x0x(t0+T; t0,x0) is the spatial
gradient of the flow map after the integration timeT. ATA is
the (right) finite time Cauchy-Green deformation tensor. To
characterize an average exponential separation rate, the FTLE
T
t0σ(x0) is then defined byTt0σ(x0) = 1

T .ln(
√

λmax). The calcu-
lation of the FTLE field (the integration can be done for posi-
tive and negative time, but here only negative time have been
computed) then provides ridges which have to be regions as-
sociated with the presence of saddle point arising between two
consecutive vortices (figure 1).

PIV data are not accurate close to the walls because of the
reflection of the laser light (even though a special paint was
used here). Therefore, a virtual PIV grid is extended down to
and immediately under the wall. The velocity in this region is
constructed by assuming that the wall is a slip boundary and a
mirror instantaneous near wall flow is used to compute the tra-
jectories. This approximation is valid because the viscousnear
wall length scales are small when compared to the coherent
events (scaling with the thickness of the plate).

The instantaneous particle velocity at any timet is ob-
tained by a spline interpolation of the spatiotemporal PIV ma-
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Figure 2. Streamlines of the mean flow (top) and ongitudinal
mean velocity profiles atx/Xr=0.25, 0.5, 0.75, 1, 1.25, 1.5 and
1.75 (bottom)

trix. This three-dimensional matrix contains the temporalevo-
lution of the planar velocity fields. For each instantaneousve-
locity field, the value of the FTLE at the centerx0 of a PIV
interrogation window is computed by integrating the trajecto-
ries of its four neighbors during a time intervalT. The spatial
gradientA = ∇x0x(t0 + T; t0,x0) is then calculated using cen-
tral differencing. A fourth-order Runge-Kutta method (RK4)
is used to integrate the trajectories. After systematic tests and
computations of trajectories, the time stepdt used for RK4
computation was chosen equal to 0.1 ms. Finally, the value of
the integration timeT has to be chosen. A lower bound forT
is technical and due to the repetition rate of the laser (2 kHz).
This lower bound isTmin = 1msbecause it uses three consecu-
tive velocity fields for the integration of a trajectory. Theupper
bound associated with this test is due to the fact that PIV data
are only known over a finite domain. We are indeed unable to
compute the flow mapx(t0−T; t0,x0) if T is too large. In fact,
systematic tests showed thatT=-2.5 ms is appropriate because
the flow map is always computed in the domain of interest and
the FTLE ridges are clearly defined.

Feature detection Two distincts features are de-
tected in the estimated fields:

First, vortices are recognised as connex regions of
swirling strength valuesλci (Zhouet al. (1999)). For each re-
gion, the barycenter ofλci is used as a definition for the posi-
tion (xv,yv) of the vortex. Area, maximum value ofλci, and
the integral ofλci on the region, are also collected for each
vortex. Tracking of these vortices is then performed in a rather
simple way. Starting from a vortex at a given time step, the
nearest vortex from an estimated position (using an estimation
of a convection velocity) at the next time step, is considered to
be the same vortex displaced during the time interval. A path
is then deduced for each vortices during its passage in the PIV
field, and an instantaneous convection velocity is determined
by derivating of the path. Statistics are then calculated asfunc-
tions of the longitudinal positionx.

Second, the instantaneous locations of the saddle points,
xs, are then obtained by finding the positions of the FTLE local
maximum on the instantaneous FTLE field. These local maxi-
mum are obtained with a spatial resolution of 1.73 mm because
PIV fields are computed with a 50% overlap of the interroga-

tion windows. The instantaneous saddle points detected have
then been tracked in time with the same algorithm as that used
to track the barycenters of the structures educed by swirling
strength.

RESULTS AND ANALYSIS
Mean flow properties and spectra analysis

Streamlines of mean velocity field in the mid-span plane
shows a reattachment length close toXr/e = 5.5 (fig.2(top)).
This reattachment length is in good agreement with results
from literature whereXr is distributed over[4,5.5] for high
Reynolds number flows (e.g. Kiya & Sasaki (1983)).

Profiles of the longitudinal time-mean velocity,U , are
shown in figure 2(bottom).The maximum of reverse flow
(about 0.3) is found atx/Xr = 0.5 i.e. at the centre of the
separation bubble. A position where the vertical distribution
of U has a point of inflexion can be interpreted as the centre of
the shear layer. Figure 2 shows that this position is increasing
for x/Xr ≤ 0.75 whereas it changes slighthly forx/Xr ≥ 0.75
where it is equal approximately toy/e= 0.8.

