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Abstract

In the present paper, the structure of the mean separation bubbles upstream and downstream of a parametric forward-
facing step (Frs) is experimentally studied over a Reynolds numbers range of Re, = 110670 — 412000, based on the
step height and the free stream velocity. An array of 20 pressure sensors located on the front and on the top sides of
the step were flush mounted for capturing the wall pressure fluctuations. Classical Prv was used to investigate the flow
field topology and to extract key features. The main interest of this study is to discuss about the parameters affecting
the reattachment length and the pressure statistics. A detailled analysis and comparison with the literature of the
present study permitted to identify the most important flow quantities influencing the overall dynamics. Different sets
of data with various Reynolds numbers, heights to boundary layer thicknesses //§, and constriction ratios Cg, have
been compared and considered exhaustively. The wall pressures space-time correlations and convection velocities
of the large-scale structures downstream the step are highlighted. A focus on the spectral behavior of the unsteady
pressure footprint inside the recirculation region of he top side have also been investigated in order deeply understand
the unsteady processes described in the litterature. Results demostrate the existance of a convective instability process
and a flapping phenomenon of the shear-layer contributing to the separated flow arrangement.

Keywords: Scaling, forward facing step, parametric study, Prv, instabilities, wall pressure measurements.

1. Introduction or noise generation ([1]). However, for industrial
geometries, commonly encountered in automotive and
aerospace industries, the need of more complex aca-
demical geometries is required. In this framework, the
forward-facing step (Frs) is a particularly interesting
configuration to analyzed the inter-relations between
the two recirculation regions before and after the edge
of the forward-facing step. Generally, flow over Frs is
divided into three major regions: upstream, downstream
and redevelopment. The upstream one is created by
an adverse pressure gradient close to the step surface,
reattaching on the front side and interacting with the
free stream flow. The second separation occurs at the
leading edge and extends downstream. Previous studies
have shown that the downstream reattachment length
X, depends on a number of parameter including the
step length L, width w and the ratio between the height
and the incoming boundary layer thicknes, //§ ([7],[6],
[12]). Bergeles and Athanassiadis [4] showed that the
flow around surface-mounted obstacles depends on the
step length when L < 4h, but for models longer than
this value, the position of the reattachment point of
the downstream recirculating region remains almost

Turbulent flow separation occurs in several industry
applications, e.g., ground vehicules, planes or internal
flow (heat exchangers). The investigation of the flow
field over such complex geometries has been a chal-
lenge in fluid mechanics mainly due to the non-linear
behavior induced by the recirculation regions. For this
reason, in practice, simplified academical configura-
tions are generally studied to better understand the
flow dynamic mechanisms occurring in such flows.
Separated boundary layer due to an adverse pressure
gradient, flow over backward facing step and cavities
are the most studied. The relative simplicity of these
configurations permit to highlight some unsteady
phenomena clearly associated to separated flows, such
as the low frequency behavior similar to a breathing
evolution of the recirculation bubble ([17], [8]). Other
classical phenomena, with higher frequency, are also
observed, for instance Kelvin-Helmholtz oscillation of
the shear-layer and large scale vortices shedding [27].
Separated and reattached flows have received extensive
attention in the past decades since the modulation of
their instabilities can influence drag behavior ([22])
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Figure 1: Flow configuration and model instrumentation

