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ABSTRACT
The dynamics of the velocity and surface pressure

fields in the recirculating regions upstream of the foot of

a forward-facing step and downstream of the step corner

are investigated experimentally for a thin turbulent oncom-

ing boundary layer at a Reynolds number, based on the step

height, of 105. Velocity measurements are acquired concur-

rently in the upstream and downstream regions of the step

using Particle Image Velocimetry (PIV) and synchronized

with time-resolved wall-pressure measurements acquired at

20 locations on the front and top walls of the step. A multi-

time-delay linear stochastic estimation is employed to re-

construct time-resolved PIV snapshots to reveal the nature

of the connection between the upstream and downstream re-

circulating regions. It is shown that the complex dynamics

of the upstream recirculating bubble is imprinted onto the

separated flow region on the top of the step.

1 INTRODUCTION
The two-dimensional forward-facing step (FFS) is a

heuristic geometric simplification for studying the inception

and propagation of fluid instabilities for prismatic bodies. In

practice, such instabilities are often the root cause for un-

desirable engineering outcomes including reduced material

life – e.g. fatigue failure due to tarpaulin flapping on heavy

transport vehicles, or structural damage and debris dispersal

as observed for low-lying-building roofs.

The flow over a FFS is made particularly complex due

to the formation of dual recirculation regions as depicted in

Fig. 1. When approaching the step, the flow experiences in-

creasing adverse pressure gradient and the incoming bound-

ary layer separates only ∼1-2 step heights upstream the

step. A recirculation region forms at the foot of the step,

with reattachment on the face of the step. The flow then

experiences separation again due to the leading step’s edge

while reattaching further downstream. Both separation re-

gions are continuously exposed to incoming perturbations

and natural unsteadiness of the surrounding flow resulting

in large wall-pressure fluctuations on the different walls of

the steps (Largeau & Moriniere, 2007; Camussi et al., 2008;

Sherry et al., 2010). In the downstream recirculation region

on the top of the step, the mean reattachment length depends

on a variety of flow parameters such as the freestream turbu-

lence level (Hillier & Cherry, 1981), the incoming bound-

ary layer thickness to step heigh ratio δ/H (Sherry et al.,

2010; Pearson et al., 2013), or again the Reynolds num-

ber (Largeau & Moriniere, 2007). Following Sherry et al.

(2010), the flow over FFS can be classified into steps be-

ing submerged in the incoming boundary layer (δ/H < 1)
and conversely steps with ratio δ/H > 1. For immersed

steps, the dynamics of the downstream separation region is

known to be strongly affected by the incoming boundary

layer (Farabee & Casarella, 1986a).

Pearson et al. (2013) recently suggested that the un-

steady separation events observed just upstream of the step

may be strongly influences by the large-scale structures em-

bedded in the outer part of the oncoming boundary layer.

The authors characterised the dynamics of the upstream

separation region in terms of random fluctuation in its size

punctuated by cyclical but aperiodic bursting events, in

which the entire recirculation region is suddenly evacuated

over the step. These dynamics have been found to be poten-

tially altered through disturbances of the oncoming bound-

ary layer.

The understanding of the influence of the oncoming

flow conditions on the dynamics of the recirculation re-

gions remains however fragmented. This is due to, in part,
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the poorly understood but strong coupling between the up-

stream and downstream recirculation regions and the still

incompletely described dynamics of the upstream recircu-

lation bubble. In this work, the dynamics of the upstream

recirculation bubble are investigated for a turbulent but thin

boundary layer, δ/H ≈ 0.49 < 1, which is more character-

istic of transport applications. The coupling between the

dynamics of top separated flow and upstream region is then

explored and discussed.

2 EXPERIMENTAL SET-UP
2.1 Wind-tunnel and Geometry

Experiments were conducted in the LAMIH wind tun-

nel facility. Full details of the wind-tunnel and of its charac-

terization can be found in Keirsbulck et al. (2012). The test

vein section is 2×2 m2, 10 m long. The vertical walls are

made in perspex for optical access. The wind tunnel inlet

generates a turbulence intensity less than 0.6% of the free-

stream velocity U∞. For the present work, a forward facing

step was installed vertically on one side of the wind tun-

nel test section at a distance of 4.17 m from the inlet. The

model, made in wood, spans the entire height of the wind

tunnel. The height of the step, H, is 0.166 m. While dif-

ferent Reynolds numbers have been investigated, only the

results for ReH = 1.14×105 are discussed here. The corre-

sponding free stream velocity is U∞ = 10 m/s.

