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Abstract

An experimental investigation of wall pressure fluctuations generated by turbulent boundary layers over surface

irregularities has been conducted in a backward–forward-facing step geometry simulating a large aspect-ratio cavity. This

simplified incompressible flow model was designed to reproduce geometrical discontinuities present, for example on an

aircraft fuselage, and responsible for interior noise generation. This study considers the effects of the main dimensionless

parameters, such as the Reynolds number, the normalized incoming boundary layer thickness and its space averaged

turbulence intensity, on the Sound Pressure Levels (SPL) and auto-spectra frequency estimates at the wall. Phase averaged

temporal quantities are obtained by the application of a wavelet based auto-conditioning method and by velocity/pressure

conditional statistics and cross-correlations. This analysis clarifies some relevant properties of the wall pressure

fluctuations in the two-steps configuration. Satisfactory scaling for both the SPL and the frequency spectra by

dimensionless parameters are obtained and empirical correlations which might be useful for predicting wall pressure

properties in practical applications are derived.

r 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Steps and geometrical irregularities on the exterior surface of modern high-speed passengers aircraft appear,
for instance, at skin lap joints or window gaskets and are recognized as potential sources of aerodynamically
generated noise. The unsteady aerodynamic pressure field of the surrounding flow induces skin panel
vibrations and thus contributes to the interior noise. This effect is known to be relevant especially to the
forward airplane fuselage section (see e.g. Ref. [1]). Similar aeroacoustic problems are encountered in other
fields of engineering interest, for example, in vehicle or train aerodynamics. In addition to the interior noise
generation, wall pressure fluctuations induce skin panel vibration that might affect significantly the fatigue life
of the structures causing unpredictable structural damages.

The importance of this subject in practical and basic research applications stimulated many researches in the
last decades, most of them aimed at the spatio-temporal characterization of wall pressure fluctuations, which
ee front matter r 2005 Elsevier Ltd. All rights reserved.
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represent the basic quantities to be analyzed to develop predictive or control methods for boundary layers
noise. As pointed out in the review paper by Bull [2], the studies conducted so far mainly pertained with the
case of turbulent boundary layers (TBL) in equilibrium, developing over smooth surfaces with no flow
separation. In regions where surface geometrical discontinuities are located, wall pressure fluctuations and the
aerodynamically generated noise are significant, due to the presence of flow separations, recirculations and
reattachments. As suggested in Ref. [3], these processes lead to the generation of pressure fluctuations which
might be significantly larger than those observed in equilibrium TBL with no separation. Early studies
evidenced this phenomenon, for example, in the case of the interior noise generation [4,5] and in the separated
flow region downstream a thin fence perpendicular to the incoming flow (see Ref. [6] and the recent
experiments in Ref. [7]).

In the present work, the surface irregularities are modelled as large aspect ratio cavities, constituted by a
backward-facing step followed by a forward facing step with a streamwise separation much larger than the
two steps height and overflown by incompressible TBLs. This geometry has been poorly studied so far even if
it appears as a useful simplification for reproducing geometrical irregularities, (such as a window gasket), and
for analyzing the aeroacoustics at the wall with a limited number of geometrical parameters. Indeed, a large
body of literature is devoted to cavities but having spanwise and streamwise aspect ratios of the order of unity
(e.g. Ref. [8]), where the aspect ratio (AR) is defined as the ratio between the steps streamwise separation L or
spanwise separation B and the steps height H. In those cases the aerodynamic behavior is three-dimensional
and the acoustic properties are strongly influenced by resonance effects and wake reflections (see e.g. the recent
review given by Grace [9], and the work in Ref. [10]). The aeroacoustic behavior expected in the geometry
presently analyzed is instead quite different with respect to more conventional cavities in view of the large AR
which are considered. In the present geometry, the spanwise AR, B=H is larger than 10. This represents the
limit indicated in Ref. [11] to consider statistically the two-dimensional centerline flow. The streamwise AR,
L=H, is also larger than 10 in order for geometrical similarity to be attained with respect to a typical real
window gasket geometry.

In view of the large L=H ratio presently considered, it is possible to work out a brief general picture of the
overall physics by considering separately the problem of an isolated backward-facing step and that of an
isolated forward-facing step. The backward-facing step is a classical test case and it has been widely studied
both experimentally and numerically (see, among many, the review by Simpson [12] and the recent numerical
analysis in Ref. [13]). In the recent work by Lee and Sung [14], wall pressure fluctuations downstream a
backward facing step were analyzed by microphone arrays and the flow physics explored by simultaneous
pressure/velocity measurements. It was shown that when the flow reaches the step, a separation occurs and a
reverse flow zone is generated just after the step. 5–7H further downstream, the reattachment region reverts
the flow back to a boundary layer. As was also observed in Ref. [15], the reattachment point unsteadiness is
recognized as the major noise source. Less experimental studies are available on isolated forward-facing steps
and it is not yet clear which fluid dynamic mechanism is associated to the main acoustic radiations. Efimtsov
et al. [16], suggest that the main noise source is located at the separation point followed by a recirculation just
upstream the step. Conversely, in the aeroacoustic analysis conducted in Ref. [17] on a forward–backward
sequence of two steps, the largest aeroacoustic effects at the forward step are attributed to the formation of a
separation bubble and reattachment downstream the step, rather than upstream of it. Furthermore, as pointed
out in Refs. [18,19], pressure fluctuations at the forward-facing step wall are larger than those observed on
backward-facing step wall and the overall Sound Pressure Level (SPL), might be about 10 dB larger.

In the geometrical configuration presently analyzed, see Fig. 1, a flow behavior is expected that incorporates
the characteristics from both the isolated backward and forward facing steps: there will be three detachments,
and three reattachment points.