constant. In the same way, authors demonstrated that
w > 9 is requiered to comfort the two-dimensional
behavior of the flow. It is well known that the //§ ratio
and the Reynolds number have significant effects on
the reattachment length and turbulent statistics [2], but
although the Frs turbulent flows have been studied in
the past, no consensus about these dependencies has
been clearly reported in the literature. The constriction
ratio Cg = S4/S, (where S, and S, are respectively
the test section upstream and downstream from the step
corner) seems to also have a significant effect on the
separated flow fields, as reported by Lanzerstorfer and
Kuhlmann [18]. Sherry et al. ([24], [25]) concluded
that the discrepancy observed in the literature is maily
caused by upstream flow conditions combined with
body geometry effects, but also due to other parameters.
Furthermore, in contrast to the large number of prior
studies of turbulent flows, comprehension of flow
dynamic close to the leading edge is relatively limited.
Concerning the instability processes occurring in the
forward-facing configurations, Farabee and Casarella
[10] and more recently Camussi ef al. [5] have shown
the existence of frequency peaks in the pressure spectra
inside and outside of the separation region. The spectra
in the downstream region exhibits a dual mode with
high- and low-frequency broad band peaks, until a
distance x/h ~ 0.5 from the elading edge. Beyond this
distance, all the spectra exhibit a single peak close to
fh/Us = 0.15—0.2. Similar observation are also
obtained by Awasthi et al. [2]. All the experimental
studies cited above were conducted on various config-
urations including three dimensional cases, and were
onyl focused in the global separated flow structures.
It appears that no detailed investigation of separated

and reattached flows, on the leading edge region, has
been made to better describe instabilities formation
and evolution. Moreover, most of them underline the
difficulty to validate their results with the literature
mainly due to the numerous parameters affecting the
key flow features. Thus, the objective of this study
is first to investigate the parameters dependencies of
the separated flow over two-dimensional rectangular
step, and secondly to identify the instabilities involved
in the downstream separation area, with a particular
attention to the edge region. The data obtained could
also be helpful in further numerical simulations for the
validation of turbulence models.

This paper is organized as follows: Sect. 2 presents
the experimental apparatus with a description of the
forward-facing step configuration and the measurement
setup. Sect. 3 is divided in two subsections. The first
one is devoted to the description of the mean-flow fea-
tures and extraction of the main parameters and con-
ditions. The second one provides a discussion on the
dependencies of some parameters, including the reat-
tachment lengths, pressure statistics and spectrum with
regards to the constriction ratios Cg, h/é ratios and
Reynolds number. All of the present data was validated
and compared to previous experimental and numerical
results. Finally a conclusion is given in Sect. 4.

2. Experimental apparatus

2.1. Forward-facing step configuration

Experiments took place in the optically accessi-
ble Lamm closed-loop wind tunnel composed by a
2mx2mx10m test vein. The air is conditioned in a



Table 1: Averaged flow parameters.

Studies/parameters | upstream | step
| Uoo [mys] § (mm) Re; | h(mm) Cr h/s Re), vr Xy Symbols
10 81.9 54625 166 0.92 2.026 110670 0.584 3.22 *
186 091 2.270 124000 0.575 3.30 *
206 0.90 2514 137330 0.560 3.35 L
+ Present experiment 20 74.2 98980 166 0.92 2236 221340  0.566  3.42 v
186 091 2.506 248000 0.554 3.44 v
206 0.90 2.775 274660 0.540 3.47 v
30 70.9 141795 166 0.92 2.341 331910 0.533 3.49 | |
186 0.91 2.623 372000  0.553 3.52 [ ]
206 0.90 2.905 412000 0.531 3.55 [m}
‘ Ueo [m/s] o (mm) Res ‘ h (mm) Cr h/§ Rey, x; X, Symbols
30 97.0 177000 14.6 0.99 0.151 26600 -1.9 3.6 <
* Awasthi ef al. (2014) [2] 583 097  0.601 106000 ; 41 4
60 95.0 346000 14.6 0.99 0.154 53200 -1.7 3.7 >
58.3 0.97 0.615 213000 -1.5 4.2 >
40 8.0 21330 30 0.93 3.846 80000 -1.27 3.5
® Largeau & Moriniere (2007) [19] 40 0.91 5.000 106670 -1.25 3.62
50 0.89 6.250 166670 -1.22 3.75

