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Experimental Study of Sound Generated by Backward-Facing
Steps Under Wall Jet
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Sound radiation by a backward facing step under a plane wall jet is examined. The investigation is based on
an experiment where the mean velocity, the step heights, and the cross-stream extent of the jet are varied. The
comparison between the backward-facing-step  ow and the corresponding wall jet shows an acoustic source near
the step. Both near- and far- eld measurements indicate how the step changes the radiation pattern of this source.
The sound level is signi cantly increased into the upstream directions and accompanied by strong low-frequency
peaks in the spectra. Aerodynamic results show that the reattachment length is much shorter for a step placed
under a wall jet than for a step placed in a channel and that the most turbulent  ow regions, namely, the jet mixing
layer and the step reattachment region, coincide with the acoustic source locations.
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and jet exhaust velocity U j ; U j e =º
mean velocity in the x and y directions, respectively
jet outlet velocity
maximal streamwise velocity at a  xed streamwise
location
maximal streamwise velocity at x D 0; Um .x D 0/
streamwise and cross-stream turbulent velocity
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rms values of u and v
streamwise distance from nozzle
streamwise coordinate
x coordinate of the reattachment point
cross ow coordinate
y location where Um is reached
spanwise coordinate
observation angle with respect to (O; x )
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I.

Introduction

HE acoustic impact of high-speed trains has recently become
an important issue because the speeds of these vehicles range
up to 300 km/h (187 mph). At such speeds, aeroacoustic sources
due to the  ow past geometrical singularities on the train body can
play a major role in the noise emission. Among these, the  ow
past a backward facing step is a basic con guration that will be
investigated in the present paper.
The backward-facing step under a turbulent boundary layer in
a duct  ow has been extensively studied in the past because it is
a benchmark for the study of turbulent separated  ows. A complete review of the experimental work accomplished until the early
1980s has been published by Eaton and Johnston.1 These authors
show the importance of various parameters (incoming turbulence
level, boundary-layerthickness, aspect ratio between channel cross
stream extent and step height, etc.) in the reattachment process.
They also point out that large three-dimensionalstructures are generated in the recirculationregion downstream of the step. Eaton and
Johnston2 also show that the free shear layer downstream of the
step undergoes a low-frequency nonperiodic  apping motion that
correspondsto Strouhal numbers based on step height and the mean
free stream velocity less than 0.02. Its timescale is longer than that
of the largest eddies, and no preferred frequency is detected. Careful studies of the low-frequency unsteadiness in other reattaching
 ow con gurations3 relate this  apping to strength  uctuations and
spanwise coherence  uctuations of the large-scale spanwise vortices. However, the origin of these  uctuations is not clearly understood yet. The three-dimensional aspects of the backward-facingstep  ows, as well as the related unsteadiness of the separated  ow,
have been examined in more recent experimental4 and numerical
studies.5¡7 According to these studies, the largest eddies generated
in the shear layer are generated at a preferred frequency that corresponds to a Strouhal number between 0.04 and 0.1, which is higher
than that of the  apping reported by Eaton and Johnston.2
Because they focus on the aerodynamics of separated  ows, all
of these studies are performed in ducted  ows. For acoustic investigations, however, the  ow should be surrounded by a medium
at rest and an anechoic environment facing the wall containing
the step or the far- eld measurements. This is probably the reason why so few studies are concerned with the sound generation by
a backward-facing step. Classical studies of the sound radiated by
a  ow past a discontinuous plane concern trailing edges of semiin nite planes.8¡10 These analytical studies give a good idea how
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an eddy interacts with a geometrical singularity to radiate sound,
but can not be applied directly to the backward-facing step. Fewer
studies relate the sound generated by an eddy in the vicinity of a
wedge,11;12 and to the authors’ knowledgethere is no literatureabout
sound generation by a backward-facing step, which is expected to
behave differently because of its  nite height.
Therefore, the sound generation of a turbulent  ow past a
backward-facing step is investigated in the present paper. To obtain a  ow past a step with an acoustic far  eld in a medium at rest,
a turbulent wall jet is chosen instead of a duct  ow. In an earlier
study,13 the authors investigated the sound radiated by a turbulent
wall jet both experimentally and numerically. The study showed
that the major sound sources of such  ows are the same as those
observed in a freejet (quadrupoles in the mixing region of the jet)
but that their propagation is re ected by the wall. Thus, a wall jet
can be used for the acoustic characterization of a backward-facing
step if the step is not located in the mixing region of the wall jet.
In the present paper the sound radiation is related to the separated
 ow downstream of the step.

