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ABSTRACT

‘Wall pressure array measurements and LDV single point
measurements of the velocity obtained on a 30° forward fac-
ing ramp are discussed in this paper. Mean and fluctuating
signals are analyzed both in the mean separated region and in
the recovering boundary layer flow. The results evidence the
signature of both flapping and vortex shedding mechanisms
in agreement with classical references. POD and Extended
POD are then used to educe the length and time scale con-
tribution of the shear layer structures on the pressure trace
downstream of separation. We prove that the correlated pres-
sure signal downstream the mean separation length carries the
properties of the distorted mixing layer eddies being advected
and dissipating in the outer boundary layer flow. A simple
physical model is proposed.

INTRODUCTION

Understanding the intrinsic spatial and unsteady features
of separated and reattaching flows has a great importance
for the design and the control of a huge amount of engineer-
ing applications. These concern both external and internal
aerodynamics because such regions have a major impact on
aerodynamic performances, wind loading structures, efficiency
of combustors, noise emissions, ...

The vast majority of the experimental and computational
studies involves a bidimensionnal mean flow and separation
from a sharp edge (Eaton and Johnston 1981; Kiya and Sasaki
1983; Cherry, Hillier and Latour 1984; Lee and Sung 2002) the
separation bubble being an overwhelming perturbation to the
boundary layer. In the separated region the signature of vor-
tex shedding and flapping of the separation is detected. The
phase relation, measured via wall pressure array messurements
are different for these shedding and flapping mechanisms (Lee
and Sung 2002; Hudy, Naguib and Humphreys 2003) and there
are still unsolved questions regarding the feedback mechanism
of the flapping motion. Downstream of the mean reattach-
ment, the outer layer of the boundary layer is perturbed by
large eddies generated in the separation region and trans-
ported downstream (Castro and Epik 1998; Song, DeGraff
and Eaton 2000). Being able to educe the length and time
scale contribution of these decaying structures on the pres-
sure trace downstream of separation is an important issue for
application.
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The recent work of (Lee and Sung 2002) stresses the
interest of multiple arrayed pressure measurements as a detec-
tion method for coherent structures. This appears as a first
step for control purposes. A ”spatial box filtering” is proposed
in their paper as an inner product between the pressure dis-
tribution and an ”ad hoc” square wave spatial filter function
in the separated region downstream of the backward facing
step. Our goal in this paper is to propose an alternative ap-
proach based on Extended Proper Orthogonal Decomposition
(EPOD) - see (Borée 2003). Wall pressure array measurements
combined with single point measurements of the velocity us-
ing two-composents Laser Doppler Anemometry have been
obtained on a 30° ramp. The POD is first applied to the
pressure signals under the separated bubble and we obtain an
optimal basis for the decomposition of the unsteady pressure
field at the source of the large scale perturbations. EPOD
then enables us to deduce the only contribution to the fluc-
tuating pressure or velocity field downstream correlated with
the basis. The spectral characteristics of both correlated and
uncorrelated signal will be studied in detail for the pressure
measurements at increased distances from the separated bub-
ble. A simple physical model is proposed. Our goal is mainly
to show the potential of this eduction technique in a well de-
fined and relatively simple 2D geometry.

1 DESCRIPTION OF THE EXPERIMENT

The experiments are performed in an anechoic open
throat wind tunnel. The square nozzle section has dimen-
sions of 400mm x 400mm. The test model is a forward facing
ramp (See Fig. 1) of height H = 50mm and width { = 750mm
with an angle of 30° at the foot’s ramp. The distance between
the foot ramp and the inlet duct is 300mm and the bound-
ary layer displacement thickness at the exit nozzle is 0.4mm.
The distance between the top of the ramp and the collector is
1700mm. The experiments are performed at the free stream
velocity of Up = 30m/s. The Reynolds number based on the
ramp height is 100, 000.

The measurements of the surface fluctuating pressure are
obtained with off-set microphones. The inner diameter of the
pressure tabs is 0.9mm and the bandwidth is 50Hz — 5kH z.
The transfer function of the measurement system is deter-
mined with a B&K UA 0922 coupler. The signal recorder is
able to save simultaneously 16 pressure probes with an effec-
tive sampling frequency of 12.8kHz and a cut-off frequency
of the anti-aliasing filters set at 6.4kHz. The Power Spectral



Density (PSD) is estimated with the Welch’s method. The
time series data is split into segments of 2096 points with a
50% overlap. A Hamming window is used to compute the
modified periodogram of each segment. The number of seg-
ments is 250. The fluctuating pressure probes (16 probes)
used here are on the median axis of the ramp at z/H = 0,2 ;
03;04;05;06;07;08;09;10;1,1;1,2;1,3;14;
1,6 ;2,0 ; 4,0.