settling chamber to minimize free stream turbulence
through a nozzle with a 6.25 contraction ratio. The fa-
cility can operates in a velocity range from 0.5 to 60m/s
with a low inlet turbulent intensity (0.6 % of free stream
velocity). More details about the facility can be found in
Keirsbulck et al. [16]. A scheme of the present forward-
facing step configuration is given in Fig. 1. The model
is mounted on the side wall of the test section at 4m
from the nozzle end, it extends all along the spamwaise
direction, w = 2000mm, to guarantee a two-dimensional
separated flow configuration. To study the influence
of the model geometry over the separated flow, three
different forward-facing step heights & 166mm, 186mm
and 206mm are investigated. These heights give rise to
constriction ratios CRr in the range from 0.897 to 0.917.
The dimensionless' spanwise length range, correspond-
ing to these step heights, is w*=9.7-12 sufficiently high
to neglect wall effects [4]. The length of the step L is
1000mm (0.5w), with L* between 4.85 and 6.02, assum-
ing Bergeles & Athanassiadis [4] statement, which rec-
ommended L* > 4 to insure that the downstream recir-
culating region do not change with this parameter. The
free stream flow velocity and averaged incoming bound-
ary layer profiles were measured with a Pitot tube at
350mm (0.175w) upstream of the step edge. Three free
stream velocities, U = 10, 20 and 30 m/s, were exper-
imentally investigated for each flow configuration. The
origin of the co-ordinate system is located at the step
base. The abscissa axis X, represents the streamwise
flow direction, the ordinate axis y is the normal direction
to the flow, the third axis z corresponds to the spanwise

I symbol denotes the step height dimensionless value

or cross-stream flow. The ensemble-averaged and fluc-
tuating horizontal and vertical velocity components are
denoted by U, V , u and v respectively. The ensemble-
averaged and fluctuating pressure are denoted by P and
p- The two Reynolds numbers considered hereafter are
based on the free stream velocity and the boundary layer
thickness Res, and step height Re;,.

2.2. Surface-pressure and velocity measurements

A first set of 53 static pressure taps has been evenly
distributed over the forward-facing step in the free
stream direction at 20mm (0.001w) spanwise from the
middle plan of the model and separated 20mm from
each others. A total of 45 taps are located on the top
side and 8 on the front side of the step as shown in
Fig. 1. In addition, the wall-pressure signature, induced
by the convection of instabilities, is measured using 20
flush-mounted commercial Kurite-Xcp-062 sensors, 8
of them are located on the step front side and 12 on
the top side, located parallel to the static pressure taps
but in a negative spanwise direction, (-20 mm) from the
middle plan, to avoid interferances with the Prv laser
sheet. Pressure time histories were recovered using 2
commercial DEWESOFT-STG+ acquisition units providing
auto-calibration, A/D conversion and filtering. The cal-
ibration curves of the transducers were determined by
the manufacturer and directly used by the acquisition
system. The sample frequency of the sensors was set
at 10 kHz to capture the overall dynamic of the flow at
the highest Reynolds number. The measurement noise
was removed by applying a 8" order Bessel filter with
cut frequency f, = 3 kHz. A total acquisition time of 5



minutes was made for all cases to reach statistical con-
vergence. The velocity flow fields were obtained using
a standard two-component Tsi particle image velocime-
try (Prv) system. The flow is seeded with 10 um olive
oil particles using a jet atomizer upstream of the stag-
nation chamber. The system consists in a double-pulse
Nb:YAG laser system generating a 532 nm light sheet
located on the model centerline, which enlight the trac-
ers at a sample frequency fp, = 7Hz. Their displace-
ment were captured in three different locations using
2048 x 2048 pixels Powerview cameras, coupled with
two 85mm (FoV-1-, FoV-2-) and one 50mm (FoV-3-)
optical lenses. The velocity vector fields were recovered
using a direct cross-correlation algorithm on a rectangu-
lar grid composed with 50% overlapped 16 x 16 pixels®
interrogation boxes, which generates a final spatial reso-
lution Ax = Ay ~ lmm. As a post-processing, a low-pass
filter was applied to remove measurement noises. The
images treatment was performed using the commercial
software INsiGHT 4G distributed by Tsi. For every test
cases, 2000 double-frame pictures were recorded to as-
sure velocity field statistic convergence. These veloc-
ity fields were used in particular to obtain two differ-
ent points. The first reattachment point y, situated at
the upstream recirculation bubble, front step side. The
reattachment point x, of the second recirculation bub-
ble located downstream the step edge. Both lenghts are
shown in Fig. 1.
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Figure 2: Dimensionless boundary layer profiles against the wall nor-
mal distance for Uso=10, 20 and 30m/s. Solid line denotes the turbu-
lent % power law.