II.
A.

Experimental Setup

Description of the Flow

The experimental setup is shown in Fig. 1, and details are also
shown in Fig. 2. Air is supplied at room temperature (15 § 1± C) in
a large anechoic room (10 £ 8 £ 8 m3 ) by an anechoic wind tunnel. The  ow is guided into the room by a 3-m-long square duct
(0:5 £ 0:5 m2 cross section). Then it is accelerated by a convergent nozzle with a rectangularoutlet. The spanwise extent is 0.5 m,
whereas the nozzle cross-stream width e is either 0.05 m (aspect
ratio 10) or 0.025 m (aspect ratio 20). A plane wall jet is then obtained along a plate, which is parallel to the larger side of the nozzle.
To avoid spanwise spreading, the wall jet is guided by two lateral

Fig. 1 Experimental setup and coordinate system: A1 is the far- eld
array and A2 the near- eld array.

walls. The backward-facing step is located 1 m downstream of the
nozzle, that is, 20e and 40e for e D 0:05 and 0.025 m, respectively.
Downstream of the step, the wall is 2.5 m long for the smaller jet
and 3.9 m for the larger one. The objective is to push the end of the
plate far enough downstream where the  ow is slower and where
this spurious noise source does not compete with the investigated
sources. In each con guration, the step height h can be varied between 0 and 0.06 m. Thus, the wall jet (h D 0) can be taken as a
reference for the study of the backward-facingstep. The jet exhaust
velocity U j varies between 60 and 140 m/s. The Reynolds number
Ree based on the  ow speed, the nozzle cross-stream width e, and
the kinematic viscosityº0 D .1:45 § 0:01/ £ 10¡5 m 2 /s ranges from
1:04 £ 105 to 4:83 £ 105 . The coordinates are x for the streamwise
direction, y for the cross-stream direction pointing toward the free
boundary, and z for the spanwise direction. The origin is located on
the step edge at the half-span. The measurement plane is the z D 0
(center) plane. The velocity components correspondingto the x and
y directions are, respectively,U and V for the mean  ow and u and
v for the velocity  uctuations. The spanwise components are not
measured in this study.
B.

C.

Fig. 2

Schematic view of the step region; Uref = Um (x = 0)

Aerodynamic Measurements

Aerodynamic measurements near the step are carried out with an
Aerometrics dual-beam, backward-scatterlaser Doppler anemometer (LDA) system. Two pairs of beams are used for two-dimensional
velocity measurements. They are supplied by the green line
(514.5 nm) and the blue line (488 nm) of a Spectra Physics 4-W
argon-ion laser source. The beams of each pair undergo a relative
frequencyshift of 40 MHz in a Bragg cell. The four beams are guided
to the  ow with an optical  ber, which is terminated by a focusing
lens with a focal length of 500 mm. The beams of each pair have
a mutual angle of 7 deg. For the measurement of streamwise and
cross-streamvelocity components,each laser beam makes a 3.5-deg
angle with the z direction in the plane of the correspondingvelocity
component. The backscatteredbeams are focused by the same lens
and sent through an optical  ber onto photomultipliers.The signals
are then treated by two Aerometrics real-time signal analysers and
postprocessed on a personal computer. Thus, the lateral walls are
locally equipped with 2-cm-thick plexiglass windows. These windows are small (40 £ 30 cm2 ) and vertical to avoid their internal
stress distribution depolarizing the beams. The seeding material for
these high-speed air ows is a mineral oil (paraf n)– trichlorethane
mixture. It is injected at 5 hPa through a 50-cm-long tube, which
is crossing the centerplane (z D 0) 2 m upstream of the nozzle exit.
This tube is pierced with 25 equally spaced,2-mm-wide holes.Thus,
particles with a diameter about 1 – 2 ¹m are present throughout the
 ow section in the cross-stream direction y. With this device, no
particles are injected into the air entrained by the jet. According to
Schneider and Goldstein14 this results in a slight overestimate of
turbulence in the outer part of the  ow.
Measurements are carried out for two  ow types at 130 m/s with
the smaller nozzle (e D 2:5 cm): a plane wall jet and a backward
facing step (h D 5 cm) are examined. The strategy adopted here to
verify the LDA and to optimize the acquisition and seeding parameters is the following: The LDA is compared to other LDA
measurements and to hot-wire measurements for a  ow that is well
documented:the plane wall jet.14 In the present case the  ow is studied from the nozzle outlet region to the region where the jet is fully
developed (from x D ¡20h to ¡12:5h D ¡25e, that is, 15e downstream of the nozzle). Then measurements are performed with the
step. Measurements are performed from one-step-height usptream
to seven-step-heightsdownstream of the step. Upstream of the step
and outside of the recirculating region, it is veri ed that the LDA
data agree with that of a wall jet (obtained both by LDA and hotwire anemometry). Validation results, which are not reported here,
show good agreement with classical hot-wire anemometry.
Acoustic Measurements