The velocity measurements are obtained with a two color
Laser Doppler Velocimeter. The 476.5nm and 496.5nm wave-
length beams of a argon-ion laser are used to produced the
LDV fringe patterns. The estimated size of the measuring vol-
ume is less than 0.25mm in diameter and 1.3mm long in the
spanwise direction. The inter-arrival time weighting scheme
is used to calculate the mean velocities and Reynolds stresses.
20,000 velocity samples are recorded at each measurement
station and the number of uncorrelated events captured is suf-
ficient to ensure a good statistical convergence.

Figure 1: Sketch of the configuration

2 MEAN AND FLUCTUATING VELOCITY FIELDS

In this situation, the ramp is an overwhelming perturba-
tion to the boundary layer. The mean flow speeds up along the
ramp. A maximum mean velocity of the order of Upqz/Uo =
1.35 is measured at /H = 0.2 and z/H =~ 0.1. The mean reat-
tachment zg length is rather small with zg/H ~ 0.5. This
value was obtained by detecting the change of sign of the lon-
gitudinal mean velocity profile near the wall (at z/H = 0.01).

Mean velocity profiles are presented in figure 2a. The
acceleration due to the ramp is clearly detected at /H = 0.25
and has nearly disappeared at /H = 2.0. The figure 2b shows
that the longitudinal Reynolds stress <u2> has an important
maximum at /H = 0.25 ; z/H =~ 0.05. This normal distance
from the wall corresponds to the inflexion point in the mean
longitudinal velocity profile at /H = 0.25. Such a high value
is both associated with large scale vortices due to the Kelvin
Helmoltz instability of the shear layer and to the flapping of
the shear layer. We see in figure 2b that this peak decays and
diffuses outward as the flow proceeds downstream. There is
still a significant outer maximum at z/H ~ 0.1 and /H = 2.0
corresponding to four reattachment length. Contrary to the
results reported by (Song and al. 2000), <u2> levels reach
a maximum value above the middle of the mean separated
region in the present case.

However, we measure a maximum value of <v2> and (uv)
at the mean reattachment location zr/H ~ 0.5 (fig. 2c and
2d). Both normal and shear Reynolds stresses then decay
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rapidly and shift outward for increasing x/H. This behaviour
is a common feature in other flows developing subsequent to
a reattachment (Alving and Fernholtz 1996; Castro and Epik
1998) and is believed to be associated with the separated shear
layer eddies being transported by the mean flow while they
dissipate. We will consider the contribution of this out of
equilibrium turbulent field on the pressure fluctuations in the
rest of the paper.
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&, z/H=025;0, o/H=050; 0, z/H =0.80;
*, /H =1.00 ; A, x/H = 2.00

3 FLUCTUATING PRESSURE

The figure 3a shows the longitudinal variation of the rms
fluctuating pressure coefficient Cpy = V®2)/(pUZ/2). The
variance of the wall pressure fluctuations is obtained by inte-
grating the wall pressure power spectral density (PSD) from
50Hz to 5kHz. The peak level of Cp is higher than the
maximum values measured downstream a fence by (Hudy et
al. 2003) or downstream a blunt flat plate by (Cherry et al.
1984). Note that this peak is located upstream the mean
reattachment point. The quantity e (right hand side scale)
corresponds the cumulated contribution of the sensors to the
total variance measured on the sensor array. The separated
region clearly dominates.

The PSD of the pressure signal are shown in figure 3b
with a semi-log plot. Two maxima are detected at /H = 0.2
and 0.3. On the contrary, a single large band contribution
at high frequency is detected further downstream. The low
frequency maximum at x/H < 0.3 has a peak at f ~ 75Hz.
This corresponds to a Strouhal number St ~ 0.05 ; St =
f - *Rr/Umaz is based here on the mean reattachment length
and on the maximum mean velocity bounding the separated
region. This low frequency wall pressure signature is typically
associated with the flapping of the separated shear layer. The
high frequency band peaks at f =~ 1500Hz (St ~ 0.9). This
peak is associated with the shedding of large scale vortical
structures from the separated region. The maximum shifts
toward lower frequencies when moving downstream. This shift
is believed to be due to the decrease of the external mean
velocity. The convective characteristics of the surface pressure
signal were explored by computing the cross-spectrum for all
pressure tabs relative to pressure tab x/H < 0.3 (peak of Cp/).
The results are not shown here for brevity. The trace of the
vortex shedding is clear on a plot of the coherence function in
the frequency band . At a given location, the phase angle data
plotted as a function of the frequency reveal a linear increase
of the phase angle 6 with the frequency. A mean convective
velocity can be calculated with U. = 27 - Az - (d6/df)~'. An
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approximately constant value U, =~ 29m/s = 0.72Upqz is
obtained for z/H < 1.0. This is an evidence of a convective
motion in the downstream direction associated with vortex
shedding.