3. Results

3.1. Mean flow parameters and features

To define the average flow characteristics, the bound-
ary layer is firstly extracted from Pitot tube velocity pro-

Figure 3: Streamlines and associated wall-velocity profile (extracted
from the Pv field at a distance y*=0.01 from the wall) downstream
the step edge for Res = 141795 and /6 = 2.623. Red square symbol
denotes the second reattachment point x;".
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Figure 4: Streamlines and associated wall-velocity profile (extracted
from the Pv field at a distance x*=0.01 from the wall) upstream the
step edge for Res = 141795 and h/§ = 2.623. Red square symbol
denotes the first reattachment point y;:.

files at a distance of 0.175w upstream of the step for
the three velocities studied. All velocity profiles, plot-
ted in Fig. 2, were correlated with the classical turbu-
lent (1/7)™ power law. The boundary layer thickness,
8, the associated Reynolds numbers and the //6 ratios
are computed and reported in Tab. 1. Piv datas from
the FoV-1- and -3- are also analyzed in order to deter-
mine the key parameters of the recirculation bubbles,
ie. x, and y,. The velocity average flow fields, for
all the Reynolds numbers, show a classical flow struc-
ture. A long separation area beginning at the edge of
the step until the reattachment point and a second one
before the step at the bottom edge are clearly seen. The
reattachment and separation points are extracted from
the Prv velocity fields by tracking the position where
the near-wall velocity reaches zero. An example of the
streamlines flow fields and the near-wall velocity pro-
files are given in Fig. 3 and 4. The extracted reattach-
ment lengths are reported in Tab. 1 for all the stud-
ied cases with the mean-flow parameters of Awasthi et

0.8
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Figure 5: Contour maps of partial averaged turbulent kinetic energy superimpose with streamlines obtained at Res=98980 for (a) /6 =2.236, (b)

2.506 and (c) 2.775.

Table 2: References and associated parameters.

Studies/parameters Cr Rey x 107 /s x>
» Bergeles et al. [4] 0.91 27 2.08 3.75
A Sherry et al. [25] 0.95 1.50 - 7.50 0.40 24-39
A 0.93 2.80-14.0  0.80 1.9-3.1
A 0.92 3.80-19.0 1.20 2.8-39
« Ji and Wang [15] 091 6.48 0.13 2.16

091 25.92 0.53 2.93
O Gasset et al. [11] 1.00 50 1.43 5.00
® Leclercq et al. [20] 0.90 170 143 3.20

al. [2] and Largeau and Moriniere [19]. For the same
Reynolds number based on the boundary layer thickness
Res, the effect of h/6 ratio on the flow features is signifi-
cant as also observed in the literature ([2], [19]). A way
to quantify this effect is through the partial averaged tur-
bulent kinetic energy (k* = (u® +12)/2) and associated
streamlines obtained in the region nearby the obstacle,
at Res = 98980 for three different //6 ratio (Fig. 5). The
streamlines permit to distinguish the main flow pattern
with two recirculation region. The first one, at the bot-
tom of the step, separates upstream (outside the FoV-1-
FrRAM) and reattaches on the front face; the second one,
more massive, starts from the leading edge in FoV-2-
and reattaches on FoV-3-. Interaction between the re-
circulating regions and the external flow occurs through
the free shear mixing region. From the streamlines pat-
tern, the first reattachment point y, (front face) impignes
the wall at approximatly half of the step height, as re-
ported in Tab. 1, regardless of the Reynolds number
and h/6 ratio. The shape of the first recirculation bub-
ble, at the front of the step, changes when the /6 ratio
increases and it center moves upstream as previously re-
ported in the literature ([19], [2], [3], [21]). An increase

of h/¢§ also affects the massive separation region (top
face), leading to a rise of the reattachment point x, and
a displacement of the center of the bubble in the free-
stream direction. Same observation can be seen for the
two other Res studied. It is also noticed that the partial
averaged turbulent kinetic energy intensity is maximum
inside the downstream shear layer.