Acoustic measurementsare carried out in the centerplane.The far
 eld is studied with a circular array of nine Bruel and Kjäer 12 -in. microphones located R 0 D 2:50 § 0:01 m away from a point C located
0.22 m downstream of the step (because the experiment is designed
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for a comparison with other  ow con gurations15 ). Their angle µ 0
with the downstream x direction varies from 30 to 150 § 2 deg (every 15 deg). The power spectrum density is computed from 192 Hz
to 25.6 kHz every 16 Hz by averaging 100 times series, each being
0.0625 s long and sampled by 4096 points. Lower frequencies(from
0 to 192 Hz) are cut off to meet the far- eld requirement, k R ¸ 9.
Thus the directivity is available for various frequency bands, and
the overall directivity is computed by integrating the corresponding
spectrum. Amplitude corrections are made to center the directivity
onto the origin O at a  xed distance R D 2:5 m. Corresponding observationangles µ are 28, 42, 56, 70, 85, 100, 115, 131, and 147 deg.
A source localization is performed with a linear near- eld array of 10 microphones placed every 7 § 0:05 cm in parallel to the
streamwise direction, 1 m away from the upstream wall (z D 0 and
y D 1 § 0:002 m). This array is placed at various streamwise positions, either in the region downstream of the nozzle exit or with
its center at the step (x D 0), and for each position, a backwardfacing-step  ow is compared to the corresponding plane wall jet.
The localization technique16 compares the cross-spectrum matrix
obtained from the experiment to the matrix constructed from a
streamwise distribution of uncorrelated monopoles. An iterative algorithmsearchesfor the best  tting streamwiseintensitydistribution
of monopoles for each frequency from 200 to 5984 Hz. All acoustic
signals are treated by a Hewlett– Packard (HP) multichannel data
analyzer, which is controlled from a personal computer by HP software. Measurements are carried out at  ow speeds ranging from
U j D 60 to 140 m/s and for step heights ranging from h D 0 to 6 cm.

III.

Fig. 4 Mean velocity  eld near the step: Uj = 130 m/s, e = 2 5 cm, and
h = 5 cm.

Results

The aerodynamic results are given for a U j D 130 m/s  ow over
an h D 5 cm step and an e D 2:5 cm nozzle.
A.

Mean Flow

For the backward-facing step, the mean  ow can be divided into
three regions. Upstream of the step, the  ow is that of an unperturbed plane wall jet. Evidence of this is given in Fig. 3, in which
velocity pro les upstream of the step are compared to those of a
plane wall jet in its self-similar region. At x D 0, that is, 40e downstream of the nozzle, the maximal streamwise velocity U max .x D 0/
is only 77.4 m/s, less than two-thirds of the outlet velocity U j : This
decrease also compares favorably with the results of Schneider and
Goldstein.14 Umax .x D 0) is taken as referencespeed U ref for the step
 ow, also shown in Fig. 2. The Reynolds number based on h and Uref
is Reh D 2:58 £ 105 . Downstream of the step, the  ow is characterized by the typical recirculation bubble (Figs. 4 and 5). Behind the
step, negativevalues of U reach 24% of U j , that is, 40% of the maximal velocityat the step locationUref . The shear layerreattachesto the
wall between x D 2:75h and 3h, which is a very short distance compared to the reattachment length measured in duct  ows. Figure 4

Fig. 5 U pro les downstream of the step: Uj = 130 m/s, Uref = 77 4 m/s,
e = 2 5 cm, and h = 5 cm.