The presence of two steps causes an increase in number and intensity of the noise sources with respect to the
case of isolated steps. The complexity of the fluid dynamics and aeroacoustics is connected to the several
geometrical parameters governing the flow and the interactions of flow structures with the wall. Furthermore,
the TBL approaching the second forward-facing step is in non-equilibrium conditions. As was shown in
Ref. [20], a backward-facing step induces the strongest deviation with respect to an equilibrium TBL within
the low-frequency range of the acoustic spectra and such effect is still observed as far as 72H downstream
of the step. The same author shows that the velocity profiles of the unperturbed TBL are recovered
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Fig. 1. Sketch of flow conditions over a backward-forward-facing step. Some relevant geometrical and kinematical parameters are also

reported for clarity.
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downstream the forward-step only after a distance larger than 50H. In the present configuration, L=H is
always smaller than 40, therefore it is expected that the flow that reaches the forward-facing step has not an
equilibrium TBL but it should still be affected by the turbulent structures generated upstream.

The primary motivation of the present work is to cover the lack of experimental results in the case of large
AR cavities and to contribute to a deeper understanding of the physics through a detailed experimental
analysis. The main task of present experiments is to characterize from the aeroacoustic viewpoint the effects of
the main non-dimensional parameters both on statistical quantities of interest, such as those correlated to the
wall pressure fluctuations, and on the physical properties of vortical structures or unsteady physical
mechanisms that are responsible for the largest wall pressure fluctuations.

Proper scaling and universal behaviors are determined by the evaluation of the overall effects of the
dimensionless parameters and by a separation of variables approach. As was shown in Ref. [20], the scope of
such approach is to address empirical correlations able to predict boundary layer noise emission in actual
conditions (e.g. for an in-flight airplane).

The experiments have been performed in the low speed wind tunnel at ENEA (Italian National Agency for
New Technology, Energy and Environment). The tunnel uncontrolled acoustically required a procedure for
cleaning the wall pressure signals in the frequency domain from the background acoustic contributions. The
aeroacoustic characterization is conducted by means of microphone measurements at the wall and in-flow as
well as by anemometric hot wire measurements in regions of flow with no recirculations. Also simultaneous
wall pressure/velocity measurements have been performed.

The proposed study is conducted parametrically on the basis of the main non-dimensional parameters
governing the flow. The relevant dimensionless groups are preliminarily selected to account for the geometric
and dynamic similarity requirements with respect to the full scale benchmark flow conditions, detailed in
Section 2. As described in Section 3, the wind tunnel cavity model had a variable steps height and streamwise
separation. Also the incoming TBL thickness has been varied by inserting curved screens at the test section
inlet. Both the natural and the artificially generated boundary layers have been characterized by proper
preliminary validation measurements (also presented in Section 3). The main results obtained, in dimensional
and non-dimensional form, as well as the universal form functions representing the SPL and spectra, are
presented and discussed in Section 4.

2. Dimensional analysis

Overall effects of the wall pressure fluctuations through the cavity are estimated through SPL (see Ref. [1]
for the definition). SPL gives an estimate of the total energy contained in the acquired signal since it is
computed from the standard deviation p0 of the fluctuating pressure signal pðtÞ. It should be stressed that the
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measured wall pressure fluctuating signals pðtÞ contain both the hydrodynamic and the acoustic pressure
contributions that, according to classical interpretations (see e.g. Ref. [21]) cannot be separated. Detailed
information about the frequency content of the pressure signals is instead retrieved from the power spectra
densities (PSD) of the pressure signals and denoted henceforth with the symbol Gppðf Þ (see Ref. [22] for the
analytical definitions).

The dimensional analysis is aimed at determining the independent, significant dimensionless parameters in
terms of which PSD and SPL would be represented. Furthermore, this analysis was needed in order to
properly design the cavity model and to define the experimental measurements test matrix. To this extent, a
fundamental step is to choose appropriately the velocity scale for this problem (see Ref. [20]). In a recent work,
Ref. [23], a good collapse of the wall pressure spectra has been achieved downstream a backward-facing step
by adopting as velocity scale the maximum mean streamwise velocity measured above the step edge. In the
present geometrical configuration two different velocity scales have to be introduced in order for the incoming
TBL properties to be accounted for. The first one characterizes the potential flow and it is defined as the free
stream velocity U measured far from the wall and external with respect to the wall boundary layer. The second
one characterizes the TBL properties and accounts for the turbulence level. This second velocity scale is
defined as:

~u ¼
1

d

Z d

0

u0 dy, (1)

where d is the Blasius boundary layer thickness, and u0 the longitudinal velocity standard deviation. The choice
of this velocity scale appears sensible, since, in a separating–reattaching flow, the aeroacoustic properties are
more influenced by the turbulence level of the flow close to the wall rather than by other characteristic velocity
scales, such as the friction velocity, whose influence seems less important. In fact, in the present geometry, the
flow separation is not natural but it is imposed by the presence of the steps edge. Another possibility is to
adopt as a reference velocity the maximum value of u0 but, in view of the analysis of artificially generated
boundary layers, this choice has been checked to be less effective in the present applications.

The dimensional analysis leads to seven independent non-dimensional groups that are here summarized to
clarify the adopted symbols:

G0pp ¼
GppU

q2H
,

StH ¼
fH

U
,

ReH ¼
UH

n
,

g ¼
~u

U
,

x0 ¼
x

H
,

D ¼
d
H

,

L ¼
L

H
. (2)

The geometrical parameters ðH ;LÞ were defined in Fig. 1, r and n are, respectively, the density and the
kinematic viscosity, the independent variables x and f are the streamwise coordinate and the frequency and q

denotes the free stream dynamic pressure rU2=2. From Eq. (2) it is possible to define the SPL0 corresponding
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to G0pp, as follows:

SPL0 ¼ 10 log10

Z StH max

0

G0pp dStH

� �
. (3)

As will be pointed out below, the normalization giving G0pp and SPL0 is the conventional one. However, an
improved version will be proposed to gain a more general and reliable collapse of the spectral data.