3.2. Scaling and parameter dependencies

A lack of consensus concerning the scaling of the
reattachment length downstream of the step is clearly
seen. Most of the results obtained from previous stud-
ies showed a large scattering highlighting a flow depen-
dency to external and internal parameters ([10], [11],
[26], [14], [23]). Sherry et al. ([24], [25]) have shown
that the x, variation depends on the Reynolds num-
bers and the ratios between the step height and the
boundary layer thickness h/S. Past results showed a
strong dependency to the Reynolds number until a Re, ~
8500, above this critical value, the dependency becomes
lesser. However, the authors underlined that the off-
set observed between the results at the same Reynolds
number is due to a combined effect of the upstream flow
conditions, principally the boundary layer thickness and
body geometry effects. In order to analyze in details
the Rej, and h/§ effects on x,, previous and present reat-
tachment lengths are plotted and compared in Fig. 6.
Only the data with dimensionless spanwise, w* and step
length, L* higher that 9 and 4 respectively, was selected
to avoid geometrical under dimensioning effects. Tab.
2 reports authors references that are being compared.
Fig. 6 shows, as previously mentioned by Sherry et
al., a strong Reynolds effect untill Re, = 8500. For



Rej, > 8500, all the data set are included ina wide con-
stant region (denoted by a gray area in Fig. 6). Nev-
ertheless, the data are scattered and showed no clear
dependency against i/6 collapsing quite well to a sin-
gle constant line when plotted against Re,. Thus, the
boundary layer thickness doesn’t appear to be the domi-
nating parameter of the average flow topology. Another
important quantity seems to be the constriction ratio Cg.
While the /6 ratio tends to decrease the reattachment
length, the constriction ratio tends to have an opposite
behavior. The x, shift, observed in the three data sets of
Sherry et al. [24], can be explained as a variation of the
flow blockage caused by the step, even if 1 — Cg is less
than 10%.
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Figure 6: Reattachment lengths against Reynolds numbers. + present
data, A A A Sherry et al. [25], 4 Ji and Wang [15], ® Leclercq et
al. [20], » Bergeles et al. [4], % Awasthi et al. [2], ® Largeau &
Moriniere [19].

o1
4F + w R 0.9 |
[ ]
Cr . +¢1+i+.
3+ < B
EES
)
2 -
l_ -
0 . !
10" 10’ 10'

Figure 7: Reattachment lengths against 4/6. Symbols are the same as
in Fig. 6

To clarify the parameter dependency influencing the
X, evolution, the reattachment length against the 4/6 ra-
tio was plotted in Fig. 7 in a semi-log representation for
Rey, > 8500 to neglect the Reynolds effects. Following
this representation, it is possible to observe the effect
of the parameters /1/6 and Cg independently. Data from

two different constriction ratios, arround 0.9 and 1, are
plotted against /6 and denoted by gray lines. The main
observation is that the x, evolution is driven by the 1/
ratio and follows a logarithmic behavior, shifted by the
modification of Cg. Secondly, for a given constriction
ratio, the slop of the linear trend seems to varying, de-
pending of the group of scatters observed, as shown for
example for Cr = 0.9. These conclusions are only par-
tially consistent with the observations of Sherry et al.
[24] who argue that, for configurations were /6§ < 1, the
reattachment length a strong function of Reynolds num-
ber and only weakly dependent on /6. It is interesting
to postulate that the reattachment length evolution may
be consistent with a logarithmic distribution of &/5 at
Reynolds number higher than 8500. The reattachment
length downstream of the step would then be expected
to scale as