The oncoming boundary layer profile, measured at a

distance 2.11H upstream of the step was measured using a

Pitot tube. At this location, the boundary layer is fully tur-

bulent and fits well with the theoretical one-seventh power

law. The boundary layer thickness, δ , was estimated to be

0.082 m, resulting in δ ⋆ = δ/H ≈ 0.493. The displacement

thickness δ1 and the momentum thickness θ are 6.6 mm

and 5.5 mm respectively. The Reynolds number based on

the momentum thickness is Reθ ≈ 3785. The present con-

figuration is thus noticeably different from the major stud-

ies reported in the literature for which the step was sub-

merged into the boundary layer (δ ⋆ > 1) (Castro & Dianat,

1983; Camussi et al., 2008). As stated in the introduction,

the choice of δ ⋆ ≤ 1 is motivated by concerns related to

transport system. Unsteady perturbations of the oncoming

boundary layer were for long thought to play an active role

on the dynamics of the flow surrounding the step Sherry

et al. (2010), and were shown recently by Pearson et al.

(2013) to drive the dynamics of the separation region oc-

curring just upstream of the step. Lower values of δ ⋆ are

believed to make the dynamics of this upstream region more

robust to the oncoming perturbations and to make the main

flow characteristics less Reynolds dependent (Ren & Wu,

2011; Pearson et al., 2013).

2.2 Velocity and Pressure Measurements
A two-component classical Particle Image Velocimetry

(PIV) system was used to map the velocity field upstream

and over the step along the centre-plane. The PIV system

includes a 250 mJ double-pulsed Yag Laser (wavelength

532 nm) and two high resolution TSI Powerview cameras

of 2048×2048 pixels each. The measurement plane covers

continuous regions upstream and downstream of the step as

depicted in Fig. 1. The laser sheet is 5 mm thick. The time

interval between two consecutive image-frames was 50 µs.

Instantaneous velocity vectors in the x–y plane were esti-

mated from the particle displacement within an image pair

using a conventional direct cross-correlation process includ-

Figure 1. Schematic of the experimental set-up.
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Figure 2. Mean velocity field over FFS. Contours

coloured by magnitude of velocity. White squares indicate

pressure sensor locations.

ing multi-pass windows to validate the vectors using a 5×5

median test. A bad-vector-replacement step is provided by

using a 5× 5 median interpolation method, concluded by

a low-pass filter process to avoid PIV noise. The result-

ing fields have a final resolution ∆x = ∆y = 0.9924 mm.

The final data-set includes 2000 PIV snapshots sampled at

fPIV = 7Hz.

Surface pressure measurements are obtained at 20 lo-

cations along the front and top walls of the step using flush-

mounted sensors. Eight sensors (#P01-#P08) are located on

the front side of the step while twelve (#P09–#P20) are lo-

cated on the top of the step as depicted in Fig. 2. The pres-

sure transducers are commercial KULITE-XCP-062 cali-

brated by the manufacturer. The sensors are spaced uni-

formly 0.12H apart. Pressure signals were recorded at a

sampling frequency of fs = 10 kHz and are low pass fil-

tered using an 8th order Bessel filter with cut-off frequency

fcutt = 3 kHz. In order to avoid reflections with the PIV

laser sheet, the sensors are offset spanwise 2 mm from the

PIV measurement plane.

3 RECIRCULATING REGIONS

The time-averaged velocity fields and the wall-pressure

energy spectra are first examined to identify the main flow

features and more particularly to identify the dominant fre-

quencies driving the dynamics in the different flow regions.

2
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Figure 4. Conditional averaging velocity fields superimposed with streamlines for different values of A∗
0 refereed in the PDF.