3. Experimental set-up, flow conditions and post-processing technique

3.1. Wind tunnel and the cavity model details

The experimental measurements have been conducted in the closed circuit low speed wind tunnel of the
Aerodynamic Laboratory at the Energy Department of ENEA (Italian National Agency for New Technology,
Energy and Environment). A sketch of the facility is shown in Fig. 2. The test section is 0:9� 1:16m2 in cross-
section and is 2.5m long. The maximum mean velocity along the centerline of the test section is 90m/s. The
Relative Turbulence Level at 40m/s is RTL ¼ 0:1% with a SPL ¼ 100 dB. The acoustic properties of the
facility have been accurately qualified by several measurements with microphones. At a test section velocity of
40m=s, the background noise of the plant presents the maximum of energy around a well-defined harmonic
(�300Hz, see Ref. [24]), which is due to vibrations induced by the fan cooling system. As it will be described in
the following, a compensation technique allows to reduce the background noise contribution from the spectral
records.

The main element of the backward–forward-facing step model used in present experiments is an aluminum
sliding plate assembled under the test section, as diagrammatically shown in Fig. 3. The sliding plate is
translated by means of a numerically controlled micrometric traversing system driven by a stepping motor.
This allows the streamwise position of the wall microphones to be varied to �1=100mm along the full length
of the cavity floor. Accounting for the preliminary dimensional analysis (Section 2) also the steps height and
the streamwise opening of the cavity could be varied.

3.2. Instrumentation and acquisition parameters

The wall pressure measurements were made by using a 1/8-inch Brüel & Kjær microphone flush mounted at
the wall. The microphone was located under the sliding plate, inserted into a suitably designed cavity which is
sketched in Fig. 4. A small diameter pin-hole is used to connect the microphone cavity to the wall surface. The
Fig. 2. Plan view of the wind tunnel facility.
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Fig. 3. Scheme of the two-steps model placed at the floor of the test section of the wind tunnel.

Fig. 4. Scheme of the microphone cavity and the pin-hole. The microphone is mounted through a properly designed connector. The pin-

hole diameter is 1mm and volume of the resonant cavity is 10:2mm3.
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pinhole helps to minimize spatial averaging effects on the wall TBL wall pressure fluctuation measurements.
Following Ref. [1], the Helmholtz resonance frequency of the microphone pin-hole has been estimated and
resulted to be of about 6.8 kHz, thus not affecting the range of frequencies of interest. Indeed, the acquired
pressure signals are low-pass filtered with a cut-off frequency of 5 kHz. An in-flow 1/8-inch Brüel & Kjær
microphone, adapted with a nose-cone, was also installed in order for the back ground noise contribution to
be measured and, as will be described in the following subsections, to be eliminated from the wall pressure
PSD. Both the in-flow and the wall microphones were connected to pre-amplifiers and to a signal conditioner
Brüel & Kjær NEXUS 2690.

Anemometric measurements were made to determine mean and r.m.s. velocity profiles of the incoming TBL
as well as to characterize the velocity fluctuations in specific in-flow positions conditioned on simultaneous
wall pressure signals. The velocity measurements were made by TSI3939 hot wire probes of 1mm length and
15mm diameter, connected to an IFA300 TSI CTA main frame.

Both velocity and pressure signals were acquired using an 8 channel Yokogawa Digital Scope DL708E.
Around 105 samples were acquired from each channel, with a sampling rate of 20 kHz and a cut-off frequency
filter at 5 kHz, to avoid aliasing effects. The filter roll-off is 92 dB/decade.
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3.3. Natural and artificial TBL

It is important to study the effect of the TBL thickness on the cavity flow since, in real applications, such as
along aircraft fuselages, the Blasius thickness ðdÞ ranges from few millimeters up to a few tens centimeters. This
study aims to cover representatively such range of d. However a relevant problem encountered in the present
experiment was the artificial generation of a thick TBL over a short streamwise length.1 This task could not be
pursued by standard methods, such as by tripping the boundary layer transition, but suitable devices had to be
inserted within the wind tunnel. Preliminary tests had given indication that the positioning of TBL generators,
like cones, wedges, cylinders, in the still chamber does not guarantee a thick and smooth velocity profile at the
test section and increased also the turbulence intensity of the potential flow. Following Ref. [25], the
superposition of square grids with different mesh size (within the range 10–50mm) was tested. However, also
these generators do not give a smooth TBL profile. Specifically, the signature of the mesh size variations was
reflected in both the mean and r.m.s. velocity profiles of the TBL. The optimum configuration for the TBL
generators has been obtained following the indication of Ref. [26] who suggested the use of curved screens.
Specifically, the choice of the proper screen (in terms of porosity, curvature and height) has been dictated by
the following requirements: (i) Velocity profile with approximately a logarithmic trend; (ii) TBL Blasius
thickness of the order of or larger than, 100mm; (iii) A relative turbulence level of the order of 10–12% close
to the wall decreasing towards the free stream; (iv) A limited perturbation of the free stream. Adopting a
proper synthesis procedure, a curved screen with curvature radius Rc ¼ 500mm have been commissioned and
positioned 0.40m before the convergent end section. The acoustic disturbances due to the screens have been
also evaluated by measurements with microphones. It has been checked that the free stream SPL and PSD are
weakly affected by the insertion of the curved screen.