%3 = alog(hfs) + f(C) (1)

where a could be a function of other parameters, but
cannot be identify in the present study completly. As
mentioned in the literature, the flow topology upstream
of the step is strongly dependent on //6 and drives the
shear mecanism, on the step leading edge, by direct in-
teraction with boundary layer turbulences (h/6 < 1) or
free stream flow (/6 > 1). This variation of velocity, in-
ducing significant reattachment length modifications, is
taking into account in the previous scaling formulation
by the constriction ratio. The latter returns the block-
age effect of the model and enhances the mixing effects
within the shear layer.
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Figure 8: Mean-pressure coefficient distribution against y/y, over the
front side for Res = 54625 (diamond symbols), 98980 (down triangle
symbols), 141795 (square symbols) and for various //6 ratio reported
in Tab. 1 as follows; ¢ h/§ =2.026, ® 2270, & 2.514, w 2.236, v
2.506, v 2.775, m 2.341, m 2.623 and O 2.905.

We focus now on the wall pressure statistical depen-
dencies along the forward facing step. Fig. 8 shows
the evolution of the mean-pressure coefficient over the
step front side, C, = 2.(P = Py.s)/(pU%), with P,y

18



02 T T T T ‘ T T T
|
|
015 | 7Y .
i Wy o Tur,
g I 3 ‘> o
5 01 A7 g
S w I8 0% b/d
B 00
0.05 ST 1
|
0 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16
y/yr

Figure 9: Rms-pressure coefficient distribution against y/y, over the
front side. Symbols are the same as in Fig. 8.

the reference static pressure taken at x* = —6 for all the
Reynolds numbers studied. The global evolution is in-
dependent of the Reynolds number, the averaged value
of the pressure coefficent is centered arround 0.5 inside
the recirculation bubble (y/y, < 1), and tends to de-
crease to 0.3 outisde this region with a small //§ effect.
This behavior is explained by an acceleration of the
fluid flow in the normal direction after the reattachment
to the front side. Concerning the associated rms-
pressure coefficient, Cp, s = 2.pyms/(pU 2), plotted in
Fig. 9, a first constant value of 0.03 from y/y, = 0.04
to 0.4 is observed, following by a monotonous increase
up to 0.15 for all cases. The slope of the linear trend
denotes a h/é variation. No Reynolds number effect
was observed.
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Figure 10: Mean-pressure coefficient distribution against x/x, along
the step top side. Symbols are the same as in Fig. 8. Mean-pressure
coeflicients were compared with results from x Castro et al. [6] for
h/6 = 0.19, — — Ji and Wang [15] for /6 = 0.53 and from Awasthi
et al. [2] for various h/é ratio reported in Tab. 1, as follows; <
h/6 =0.151, < 0.601, » 0.154, > 0.615.

Fig. 10 shows the evolution of the mean-pressure co-
efficient along the steps top side. As observed on the
front side, no dependency over the Reynolds number is
clearly identify. However, a significant //§ effect is hi-
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Figure 11: Rms-pressure coefficient distribution against x/x, along
the step top side. Symbols as the same as in Fig. 10. Rms-pressure
coeflicient are compared with results from * Farabee and Casarella
[10].

lighted and corroborated by adding the data set of Ji and
Wang [15], Awasthi et al. [2] and Castro et al. [6] whixh
have lower //6 ratios than the present study. This strong
decrease of the mean-pressure coefficient is associated
to an increase of the //§ ratio. The mean-pressure in-
side the separation bubble appears to be very sensitive
to the /6 ratio, strong variation of the mean-pressure
are clearly seen when 4/5 < 1, while for h/6 > 1 the
pressure evolution reaches a critical minimum value.
The rms-pressure coefficient is compared to other au-
thors (Farabee and Casarella [10] and Awasthi et al. [2])
in Fig. 11 and shows a typical behavior associated to
separated/reattached flows. Farabee and Casarella [10]
highlighted that for both backward- and forward- facing
step configurations, the reattachment point of the flow
is associated to strong pressure fluctuations. These high
fluctuations are observed by a rms-pressure coefficient
peak close to 0.8x,. The position of the peak seems also
depend on the constriction ratio and gets closer to the
reattachment position as Cg increases. An h/¢ effect is
also observed, where the peak value is higher for high
h/é.