Our goal is now to decompose the downstream pressure
signal so as to extract the contribution of the decaying shear
layer structures.
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Figure 3: a, longitudinal variation of the
rms fluctuating pressure coefficient Cp ; b, PSD of the
fluctuating pressure

4 POD AND EXTENDED POD ANALYSIS

The proper orthogonal decomposition (POD) was proposed
by (Lumley 1967) as an unbiased way for extracting struc-
tures in a turbulent flow. In the case considered here, the
time direction is homogeneous for the pressure signals. The
solution is thus obtained by solving a 1D eigen-value prob-
lem for every Fourier mode (Berkooz, Holmes and Lumley
1993; Delville, Cordier and Bonnet 1998). A diagonal decom-
position of the cross-spectrum is obtained together with an
optimal decomposition of the variance of the fluctuating pres-
sure force integrated over the domain. As the POD is optimal
as far as the energy contained in the successive modes is con-
cerned, the analysis has to be performed in energy containing
regions, namely under the recirculation bubble for the pres-



sure signal in the present case. The POD problem was solved
here by using 5 pressure sensors located from z/H = 0.2 to
xz/H = 0.6 (included). This will be called the "POD region”
in the following. The figure 3a shows that this region carries
more than 82% of the sum of <p2> over all sensors. From
five sensors, we obtain five modes qg(n) (x5, f) and five real and
positive eigenvalues A(m) (f) ;i=1,..5 is the location of the pres-
sure tabs ; n=1,- - -5 is the rank of the POD mode chosen as
A (F) > XFD (). () (x4, f) are the eigenfunctions of the
cross-correlation tensor II(x;, z;, f) with the main properties :

(i) Orthonormality :

(6™, ¢><P>)—Z¢<n> o £ (24, f) = 0np (1)

i=1

(ii) Diagonal representation :

5
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n=1

H(l’iv xy, f) =
(iii) Optimal decomposition :
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Each realisation of the random pressure spectrum py (z;, f)
can be projected onto the POD basis with :

k(i f) = Z ay” (£ (x4, f) (4)

with o (/) = (e, ™) (5)

The random coeflicients a(kn)(f) n=1,- - -5 are uncorrelated

with <a§€n)(f)a§€p)(f)> = dnp, () is the ensemble average.

Let’s consider now a pressure sensor located downstream
the "POD region”, at a location x; (Borée 2003) has shown
that each realisation (say n°k) pg(x;, f) of the pressure
spectrum at x; can be exactly decomposed into two parts
Pok(xj, f) and Pppg(x;, f) respectively correlated and uncor-
related to the pressure signal in the ”POD region”. It comes
simply :

pr(xj, f) = Pck(zj, f) +Dpr(zj, f) (6)
Za(’” Y (25, £) (7)

pok(zj, f)

VA (x4, f) is the deterministic extended mode and :

VO (@, £) = (Brlag ) - () A (@)

Note that ‘i/(")(xj,f) coincides with the POD mode
qg(”)(xj, f) if z; belongs to the POD region.
The demonstration not recalled here is natural and uses
the fact that the random coefficients a( )( f) are uncorre-
lated. Moreover, we obtain a mode to mode decomposition of
Pow(zj, f) and an interesting decomposition of II(x;, z;, f) =
22:1 )\(")(f)qg(”)(:ri,f)\i/(”)*(a:j,f) for z; belonging to the
POD region.

The evolution of the five POD A-spectrum is shown in
figure 4. The first mode carries 71% of the total energy inte-
grated over the frequency domain. Both flapping and vortex
shedding mechanisms contribute to this first mode in a fre-
quency domain dominated by z/H = 0.2 and z/H = 0.3
sensors. The mode 2 contributes to 15% of the total en-
ergy, mainly in the frequency band associated with the vortex
shedding. A mode by mode decomposition of the coherence
confirms that modes 1 and 2 are associated with large scale
events while higher order modes 3, 4 and 5 correspond to
smaller scale events not resolved by our coarse spatial dis-
cretisation.
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Figure 4: Evolution of the five POD A-spectrum