Both the artificial and the natural TBL have been characterized in terms of mean velocity and turbulence
level profiles as well as Blasius and displacement thickness ðd1Þ for different free stream velocities. Some results
are reported in Fig. 5 at a free stream velocity of 10m/s with and without the curved screen. These show that
the artificial TBL has a profile similar to the natural one (see e.g. Ref. [27]). The achieved Blasius thickness for
the natural and artificial TBL reported in the figure are respectively d ’ 22mm and d ’ 165mm. The friction
velocity U t used for scaling on inner variables has not been directly measured but has been estimated a-
posteriori from the integral streamwise momentum balance of the boundary layer flow. Therefore the plots
reported in panel (b) of Fig. 5 have only qualitative meaning but the satisfactory collapse observed indicates
that the logarithmic profile is approximately reproduced also by the artificial boundary layer. The Ut=U ratios
achieved in the reported cases are ’ 0:043 and ’ 0:031 for the natural and artificial TBL, respectively.
Considering the whole range of flow conditions analyzed, the achieved Blasius thickness of the artificial TBL
ranges from �100 to �165mm, depending on the free stream velocity. Further TBL details are given in the
next subsection.

3.4. Flow conditions and data post-processing

The sliding cavity floor was translated along the enclosure length to measure the streamwise floor pressure
fluctuations with the floor mounted microphone. The number of the measurement points along the floor was
varied in the range 32–40, with a spatial resolution of Dx ¼ 8mm. This corresponds to Dx ¼ 0:55H for the
H ¼ 15mm step and Dx ¼ 0:32H for the H ¼ 25mm step, respectively. Wall pressure measurements were
also performed at two fixed positions downstream the forward-facing step. The geometry and flow conditions
varied over a wide range during the measurement campaign. The ranges of the most relevant dimensional
quantities are summarized in Table 1 while their dimensionless counterparts are reported in Table 2.

The acquired pressure signals have been post-processed to reduce the background noise. The back-
ground noise reduction procedure proposed in Ref. [28] is used to enhance the signal to noise ratio. Carley
and Fitzpatrick’s [28] method is based on simultaneous measurements of an in-flow reference pre-
ssure (yielding the back-ground noise contribution) and the wall pressure fluctuations. The contribution
1In the ENEA wind tunnel, the natural TBL thickness at the backward facing step edge in the test section is few millimeters thick and

such a location is only 1m downstream of the end of the convergent (Fig. 2).
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Table 2

Range of the main dimensionless quantities. ReH and StH were defined in Eq. (2) while Red ¼
Ud
n

ReH ð�10
4Þ Red ð�10

4Þ L ¼ L=H D ¼ d=H StH Ma

10–86 1.9–56.5 13.6–42.7 1–13 10�3–10 0.03–0.15

Table 1

Range of the main dimensional quantities

U ðms�1Þ H (mm) L (mm) d (mm)

10–50 15–25 340–640 22–165
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of the background noise as well as of the pressure fluctuation which is coherent through the domain, is
eliminated from the frequency spectra by computing the auto-spectra of both signals and their fre-
quency coherence function. In the present analysis, the background noise contribution is measured by an
in-flow microphone positioned outside the TBL. The procedure is applied to all pressure spectra measured



ARTICLE IN PRESS

101 102 103
10-3

10-2

10-1

100

f (Hz)

P
S

D
 (

P
a2  

s)

Fig. 6. Example of spectra correction for U ’ 50m=s, H ¼ 15mm and x0 ¼ 20. Solid line is the original spectrum, dashed line is the back-

ground noise spectrum and the solid-bold line is the spectrum resulting from the compensation technique.

R. Camussi et al. / Journal of Sound and Vibration 294 (2006) 177–204 185
along the floor and the main outcome is the reduction of the background noise at low frequencies and at the
frequency around 300Hz where a background noise peak is present. An example of the effectiveness of the
noise reduction procedure is presented in Fig. 6 where it is shown that the background noise at low frequencies
as well as the harmonic at ’ 300Hz are removed from the microphone signal. A frequency peak at ’ 500Hz is
instead probably due to wall vibrations and it is not eliminated, since it is not sensed by the background
microphone.

In addition to the spectral estimates, the aeroacoustic nature of the wall pressure fluctuations is further
explored by the application of two conditioning procedures, denoted as auto-conditioning and cross-
conditioning, that are briefly described in the following.

3.4.1. Auto-conditioning procedure

The auto-conditioning procedure is based on the wavelet transform of the wall pressure signals, in order for
the most energetic non-periodic contributions to be extracted. The choice of the wavelet technique is
motivated by the fact that the wavelet decomposition, in spite of the Fourier transform, permits to represent a
generic signal simultaneously in terms of a translation time (t) and a resolution time scale (r) whose inverse
corresponds to the frequency ( f ).

The wavelet decomposition is accomplished by projecting the acquired signal over basis of compact support
functions, i.e. localized both in the time domain and in the transformed space. We note that in the Fourier
decomposition the projection is performed over trigonometric functions, so that the physical information is
spread over a theoretically infinitely extended time domain. Localized events are therefore missed by the
Fourier decomposition while they are correctly retrieved by the wavelet transform through the representation
of the signal over the time-frequency domain.

The wavelet based method adopted in the present analysis is the one proposed in Refs. [29,30]. It is based on
the decomposition of the pressure signal by the orthonormal discrete wavelet transform, [31]. The wavelet
expansion is performed by a Fast-Wavelet-Transform algorithm using Battle–Lemarie Mother wavelet
CðtÞ (see e.g. Ref. [32]). Formally, the wavelet transform of the signal pðtÞ at the resolution time scale r
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is given by the following expression [33]:

wðr; tÞ ¼ C
�1=2
C r�1=2

Z 1
1

C�
t� t

r

� �
pðtÞdt, (4)

where C
�1=2
C denotes a coefficient which accounts for mean value of CðtÞ, and the integral represents a

covolution between pðtÞ and the dilated and translated complex conjugate counterpart of CðtÞ.
The events tracking method is based on the computation of the so called Local Intermittency Measure

(LIM) (see Ref. [33]) defined as:

lðr; tÞ ¼
½wðr; tÞ�2

h½wðr; tÞ�2it
, (5)

where the symbol h�it denotes a time average. The LIM amplitude, that is a normalized version of the square of
the wavelet coefficients, is the threshold to trigger the events which are selected to perform an ensemble
average of the original pressure signal [29]. Indeed, peaks of LIM represent large contribution of pressure
variations to the overall SPL. An example of the LIM distribution obtained from a test signal is reported in
Fig. 7. The white regions of the 2D plot correspond to large amplitude of LIM which are associated to large,
local in time, pressure fluctuations. The LIM thresholding thus allows the selection of these events. It is worth
Fig. 7. Example of LIM distribution computated from a segment of an acquired pressure signal.