Fig. 6 Wall jet recovery: Uj = 130 m/s, e = 2 5 cm, h = 5 cm, Um =
54 3 m/s, and l = 2 3h.

Fig. 3 Incoming wall jet: Uj = 130 m/s, e = 2 5 cm, h = 5 cm, Um =
77 4 m/s, and l = 1 4h.

also shows that the jet stops spreading in this region because V
becomes negative over almost the whole region (it is only positive
in the external part of the  ow and near the bottom of the step).
Between its reattachment point and x D 6h, the  ow slowly evolves
to a plane wall jet, as shown in Fig. 6, where the pro le at x D 7h is
compared to the best  t pro le of Schneider and Goldstein.14 There
are several reasons for the reattachment length to be so short:
1) The turbulence level of the wall jet (20– 30%) is higher than
that of a channel  ow. Therefore, the cross-stream diffusion of momentum is strongly enhanced.
2) The plane jet over a backward-facing step is governed by
three cross-stream scales. The incoming  ow has two scales, the
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Fig. 7 Distribution of u0 2 + 0 2 downstream of the nozzle outlet: Uj =
130 m/s, e = 2 5 cm, and h = 5 cm.

Fig. 8 Distribution of u0 2 +
and h = 5 cm.
0

2

near the step: Uj = 130 m/s, e = 2 5 cm,

Fig. 9 Streamwise turbulence near the step: Uj = 130 m/s, Uref =
77 4 m/s, e = 2 5 cm, and h = 5 cm.

distance from the wall were Um is reached, ym , and the jet halfwidth l (Ref. 17). The step height h is the third essential scale in the
reattachment process. When the incoming  ow reaches the step, a
new shear layer is created, which is governed by the velocity gradient of the upstream  ow. The jet half-width l measures the inertia of
the incoming  ow, whereas ym measures the wall bounded viscosity
against the jet momentum. A small value of l facilitates the bending of this shear layer toward the wall. Therefore, for a given step
height h, the reattachment length is shorter in this case than for a
backward-facingstep in a duct (in means of streamwise momentum,
l has to be compared to the duct diameter).
3) The reattachment behind the step is delayed by increasing
the expansion ratio in the case of a channel  ow. (Because of the
resulting adverse pressure gradient, some experiments even show a
separation on the opposite wall.18 )
B.

Turbulence

Experimental charts of u 02 C v 02 are plotted on Figs. 7 and 8.
Darker areas indicate stronger turbulence levels. There are two regions where the  uctuating velocities are high in this  ow. The  rst
is the mixing layer
pgeneratedat the nozzle outlet, where the maximal
turbulence level .u 02 C v 02 /=U j of about 20% is reached about 7e
downstream of the nozzle. Furthermore, the level decreases gently
and remains fairly high even when the jet reaches the step. (The
maximum at x D 0 corresponds to a turbulence level of about 15%.)
Comparisons with hot-wire anemometry for the wall jet show that
the LDA slightly overestimates the turbulence in the outer part of
the wall jet shear layer. As mentioned in Sec. II.B and according
to Schneider and Goldstein,14 this can be avoided if the co ow is
also seeded, which it is not in the present case. The second highly
turbulent region is in the free shear layer generated by the step, with
a maximum (the turbulence level is about 39% of Uref , that is, 23%
of U j ) just before the reattachment point.
Typical pro les of the streamwise and the cross-stream turbulence downstream of the step are plotted in Figs. 9 and 10; as already
mentioned, the velocity scale Uref is the maximal streamwise mean
velocity at x D 0. Figures 9 and 10 show that u 0 is about the same order as v 0 in the outer region but that v 0 undergoes stronger variations
near the wall where it tends to 0. A possible explanationfor the small
increase of u 0 in the vicinity of the wall in the recirculation bubble
might be due to  uctuations of the reattachmentpoint. This increase
is indeed strongest at x D 3h near the mean reattachment point. Turbulence levels u 0 =U j in the streamwise direction reach about 17%
of U j just before the reattachment point.
These results show that the two mixing layers are major regions
of turbulence. Therefore, strong acoustic sources can be expected
in these mixing layers as will be investigated hereafter.