Figure 3 shows that the maximum of Reynolds stresses
is found just upstream the reatteachment at a vertical position
corresponding approximately to the heigth of the average sep-
aration bubble. At this position, maximum values ofu2, v2 and
uv are roughly 0.1, 0.05 and -0.04 respectively.
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Figure 3. Distribution of Reynolds stressesu2 (top),v2 (mid-
dle) anduv (bottom)

The evolution ofC
′
p =

√

p′2/( 1
2ρ.2Uo) along thex axis

is presented in figure 4. A broad maximum of about 0.14 ap-
pears a little downstream of the reattachment line(x/e= 5.5).
Downstream this line, theCp′ decreases sharply to 0.08 at
x/e = 9. The surface-pressure spectrum at different longitu-
dinal position presented in figure also presents a large band
contribution centred at the Strouhal number 0.12. These pres-
sure spectra confirm the decrease of the energy content when
x/e is increasing observed on theCp

′
evolution. The relative

decrease is larger for low frequencies.

3



f*10-2 10-1 10010-4

10-3

10-2

10-1

-7/3

x=6.6

x=5.6

x=7.6

x=8.6

Figure 4. Distribution ofC
′
p along the longitudinal axis (left),

surface-pressure spectrum at different longitudinal positions
(right)

Figures 5 shows the power spectrumEu and Ev of the
longitudinal velocity flutuation,u and the vertical velocity flu-
tuation,v. The power spectra,Eu, is dominated by the low fre-
quencies contribution whereas no clear peak is detected, what-
ever the vertical position observed. Conversely,Ev, shows a
broad but clear peak at the frequencyfXr

U0
= 0.12 which is the

same as the peak frequency of the surface-pressure spectrum.
The disapppearance of this peak in the inner part of the separa-
tion bubble (y/Xr = 0.01) is in good agreement with the results
obtained by Kiya & Sasaki (1983) which suggested that this
disappeararance may be associated to the contamination of the
large scale vortices by smale-scale eddies.
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Figure 5. Fluctuating velocity: spectra ofu (left) andv (right)
atx/Xr = 1.25

Figure 6 shows the coherence function of wall pressure
(reference point : xR = 5.25), and that of the velocity at
y−yw

Xr
= 0.25 (reference sensor atx/Xr = 1). Both exhibit a

very clear peak at the Strouhal number 0.12 along the longitu-
dinal axis. This distribution of the coherence functions corre-
sponds to the signature of the shedding of large-scale vortices
from the separation bubble in agreement with the results of
previous studies (e. g. Kiya & Sasaki (1983), Cherryet al.
(1984)). It is also noticeable that pressure-velocity coherence
function (not shown here) plotted at a fixedx location versusy
presents a similar strong peak, although less pronounced well
inside the shear layer, in agreement with the observations made
from the velocity spectra.

Estimation of coherent structures
The velocity field correlated with the large scale pres-

sure fluctuations is then educed using the stochastic estima-
tion technique described in the previous section. Figure 7
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Figure 7. Fluctuating velocity estimated from pressure: top:
energy of the fluctuating velocity12(u2 + v2) (top: LSE, bot-
tom: spatio-temporal EPOD approach); bottom:u (left) andv
(right) velocity spectra (dashed-dotted line: original velocity,
dashed line: LSE, solid line: spatio-temporal EPOD approach)
at x/Xr = 1.25 andy−yw

Xr
= 0.1

(top) presents the 2D fluctuating energy1
2(u2 + v2) of the es-

timated field together with that estimated by classical LSE
for comparison. The increase of the levels of energy, espe-
cially in the regions upstream and downstream of the sensors
locations, clearly demonstrates the advantage of the spatio-
temporal technique over the LSE, thanks to the convective na-
ture of the flow. Figure 7(bottom) shows velocity spectra of
u andv, respectively, for the raw data, the estimated velocity
using LSE and the multi-time EPOD, at a point located well
inside the shear region. First, in agreement with the previ-
ous figure, it is seen that the levels of energy of the estimated
is higher using the multi-time EPOD, especially concerning
the low frequency content ofu. Second, it is clearly seen that
while the broad peak at the shedding frequency is hardly visi-
ble in thev spectra of the raw data, it is well identified in the
spectra of the estimated velocity fields. It is therefore believed
that the fluctuating velocity associated with the large scale shed
vortices are well separated from the total fluctuating velocity.
Although not shown here, spectra ofv− ṽ, the uncorrelated
part of the velocity with the pressure, do not exhibit any broad
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peak at the shedding frequency. A comment is necessary con-
cerning the relatively low level of energy associated with the
estimated large scale structure compared with the total fluctu-
ating energy (see Figure 3). This level of energy (roughly 20%
of the total energy) is actually in good agreement with the en-
ergy contained in the first modes of a POD performed directly
on the velocity fields, showing that the large scale events carry
a low part of the total fluctuating energy. Moreover, numerical
studies carried out in the same project described in the intro-
duction (e.g. Tranet al. (2010)), or at lower Reynolds number
(e.g. Lamballaiset al.(2010)) have clearly shown that the fluc-
tuating velocity is dominated by 3D small scale turbulence.