ARTICLE IN PRESS

Fig. 8. Locations of the microphones and hot wire probes for the simultaneous velocity/pressure measurements. Note that simultaneous

measurements were performed only with one microphone and the three hot wires.
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noting that, according to the classical Fourier picture, local and sharp variations of pðtÞ correspond to high
frequency events.

The procedure of conditioning pðtÞ in the wavelet space onto the events selected, leads to an averaged
signature, which represents the most probable shape of the most energetic structures which were hidden
in the original signal. The wavelet transform is indeed needed to recover the phase of the non-periodic and
strongly non-Gaussian events that is missed by the more conventional Fourier decomposition. The ensemble
averaging procedure is applied to the whole set of measured wall pressure signals thus allowing for the spatial
evolution of the most energetic averaged pressure time-signatures to be analyzed. As will be shown in the next
section, this method helps to clarify the nature of the events responsible for the largest pressure fluctuations at
the wall.

3.4.2. Cross-conditioning procedure

The cross-conditioning analysis is conducted by simultaneous measurements of wall pressure fluctuations
and streamwise velocity component. In this approach the velocity signals are conditioned on the wall pressure
peaks which are selected by a proper thresholding. The procedure is detailed in Ref. [34] where it was used to
study a turbulent jet. The outcome of the method is an ensemble averaged velocity signature that represents
the most probable streamwise velocity fluctuation at the hot wire tip induced by the fluid dynamic event
responsible for the largest pressure fluctuations at the wall. Furthermore, as it will be shown in the next
section, from the ensemble averaged velocity time signature it is possible to retrieve the averaged time delay
between the pressure peaks and the velocity structures which, after accounting for the convection velocity and
the speed of sound, leads to an estimate of the spatial location of the structures responsible for the largest
pressure peaks. For instance, and as will be shown later on, a zero time delay indicates that, on the average,
the pressure peaks where the anemometer is placed, while a negative time delay indicates that the structure is
sensed by the anemometer first and then it produces the pressure peak (vice-versa for a positive time delay).
The measurement lay out adopted for the cross-conditioning analysis is reported in Fig. 8. Simultaneous
measurements from one microphone and three hot wires were performed. Standard cross-correlations among
the velocity signals and between pressure/velocity signals could be performed and results will also be presented
in the next section.

4. Results and discussion

The spectral analysis and the auto- and cross-conditioning techniques described in Section 3 were applied to
explore the shallow cavity flow physics and to understand the basic mechanisms responsible for the largest
pressure fluctuations at the cavity floor. As pointed out in Refs. [23,35], the axial position of the first
reattachment, hereafter denoted as xR, is a relevant parameter but it is difficult to determine. In the present
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work, the efficient and quantitative way proposed by Efimtsov et al. [15,16], who determines xR from the
maximum SPL, has been adopted. A separation of variables approach was then applied to determine spectra
and SPL scaling in account of the main governing parameters. This analysis aims to determine empirical
formulae that can be applied in practical applications to predict, within reasonable approximation, wall
pressure spectra and SPL close to surface irregularities. The background noise elimination procedure
described in Section 3 was applied to the whole set of wall pressure signals therefore only cleaned spectra are
presented in the following.

4.1. Flow physics

The SPL distribution is of particular relevance, since it gives an indication of the location of the regions of
maximum pressure fluctuations along the cavity. Examples of SPL distribution obtained at different inflow
conditions are presented in Fig. 9. The SPL exhibits two maxima, the first one downstream the first step and
the second one at the end of the cavity, in the vicinity of the forward-facing step. The position of the first
maximum, xR, depends on the step height H and, from the analysis of the whole data set, it results xR ’ 6H.
This is confirmed by Fig. 10 where the normalized SPL0, defined in Eq. (3), are reported in terms of the
normalized abscissa x0 ¼ x=H showing a good collapse of the streamwise positions of the first maximum.
From this figure, the effect of the streamwise cavity aspect ratio L ¼ L=H on SPL0 can also be appreciated. It
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is observed that a similarity in shape is always exhibited independently from the inflow conditions and
geometry thus suggesting that a collapse of the curves can be obtained by a proper rescaling. According to
Ref. [15], the normalized location of the first maximum xR=H is weakly dependent from the flow conditions
and geometry and corresponds to the average position of the reattachment point of the separation bubble
downstream the backward-facing step. A reattachment location of x0 ’ 6 was documented also by other
authors (e.g. Ref. [14]) for the case of an isolated backward-facing step. More generally, the large body of
literature on this aspect (see e.g. the review paper by Eaton and Johnston [36]) shows that the state of the
separating boundary layer (whether laminar or turbulent), its normalized thickness d=H and the presence of
spanwise boundaries, B=H, do change xR=H within the range 5–7H. Fig. 11 compares the reattachment
pressure field recorded in this study against the published literature [37–39]. It is shown that the maximum of
p0 which, by definition gives the maximum of SPL, corresponds to the reattachment position. As was shown in
Fig. 10 it is therefore possible to conclude that the presence of the downstream step does not affect
significantly the flow physics at the upstream step which behaves essentially as an isolated backward-facing
step. This conclusion is supported by the spectral analysis reported in Fig. 12 where the PSD computed at
x0 ¼ 6 are compared with previous results obtained at the reattachment point downstream backward-facing
steps, showing a good agreement.