Fig. 10 Cross-stream turbulence near the step: Uj = 130 m/s, Uref =
77 4 m/s, e = 2 5 cm, and h = 5 cm.
C.

Source Localizations

The results of the source localizations are shown in the case of
a U j D 140 m/s  ow over an h D 4 cm step, with an e D 5 cm nozzle. Figure 11 is obtained with the center of the array facing the
step edge. (The center is located at x D 0.) Figure 11 represents
the streamwise source intensity distribution for frequenciesranging
from 200 to 5984 Hz. The decibel scale has an arbitrary reference
because the total magnitude of this chart depends on the total acoustic pressure felt by the array but the reference is the same for all
charts because the same array is used. The chart gives information
of the relative sound power radiated from differentsource  ow cross
sections. Figure 11a is obtained without step and Fig. 11b with an
h D 4 cm step. Because the spatial resolution of the technique is increasing with frequency, the position of the nonnegligiblevery lowfrequency sources ( f < 400 Hz) cannot be determined precisely. In
the presentcase, the dominantsoundsourceis locatedslightlydownstream of the step, about 2h – 3h downstream and radiates mostly in
the lower-frequencyrange (less than 3– 3.5 kHz). The location of the
maximal source intensity for each frequency is plotted in Fig. 12
for frequencies ranging from 400 to 5984 Hz. Figure 12 shows that
the strongest source is located between 2h and 3h for frequencies
ranging up to 3.5 kHz and 1.5h farther downstream at higher frequencies, where the maximal source level is about 20 dB below its
highest low-frequency values (according to Fig. 11). Therefore the
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a) Wall jet only

b) Step

a) Wall jet only

b) Step

Fig. 11 Source localization (array facing the step): Uj = 140 m/s, e =
5 cm, and h = 4 cm.

Fig. 13 Source localization(array facing the jet exit zone): Uj = 140 m/s,
e = 5 cm, and h = 4 cm.

Fig. 12 Location of maximal source vs frequency: Uj = 140 m/s, e =
5 cm, and h = 4 cm; array facing the step.

Fig. 14 Far  eld for various step heights: Uj = 140 m/s and e = 5 cm.

maximallocationsat frequenciesup to 3.5 kHz, which are about 2.5h
downstream of the step, indicate the position of the step source. This
is where the strongest turbulence levels of the backward-facing-step
region are measured.
Another weaker source can be seen upstream of the step in
Fig. 11b. A comparison with Fig. 11a shows that this source is
due to the wall jet noise. However, because the wall jet sources are
concentrated in the jet mixing layer, they are farther from the array
than the step source. The microphone that is the most upstream is
still about 0.65 m (13e) downstream of the nozzle. Thus, the contribution of these sources to the pressure felt by the array is slightly
underestimated when compared to the sources that are facing the
array, especially the leading step source. To see whether the wall
jet source is important compared to the step source, the array is
moved upstream so that the upstream microphone is now facing the
nozzle outlet. The results of this localization are given in Fig. 13b.
Figure 13b clearly shows that the step source is still dominating
the wall jet sources, although it is now underestimated. Moreover,
the step source location is still correct because of its high intensity. Figure 13a is obtained for the jet alone. It shows that, above
very low frequencies, its sources are distributed between the region
where the wall jet turbulence level is highest (x D ¡18h, that is, 6e
downstream of the nozzle) and the step position (x D 0). In addition,
source levels are decreasing in the downstream direction, as the turbulence level does (Fig. 7). This is in agreement with the fact that
the sound production of the wall jet is mostly due to the turbulent
eddies produced in its shear layer (see Sec. III.B).
D. Far Field