We now examine the results of an EPOD decomposition
at downstream locations. The power density spectra of re-
spectively p(x;, f), pc(xs, f) and pp(z;, f) at ©#/H = 0.7, 0.8
and 1.0 are shown in figure 5. The high frequency region is
dominated by the uncorrelated part. On the contrary, the
correlated part always display a peak in the frequency domain
associated with vortex shedding. Moreover, as this correlated
part is the only contributor to the cross-spectrum between the
POD region and these locations, a study of the phase angle
evidence the convective nature of the pressure signal in the
shedding frequency band as discussed in part 3.
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In the POD region, the main contribution to the fluc-
tuating pressure signal is believed to be associated with the
large scale shear layer vortices (valleys) and by inrush of
external fluid moving toward the wall (peaks) as described
by (Kiya and Sasaki 1985). The rate at which their con-
tribution to the pressure signal decays when moving down-
stream should therefore be associated with the rate at which
these structures dissipate once embedded in the outer re-
gion of the recovering boundary layer (Castro and Epik
1998). In a first approximation, focussing on the hydrody-
namic (as opposed to acoustic) contribution of the turbu-
lent field on the wall pressure signal, it seems natural to
search for a scaling of the decay of the quantity w.(z/H) =
[(p%) (z/H)/p2]1/4, p is the air density. we(x/H) is a de-
caying velocity scale associated with the decaying correlated
pressure field. We defined weo = we(z/H = 0.5) and the
ratio weo/we(x/H) = [(pZ) (x/H = 0.5)/ (p%) (x/H)]"* is
drawn in figure 6. /H = 0.5 was selected as a reference po-
sition because it is the end of the mean separated region. In
the POD region, (p%) is by definition equal to (p?). Fur-
ther downstream, for z/H > 0.6, <p20> becomes much smaller
than (p2?) as evidenced in the figure 6. It is interesting to
note that weo/we(z/H) has a linear evolution from the end
of the mean separated region up to three time the mean reat-
tachment length at /H = 1.5. The slope of the straight line
obtained by a linear regression is s = 2.32. A simple physi-
cal model for k. = 3/2(w.)? can be built by assuming that,
downstream the mean separated region, the shear layer vor-
tical structures, of size | ~ 0.1H (see fig. 2) dissipate while
being advected at the mean velocity Ue ~ 29m/s = 0.72Umaaz
determined previously. One gets :

dke  Kk2/?
U, = — 9
dx l ©
Weo H\/% T — X0
9) == —(z/H)=1 —_— [ — 10
©) = 20/ =1+a 2 (F2) o)
« is a constant which should be of order one. k.o is

estimated at /H = 0.5 by kco = kmaz =~ ((u?) +2(v?)) /2
with (u?) /(Up)? = 0.13 and (v?) /(Uo)? = 0.05 (see fig. 2b
and 2c).

If we identify the slope s in fig. 6 and the analytical
result, one gets s = aHlf/(}CCC_O for « = 0.7. Owing to the
approximation involved in this simple physical model, we be-
lieve that this result shows that the correlated part of the
pressure signal is indeed the trace of the decaying remnants of
the large scale shear layer vortices. Being able to extract such
contribution from the complex pressure trace in the recover-
ing boundary layer may be important for further application
of this technique.
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5 CONCLUSION

1/4

Wall pressure array measurements and single point mea-
surements of the velocity using two components LDV obtained
on a 30° forward facing ramp were discussed in this paper.
Mean and fluctuating velocity and pressure signals were first
analysed both in the separated region and in the recovering
boundary layer flow. The signature of the large scale separated
shear layer eddies is clear and in aggreement with classical
references concerning other flows developing subsequent to a
reattachment. An analysis of the phase angle of the cross
spectrum provides an evidence of the convective motion in
the downstream region associated with vortex shedding. Note
that a signature of flapping is detected immediately down-
stream separation.

POD technique is a natural tool to analyse the multipoint
pressure measurements. The variance of the fluctuating pres-
sure is however very non homogeneous: high in the separated
region and low in the recovering boundary layer. The "POD
region” is therefore restricted to the mean separated region
where the pressure trace is dominated by the signature of large
vortical structures. Extended POD is then used to educe the
length and time scale contribution of these decaying structures
on the pressure trace downstream of separation. We prove
that the correlated pressure signal downstream mean separa-
tion length carries the properties of distorded mixing layer
eddies being advected and dissipating in the outer boundary
layer flow. A physical model is proposed accordingly. It vali-
dates these statements and establishes a clear statistical link
between pressure and velocity data acquired independently.
Being able to extract such contribution from the complex pres-
sure trace in the recovering boundary layer may be important
for further application of this technique in the aero-acoustic
or fluid/structure interaction domains.
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