ARTICLE IN PRESS

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

x/xR

p’
/q

Fig. 11. Evolution of the normalized wall pressure standard deviation as a function of the distance from the backward-facing step

normalized with respect to the reattachment length xR. For the present cases, xR is assumed to correspond to the first maximum of the SPL

at the wall (see Fig. 9). Present cases are solid lines with ‘	’ symbol (H ¼ 15mm and U ¼ 30m=s) and ‘�’ symbol (H ¼ 15mm and

U ¼ 50m=s). ‘&’ symbols are results from Ref. [23], ‘þ’ from Ref. [37], ‘
’ from Ref. [38], and ‘n’ from Ref. [39].

R. Camussi et al. / Journal of Sound and Vibration 294 (2006) 177–204190
According to the observations of Farabee [20], sound generated by the backward-facing step is mainly
sensed within the low frequency range of the wall pressure spectra. This effect is shown in Fig. 13 where a
spectrogram of Gpp0 is reported for U ¼ 30m=s, H ¼ 15mm and d ’ 25mm. It can be observed that the low
frequencies energy is significantly increased at the reattachment position corresponding to x0 ’ 6. Similar
results are obtained from other test cases and are not reported for brevity.

According to the SPL distributions of Figs. 9 and 13, an increase of energy is observed also when the second
step is approached and within approximately the same frequency band of the SPL peak at xR. The main effect
of the second step is to increase the overall acoustic level that, as was observed in Figs. 9 and 10, leads to SPL
amplitudes larger than those measured at the first reattachment point xR. This indicates that from the acoustic
viewpoint the forward-step is more effective in emitting noise than the backward-step. This aspect is very
important from a practical viewpoint, since any strategy aimed at abating the overall noise has to be focused
towards controlling the dominant noise sources at the foreward facing step.

The physical mechanism underlying the second maximum is presently interpreted as an effect of the impact
of flow structures on the vertical face of the step [16]. Indeed, at the low speeds presently considered, the main
physical mechanism producing the largest pressure fluctuations at the wall is likely to be the space coherent
unsteady surface pressure fluctuation at the downstream wall. As indicated e.g. in Ref. [40], this dipole type
contribution is expected to prevail on the flow self noise commonly present in shallow cavities at higher Mach
numbers (see e.g. Refs. [41,42]), which is expected to make a lower contribution to the overall SPL. This
localizes the main noise sources at the rear wall. This interpretation is supported by results reported in Fig. 10
where some of the SPL0ðx0Þ distributions reported include two measurement points located downstream of the
second step. It is shown that after the second (forward-facing) step the SPL decreases thus indicating that the
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largest pressure fluctuations are generated very close to the vertical face of the forward step. Further support
to this physical interpretation is given by the analysis of results obtained from the auto- and cross-
conditioning methods described in Section 3.

Within the framework of the present interpretation, the physical mechanisms underlying the SPL peaks at
the first reattachment position and at the forward step, should be different. This hypothesis is supported by the
analysis of the data with the post-processing methods presented in the previous section. The wavelet-based
auto-conditional averaging method has been applied to the wall pressure signals so that the evolution of the
averaged time signature of the most energetic pressure structures have been analyzed in terms of x0. As a
preliminary test, the averaging method was applied to the pressure signal obtained from the inflow
microphone far from the wall and thus far from the noise sources. In this case, a clear averaged pressure
structure was not detected indicating that, as expected, in the external flow, the acoustic effects are not due to
coherent events but rather to random uncoherent fluctuations.

Examples of the pressure signatures resulting from the application of the auto-conditioning method to the
wall pressure signals are presented in Fig. 14 whereas a 3D plot showing the overall evolution is reported in
Fig. 15. Similar results are obtained in the other test cases and are not reported for brevity. The different
behaviors observed at different x0 allows for various regions to be identified. Different regions correspond to
different physical effects which can be ascribed to the influence of vortices shed from the backward-facing step
which may move along the stagnation streamline and reach the reattachment position or may be convected
past the stagnation point. Starting from the reattachment region, in the position x0 ’ 6 a large negative
pressure peak is detected. This can be interpreted as the signature of concentrated vortices since within the
vortex cores at high vorticity magnitude the pressure reaches a minimum and sufficiently close to the wall the
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Fig. 13. Spectrogram of G0pp for U ¼ 30m=s and H ¼ 15mm (Natural TBL). A lighter region indicates large energy content.
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pressure core minimum is detected by the microphone. At x0 ¼ 4:7 a transition showing a positive–negative
sequence of pressure peaks is observed which accounts for the vortex core effect and the increase of pressure
due to the induced velocity outside the vortex core. The negative delay of the negative pressure peak due to the
vortex core effect substantiates the circumstance that the induced velocity anticipates the vortex core effect.
Finally, for positions further upstream (about 2ox0o4:5) only the induced velocity effect (positive pressure
peak) survives.

The intermediate region between the two steps does not show any structure whereas a weaker negative
structure is detected very close to the second step. The separation point close to the downstream step therefore
does not show a behavior similar to the upstream step reattachment. The overall ensemble averaged pressure
tracks reported in Fig. 15 confirm that the pressure modes detected close to the upstream step have a larger
amplitude with respect to those in the vicinity of the downstream one, in contrast with the SPL evolution
which shows an opposite trend. This result seems to indicate that the increase in magnitude of the SPL
distribution close to the downstream step is not due to unsteady fluid dynamic events but, according to the
interpretation given in Ref. [16], it has to be attributed to pure acoustic effects probably due to the impact of
flow structures on the vertical side of the forward step.