Figure 14 shows the directivity of the sound pressure level (SPL)
for various step heights and for the corresponding wall jet obtained

with the large nozzle, all at U j D 140 m/s and e D 5 cm. These directivities are centered on the edge of the backward-facingstep (see
Fig. 1) and are plotted vs µ . Several conclusions can be drawn from
Fig. 14: 1) All of the step  ows have similar directivities. 2) The radiated sound increaseswith step height. 3) The sound radiated by the
step  ow dominates the wall jet radiation and a strong enhancement
of both the downstream and upstream directivity appears. 4) The
level increase is more pronounced in the upstream directions (70–
150 deg). The downstream radiation is found for all jet  ows and
is not typical of the backward-facing step, but the upstream radiation is. The wall jet also shows a small increase in the upstream
directions, but this is just an artifact of the measurements where the
dominant jet sources are located closer to the upstreammicrophones
than to the downstream microphones. Evidence of this is shown in
the dashed curve of Fig. 14, which is obtained by centering the wall
jet directivity on the nozzle outlet (at an 2.5-m distance) with suitable amplitude and angle corrections on the actual measurements.
Therefore, it is clear that for a step the level increase in the upstream
directions is still stronger than for the wall jet.
The in uence of  ow speed is shown in Fig. 15, which shows
how the  ow speed increases the SPL. It appears that the increase
is omnidirectional for higher velocities; between 60 and 80 m/s,
however, the increase is more pronounced into the directions close
to 90 deg. This might be because the wall jet mixing layer noise
adds to the step noise and the two sources do not have the same
velocity dependence. To  nd the corresponding power law of this
dependence, the directivity of the step source can be isolated from
the wall jet noise: In Fig. 16, the equivalent step source contribution is computed for an h D 4 cm  ow by substracting the mean
square pressure of the wall jet from the mean square pressure of the
step  ow. This is justi ed by two observations: The step source is
apparently not correlated to the wall jet sources, and they both are
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Fig. 15

Fig. 16

In uence of Uj onto the total far  eld: e = 5 cm and h = 4 cm.

Fig. 17
5 cm.

U6 2 power law at

= 147 deg for various step heights: e =

In uence of Uj onto the step source: e = 5 cm and h = 4 cm.

spatially separated. The result con rms the upstream directivity of
the step source. In comparison with Fig. 15, the level is decreased
by about 2 dB for downstream angles, whereas it remains almost unchanged at high angles. Thus, the radiation at small angles observed
in Figs. 14 and 15 is mainly due to the wall jet source. As shown in
Fig. 17, the intensity depends on U j6:1 in the direction where the step
radiation is the strongest (147 deg), whereas the power increases in
other directions as shown in Fig. 18 (it is U j6:9 at 85 deg, where the
step source radiation is comparable to the wall jet radiation).
The sound spectra at various observation angles are shown in
Fig. 19 for the case where U0 D 140 m/s, e D 5 cm, and h D 4 cm.
All spectramerge for frequenciesabove 2 kHz. In the low-frequency
range, some high level broadband peaks arise for the upstream directions (at 147 deg they are strongest). These peaks have no clear
step height dependence and no clear velocity dependence (Figs. 20
and 21). Their characteristicfrequenciestend to decrease somewhat
with increasing  ow speed, but the variations are too small to obtain a constant Strouhal number. The low-frequency peaks are not
due to the low-frequency  apping of the separated shear layer because their Strouhal number does not agree with literature (it varies
between 0.064 and 0.9 for the 900-Hz peak) and because it is not
constant when velocity and step height vary. In the high-frequency
range, the spectra have the same shape as the wall jet spectrum, with
a higher level (Fig. 20); this overall increase can be explained by
the additional eddies generated in the separated  ow.

Fig. 18 Power law for an h = 4 cm step at various observation angles
: e = 5 cm.

Fig. 19 Power spectrum density at various observation angles : Uj =
140 m/s, e = 5 cm, and h = 4 cm.
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the step height and the  ow velocity, whereas their level increases
with these two parameters. The oscillations of the separated shear
layer do not seem to contribute signi cantly to the far  eld.
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