Figure 8 shows an example of original (top) and estimated
(bottom) field taken at the same time. The estimated field
clearly exhibits large scale vortices in agreements with pre-
vious studies (e.g. Kiya & Sasaki (1985), Lee & Sung (2002)),
while they are nearly indistinguishable in the original fields
due the fully turbulent nature of the flow. On the same figure
are represented the FTLE ridge with the expected topology.

Analysis of large scale vortices evolution after
reattachment

Figure 9 shows a sample of the time trace of the loca-
tion of the vortices (detected from the maximum of swirling
strength) and their separating saddle point (detected fromthe
FTLE local maximum). The downstream transport of the vor-
tices appears clearly. The longitudinal evolution of the mean
convection velocityUc deduced from this graph is shown in
figure 9 . We see thatUc increases when moving downstream
and that the two detection methods give very similar mean val-
ues. Note that the increase ofUc is consistant with the longitu-
dinal evolution of the mean velocity field at the center location
(discussed below).

Inter-time (dt) statistics between the passage of the vor-
tices at a positionx can be deduced. The probability density
function ofdt is shown in figure 10. This pdf has a strong pos-
itive skewness. Further work is presently devoted to this inter-
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Figure 10. Histogram of the time between two succesive fea-
tures (swirling strength) atx = 7

time sequence. We observe that the global shape of the pdf is
of Log-normal type. Bernal (1988) has shown that the amal-
gamation mechanism in a self-similar shear layer leads to such
Log-normal distribution. Our observed distribution may bea
consequence of such a distribution in the separated shear layer
upstream the reattachement but the interaction with the wall
has to be taken into account here. Hoarauet al. (2006) have
shown that the fluctuating pressure upstream the reattachment
is strongly correlated with that dowstream of the reattachme-
nent. Therefore a simple convection of the vortices emanating
from the separated shear layer could lead to such a distribu-
tion. Further work is necessary to check this possibility. Note
that the mean time interval〈dt〉 = 5.5 atx = 7 is significantly
smaller than the period of the velocity signal (T=8) computed
from the known Strouhal number (St= 0.12). This result may
seem contradictory butT is the result of the computation of
an eulerian velocity spectrum while〈dt〉 takes into account the
lagrangian detection of vortices. Model computations, notpre-
sented here for brevity, using Lamb Oseen vortices having the
measured circulations and locations give the same differences
between the two quantities (T and〈dt〉).

Figure 11 shows that the mean distance of the vortex cen-
ter from the wall increases when moving downstream and that
their size increases accordingly (size deduced from the area of
the structure). Incoherent turbulence generated by vortex/wall
interaction is expected to enhance the diffusion of momentum
in the structure. Following the same reasoning, we clearly
expect the coherence of the structure to decrease when mov-
ing downstream. Hoarauet al. (2006) have conjectured that
these structures, generated in the separated shear layer, loose
their kinetic energy in one turn over time scale while being
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Table 1. Characteristic time scales (see text)

Tk Tkc Tc

8.5 6.5 6

transported along the wall in the outer layer. These authors
have proposed a simple model equation for the decrease of the
coherent kinetic energy based on an equilibrium between ad-
vection and dissipation that can be easily solved for constant
length scale and transport velocity.

Table 1 shows the average values of the characteristic
time scalesTk = k/(Uc

dk
dx), Tkc = kc/(Uc

dkc
dx ) andTc = a√

kc

between x=6 to 10.Tkc andTc are of the same order of mag-
nitude, which means that the rate of decay of coherent kinetic
energy scales with the turn over time scale of the educed struc-
tures. On the contrary,Tk is much larger thanTkc. This means
thatk decays more slowly. It is coherent with the fact that tur-
bulent kinetic energy is generated at the wall and transported
by turbulent diffusion in the outer region.

CONCLUDING REMARKS
The aforementioned results showed that the dynamical

properties of large scale vortices evolution after reattachment
may be evaluated by both Eulerian (swirling strength) and La-
grangian (FTLE) criteria. The results obtained by these two
approaches are similar and may be complementary. The ir-
regular character of the shedding process and the presence of
intermittent events have been detected from the dispersionof
the histogram of the time between two succesive features.
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