Fig. 16 presents the velocity/velocity cross-correlation coefficients obtained from the three anemometer
placed close to the cavity wall, as sketched in Fig. 8. A peak is observed only in correlations involving the
signal from anemometer A, that is closest to the upstream step. The ratio of the spatial separation between the
anemometers and the time delays t of the cross-correlation peaks (for both rAB and rAC) gives an average
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Fig. 15. Overall evolution along the cavity of the averaged wavelet-educed pressure structure for the same conditions of Fig. 15.
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convection velocity ðUcÞ of ’ 5:5m=s which is equal to about 70% of the mean boundary layer velocity
measured at the anemometers locations ð’ 8m=sÞ and 55% of the free stream velocity ð’ 10m=sÞ. The
measured convection velocity is in good agreement with the results in Ref. [14] where Uc ¼ 60% of the free
stream velocity was found. This result indicates that the aerodynamic field is characterized by coherent
flow structures that are released from the upstream step, are convected downstream and survive up
to the second step. The impact of those structures on the vertical side of the second step may be a signi-
ficant acoustic source. This is shown in Fig. 17 where results obtained from the pressure/velocity cross-
conditioning and cross-correlations are presented. A clear peak is indeed shown in the cross-correlation
of the anemometer A with the pressure sensed by microphone 3, that is the one close to the downstream step.
This peak corresponds to a negative time delay indicating that the structure is firstly sensed by the anemometer
A (which is close to the first step) and then it reaches a location close to the microphone 3, at the vertical
side of the second step, where it emits noise. No clear cross-correlation peak is instead observed bet-
ween anemometer A and the microphone 2, located at an intermediate position between the two steps. This
indicates that no significant correlation is present between flow structures passing by A and the wall
pressure fluctuations at position 2 and that the acoustic effect of the reattachment does not influence the
pressure signal perceived by the downstream microphones (2 and 3). On the other hand, the cross-correlation
between the microphone 1 and the anemometer A close to the upstream reattachment point shows an
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averaged signature with close-to-zero time delay, given the acoustic proximity of the two probes.
This means that pressure peaks at the wall and flow structures passing the anemometer are almost
simultaneous and are associated to the flow structures impacting onto the cavity wall in the vicinity
of the first reattachment position xR. It is finally pointed out that the plots of Fig. 17 display
a marked similarity between the averaged velocity signatures obtained from the cross-conditioning
method and those obtained from the cross-correlation coefficients, thus substantiating the achieved
results.

In the region bounded by the first reattachment and the downstream step, the flow field is characterized by
the passage of vortices convected past the cavity floor. Here, vortical structures convected downstream leave
only partial traces on the probes located in the middle of the cavity. This is shown in Fig. 18 where cross-
correlations involve the anemometer B located at the center of the cavity and non-zero averaged signatures are
no longer observed.

4.2. Proposed scaling and universal form-functions

The results presented above clarified the main physical phenomena underlying the generation of the largest
wall pressure fluctuations at the first reattachment point and in the vicinity of the downstream step. A relevant
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result is that the physical mechanism underlying the largest SPL seems not to change within the range of
geometries and flow conditions considered in this study. An attempt to achieve a general representation of
both the SPL and the PSD along the cavity can therefore be conducted.

Figs. 10 and 12 have shown that, in agreement with the analysis of Ref. [23], a satisfactory collapse of the
PSD as well as of the SPL cannot be achieved by a simple non-dimensionalization of the dependent variables
into G0pp and SPL0.

A more complete scaling is here proposed basing on the hypothesis of separation of variables. The approach
adopted is similar to the acoustic similarity laws developed for fans [43,44] and leading to general relationships
among the non-dimensional parameters. The dimensionless spectrum G0pp can be represented as a function of
the dimensionless groups defined in Section 2, leading to the following expression:

G0ppðStH ;x
0;D;ReH ; g;LÞ ¼ G00ppðStH ;x

0ÞDa1Rea2Hga3La4 . (6)

As for the SPL0 in Eq. (3), the analogous SPL00 can be defined. Therefore, integrating Eq. (6) and taking the
logarithm, the following expression is obtained:

SPL0 ¼ a110 log10 Dþ a210 log10 ReH þ a310 log10 gþ a410 log10Lþ SPL00. (7)

In our approximation, in order for a general model to be obtained, it is assumed that the shape of the spectra
remains similar along the cavity while the overall dependence upon x0 is retrieved by the variation of the SPL00
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which gives a modulation of the spectral energy, the same amount at the different frequencies. The set of
optimal exponents ai ði ¼ 1; . . . ; 4Þ is found by minimizing the mean square error of SPL00 for the different tests
presently analyzed and the following result is obtained:

a1 ¼ �1:2; a2 ¼ �0:1; a3 ¼ �3:3; a4 ’ 0. (8)

It is found, as expected, that the dependence upon L ¼ L=H can be neglected and a weak dependence upon
ReH is also documented. This result is in agreement with the experimental findings of Ref. [16], where a weak
dependence upon ReH even at supersonic flow conditions was found. Results obtained at H ¼ 15mm and
U ¼ 30m=s were not used to determine Eq. (8), since they will be used as reference test cases in the validation
procedure that is described later on. The SPL00 as functions of x0 and at different inflow conditions are
reported in Fig. 19. The collapse of the curves for the different flow conditions is reasonable mainly in
correspondence of the regions where the largest pressure fluctuations are measured, that is at the first
reattachment point and in the vicinity of the second step. In these regions the effect of background noise, is
negligible and the signal to noise ratio is the highest.