3.3. Unsteady behavior and shear-layer instabilities

Instantaneous flow fields are now investigated to
highlight the shear-layer large scale structures evolu-
tion. Three consecutive normalized vorticity snapshot
#100, #101 and #102 are shown in Fig. 12 at Re;=98980
for h/6=2.236. Most of the large scale flow structure
activities are located in the shear-layer, as previously
mention in Fig. 5 by the high level of partial aver-
aged turbulent kinetic energy. Moreover, in addition
to the self production of shear-layer vortices, a flap-
ping motion of the shear-layer is clearly visible in the
snapshot #100 and #102. The shear-layer moves with
a breathing motion, this phenomenon was previously



Figure 12: Typical vector maps of the instantaneous velocity field #100, #101 and #102, superimposed on the normalized vorticity, Q;.n/Uoco,
distribution at Re5;=98980 for h/6=2.236. The instantaneous spatial mean velocity is subtracted to highlight the flow structure.

described by Kiya and Sasaki [17] and Cherry et al.
[8]. The origin of this unsteady mechanism is still
not clearly understood. However, the existence of such
phenomenon is observed for some separated flow con-
figurations (backward-facing step [13], blunt flat plate
[27], boundary layer or bump configuration with ad-
verse pressure gradient [9]). The flapping frequency
in these configurations are generally associated to a di-
mensionless frequency of f.x,/Us = 0.12. For the
forward-facing step flow configuration such dimension-
less flapping frequency hasn’t been clearly defined in
the literature. The final part of this paper will be de-
voted to the unsteady behavior analysis. Fig. 13 exhibits
the space-time contour plots of instantaneous wall pres-
sure fluctuations measured for all the pressure sensorsat
Res = 54625 and h/§ = 2.514. The first 8 pressures
transducers are located on the front side and the 12 oth-
ers on the top side. The downstream convective feature,
denoted by an inclined contour pattern, is clearly ob-
served. It is well known that the instantaneous negative
peaks in wall pressure fluctuations are associated with
the passage of large scale vortices. As shown in Fig.
13, for both front and top side of the forward facing
step, low frequency motions are observed with an alter-
native low and high pressure levels. A typical time scale
of about 7.Us /h = 20 is observed and agree well with
the flapping phenomena frequency order value.

Fig. 14 and 15 show 3p plots of the pressure fluc-
tuations spectra for all the sensors locations at Res =
141795 for h/§ = 2.905 and 2.341 respectively. On the
front side region, an energetic monotonus evolution of
the spectra is seen from the bottom of the step to the top.
On the top side region strong energetic peaks can be
identified for both configurations and divided into two
different groups. The first one, denotes by a blue cir-
cle symbol in Fig. 14 and 15, can be associated to the
flapping motion and is more prominent for a lower /8
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Figure 13: Space-time contour plots of instantaneous wall pressure
fluctuations normalized by the rms pressure, p/pyms at Res = 54625
and h/§ = 2.514: (a) long time range to highlight low-frequencies, (b)
short time range to better appreciate convectives phenomenon. Gray
line denotes the leading edge between the front step and the top step
Sensors.

ratio as shown in Fig. 15. The second group, denoted
by red circles, underlined a convective instability asso-
ciated to shear-layer oscillation. Similar behaviors were
also observed by Farabee and Casarella [10].