The modulation effect of the dimensionless spectra amplitude retrieved by the SPL00 variation along x0, can
be expressed in terms of a universal form functionCðx0Þ which is obtained by averaging the experimental SPL00

over the whole test conditions. It is therefore possible to write:

G00ppðStH ;x
0Þ ¼ G000ppðStH ÞCðx0Þ. (9)
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The quantity G000pp denotes spectra with corresponding unitary SPL000. The universal function Cðx0Þ is computed
by assuming SPL000 ¼ 1 and averaging over all the test conditions again excluding only results obtained at
H ¼ 15mm and U ¼ 30m=s. The analytical expression which leads to the Cðx0Þ function is the following:

SPL000 ¼ �10 log10½Cðx
0Þ� þ hSPL00i ¼ 1, (10)

where the symbol h. . .i denotes the ensemble averaging.
The achieved universal form-function is reported in Fig. 20 together with an analytical approximation

which is given by the following universal dimensionless formula:

10 log10½Cðx
0Þ� ¼ F1ðx

0Þ þ F2ðx
0Þ þ C, (11)

where

F1ðx
0Þ ¼ �19 sech

x0

2:1
� 0:93 tanh

x0

10

� �

gives the behavior close to the first step reattachment,

F2ðx
0Þ ¼

1

1� 0:38 exp½0:5ðx0 � LÞ�
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reproduces the SPL increase close to the second step and

C ¼ �78:4

is an offset.
Once the function Cðx0Þ is known, the normalized spectra G000ppðStH Þ can be obtained from Eq. (9). Examples

obtained in the vicinity of the first reattachment point at different flow conditions are reported in Fig. 21,
showing a good collapse. According to the results presented in Fig. 19, the collapse of the spectra in the
central region of the cavity is not as satisfactory. As for the universal SPL, also in this case a universal
spectrum can be obtained by averaging the experimental G000ppðStH Þ. In this case, the average can be taken
also along x0, thus a number of about 400 spectra are averaged together giving an averaged spectrum
that represents the non-dimensional PSD shape function. The final result is reported in Fig. 22 together with
the analytical approximation ðGa

ppÞ that is obtained by a fourth order polynomial fit to the logarithmic data,
that follows:

log10½G
a
pp� ¼ 0:214½log10 Sth�

4 þ 1:04½log10 Sth�
3 þ 0:773½log10 Sth�

2 � 1:978½log10 Sth� � 1:247. (12)

The model proposed therefore consists of the scaling exponents reported in Eq. (8) together with the
universal form functions giving the analytical representation of SPL00 and of G000ppðStH Þ. The model is tested by
reproducing dimensional spectra and original SPL of some test cases which were not included into the
modeling procedure. An example of SPL reproduction is reported in Fig. 23, where the reported error band
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accounts for the data dispersion in the averaging procedure, leading to the universal form-functions. The
capability of the model to reproduce the overall noise along the whole cavity seems reasonably good.
Examples of dimensional PSD reproduction are reported in Figs. 24 and 25. As with the SPL results (Fig. 23),
the agreement between measured and modeled quantities is satisfactory, especially in the vicinity of the regions
where the largest pressure fluctuations occur, while larger deviations of up to 5 dB, are observed in
intermediate regions.
5. Conclusions

An experimental characterization of the wall pressure fluctuations at low Mach numbers has been
conducted in a large AR shallow cavity model made by a backward-facing step followed by a forward-facing
step. In this shallow cavity, the steps separation distance is much larger than the steps height. Several
measurements were performed with hot wire anemometers in the flow and with high resolution microphones
at the wall at different flow conditions, to characterize the flow physics. Spectral data have been obtained by
successfully applying a spectral method to reduce the background noise. A signal conditioning method based
on the wavelet transform of the wall pressure time series has been applied to determine the most energetic
pressure time signatures. Cross-correlations and cross-conditioning of velocity/pressure signals have also been
performed to explore the fluid dynamic behavior and clarify basic physical mechanisms underlying the
generation of the largest pressure fluctuations at the cavity wall.

The SPL distributions along the plate highlighted that the dimensionless reattachment point downstream
the first backward-facing step is weakly influenced by the dimensionless parameters and it is always located at
’ 6H while the SPL maximum magnitude is reached in the vicinity of the downstream step.
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The spatial evolution of the most energetic averaged pressure time signatures as well as the velocity/pressure
cross-conditioned structures have evidenced that the aerodynamic pressure fluctuations in the vicinity of the
upstream step are due to the reattachment phenomenon while at the downstream step the largest pressure
fluctuations at the wall are associated with the vortical structures impacting the vertical side. From the
practical viewpoint this result implies that an aerodynamic control at the upstream step would be effective in
the overall SPL abatement also in correspondence of the downstream step.

The experimental results confirm that a separation of variables approach is appropriate to deter-
mine the dependence of the most relevant spectral quantities upon the governing parameters. Both the
wall pressure spectra and SPL distributions along the cavity displayed a satisfactory data collapse,
when properly normalized and parameterized. The quality of this data reduction was best within the
regions not too close to the two steps, where flow recirculation occurs. The spectra dependence
upon the dimensionless parameters is determined by power laws, yielding to a linear dependence
in terms of SPL, and an optimization procedure was applied to retrieve the best scaling exponents, based
on the minimization of the data dispersion with respect to the mean. It was found that the parameter
L ¼ L=H can be neglected, while the exponent of the ReH number is very small and thus this parameter plays
a weak role.

Empirical formulae representing the dimensionless SPL and dimensionless frequency spectra have been
proposed. The ability of the model to correctly approximate the actual shape of the spectral quantities has
been tested by reproducing dimensional SPL and spectra obtained in the present experiment. The results
obtained seem satisfactory and encouraging but the proposed model should be further tuned and assessed by
considering data from other experiments and by a direct comparison with in-flight data.
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Fig. 25. Same as Fig. 24 but for the axial position x0 ¼ 20.
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Fig. 24. Example of the reconstructed dimensional spectrum (solid bold line) compared to the measured one (solid). Dashed lines denote

the error-bars of the modeled spectrum obtained from the standard deviation of the averaged G000pp. The case considered corresponds to:

U ¼ 30m=s, H ¼ 15mm, L ¼ 640mm, and axial position x0 ¼ 6 and was not included in the modeling procedure.
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