In order to analyze in details the behavior of the un-



top step side

sensors #

Figure 14: Power spectra of fluctuating wall pressure for different sen-
sors # at Res = 141795 and h/6 = 2.905. Blue circle symbol denotes
the constant flapping peak and the red ones denotes the convective
instability associate to the oscillation of the shear-layer.

steady phenomena the frequencies, for all the flow con-
figurations studied, are extracted and plotted in Fig. 16
and 17. A constant dimensionless frequency of around
f-x-/Us = 0.08 is shown in Fig. 16 independently of
h/& values. Farabee and Casarella [10] observed, close
to the step edge, a bimodal spectrum with both low and
a high frequency peak. The low frequency peak was
obtained at f.h/Ue ~ 0.025 (f.x,/Us =~ 0.085), and
is in agreement with the one obtained in the present
study; this peak can be associated to the flapping mo-
tion. Fig. 17 exhibits a decrease of the frequency peaks
from f.h/Us ~ 0.8 at x/x, = 0.04 to a threshold of
0.15 for x/x, > 0.5 for all the studied cases, revealing a
convective instability and further asymptotic behavior.
Farabee and Casarella [10] and Leclercq et al. [20] ob-
tained the same value for the dimensionless frequency
peak (f.h/Us =~ 0.15). The behavior is Reynolds num-
ber independent and shows a very slight #/5 depen-
dency. The convective phenomenon can be associated
to the Kelvin-Helmholtz oscillation of the shear-layer,
and the asymptotic behavior to the classical shedding of
the large scale structures.

The convection velocity of the large scale structures
can be computed using the cross-correlations between
transducers pairs along the wall and for the different

[
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Figure 15: Power spectra of fluctuating wall pressure for different
sensors # at Res = 141795 and h/§ = 2.341. Symbols are the same as
Fig. 14
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Figure 16: Dimensionless flapping frequency for all the studied cases
against the /6 ratios. Dash line denotes a dimensionless value of
0.08.

cases considered. Results are reported in Fig. 18 and
compared with the data of Camussi et al. [5] and
Largeau and Moriniere [19]. The convection-to-free
stream velocity ratio is within the range 0.4-0.8. It de-
creases from 0.8 to 0.4 for x* < 1 and increase untill 0.6
at x* = 5 with no Reynolds number dependency. How-
ever, an effect of /6 parameter can be observed close
to the leading edge, and shows a decreasing trend of the
convection velocity as the ratio increases. The paramter
influence seems to disappear for x* ~ 0.7. Present re-
sults are in good agreement with the ones obtained in
the literature.



x/z,

Figure 17: Dimensionless Kelvin-Helmholtz frequency for all the
studied cases against the x/x,. Symbols are the same as in Fig. 8.
Dash line denotes a dimensionless values of 0.15.
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Figure 18: Evolution of convection velocity of separated flow struc-
tures on the top side against x*. ® symbol denotes the mean values
corresponding to the data set from Largeau and Moriniere [19].
symbol denotes the mean values corresponding to the data set from
Camussi et al. [5].

4. Concluding remarks

The effects of some parameters on the wall pressure
statistics and on the reattachment length of a forward-
facing step flow have been experimentally studied. The
large-scale structures behavior evolving over the for-
ward facing step have been analyzed. The major results
are as follows:

1. The reattachment length of the first recirculation
region, y,, is slightly dependent to Reynolds num-
ber and evolves from 0.58 to 0.53 for all the
studied cases in the Reynolds number range of
Rej, = 110670 to 412000. The reattachment length
downstream the step edge is strongly dependent of
both geometrical (constriction ratio, Cg) and in-
flow (Re;, and h/6 ratio) parameters. A log corre-
lation has been obtained taking into account these
parameters.

2. Pressure statistic dependencies against //6 are also
highlighted. It has been shown that the mean pres-
sure downstream the step is strongly dependent of
h/6 mainly inside the recirculation area.
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3. The unsteady flow investigations and especially
the spectrum analysis have shown the existence
of two shear-layer unsteady processes; a low fre-
quency flapping with a dimensionless frequency,
f-x-/Us =0.08 and a convective instability evolv-
ing along the separated region. The convective
phenomenon, associated to the Kelvin-Helmholtz
oscillation of the shear-layer, showed an asymp-
totic behavior and lead to the dimensionless fre-
quency value of f.h/Us = 0.15 previously ob-
served in the literature.
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