The green square represent the position of the stagnation/reattachment point.
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Figure 3. Probability density function of the reverse flow

area upstream of the step: (Blue line) Present data, (black

line) Pearson et al (2013).

3.1 Mean flow field
The mean velocity flow field is reported in Fig. 2. As

expected, two recirculating regions are observed: one up-

stream at the foot of the step and the other over the top

wall downstream of the step. For the upstream one, the

mean separation point is slightly upstream of the PIV do-

main. Results from the literature suggest that the location

of the separation point along the upstream wall and that of

the reattachment point on the front face are independent of

the Reynolds number (Addad et al., 2003; Camussi et al.,

2008). In the present results, the separation point can be

estimated to occur ∼ 1H upstream of the step, while the

reattachment point on the front side is found to be ∼ 0.55H

from the bottom wall, which is good agreement with earlier

results (Leclercq et al., 2001; Sherry et al., 2009). When

passing the step’s corner, the flow separates again due to the

sharp edge (locally high curvature). While not detailed here,

the mean reattachment location was found to be 3.2H down-

stream of the step, outside of the current PIV domain, which

is well consistent with the literature (Largeau & Moriniere,

2007).

3.2 Agitated life of the upstream region
Examination of instantaneous PIV snapshots reveal

that the upstream region is highly unsteady. The size of the

reverse flow region varies significantly. It can reach stages

where the reverse flow extends above the step height or can

at certain instances almost vanish.

To obtain a finer description of the flow allowing in-

vestigation of the unsteady behaviour of the recirculation

region from the present PIV measurements, a time-resolved

estimation of the flow field is undertaken to take advantage

of the high sampling rate of the pressure sensors. Here an

adaptation of the linear stochastic estimation (LSE) tech-

nique of Adrian (1977) is used. Briefly, the LSE is a linear

approximation of the conditional estimate of some quantity

as obtained given a set of observables. Here, the conditional

variables (the quantities to estimate) are the fluctuating ve-

locity components as measured with PIV, while the set of

observables (i.e. the estimators) are the pressure fluctua-

tions measured along the wall.

To account for the lag between the velocity and pres-

sure fields sampled at different locations, a multi-time for-

mulation as described by Murray & Ukeiley (2003) or Ker-

hervé et al. (2012) is implemented in which N j − 1 virtual

sensors and 1 physical sensor, each delayed by one acquisi-

tion interval ∆ta to the previous, are introduced such that the

sensor specific delay is τ jk = (k− 1)∆ta. The LSE is then

defined over the N = 20 sensors for each veloicty compo-

nent at each point of the PIV plane according to:

ûi(x,y, t) =
N

∑
k=1

N j

∑
j=1

α
(i)
jk

p(Xk,Yk, t − τ jk) , i = 1,2

where ui denotes the i-th velocity component, Xk,Yk the

location of the physical sensor and the estimator coeffi-

cients α
(i)
jk

are determined by minimising the residual er-

ror ‖ui(x,y, t)− ûi(x,y, t)‖
2 defined in the L2 norm sense.

The parameters ∆ta and N j were selecting after examination

of the temporal velocity-pressure correlations. For clarity,

the estimations will be referred to as time-resolved recon-

structed PIV snapshots.

Using these reconstructed PIV snapshots, time history

of the area of the upstream reverse flow region, noted A0(t),
is computed as,

A0(t) =
∫

Ωx<0

H {ũ(x, t)} dx (1)

with ũ(x, t) the estimated streamwise velocity component,

and H the Heaviside function defined by,

H (X) =

{

0 if X ≥ 0

1 if X < 0
(2)

The spatial domain Ωx<0 denotes the flow region upstream

3
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Figure 5. Normalised cross-correlation function between

upstream and downstream recirculating region area A0 and

A1 respectively.

of the step. The probability density function of A∗
0 = A0/H2

is shown in Fig. 3 with that reported by Pearson et al. (2013)

for a fully immersed forward facing step (δ/H > 1) but with

similar Reynolds number. The present result shows a right

tail shape distribution, similar to that observed by Pearson et

al but shifted towards higher values. An approach similar to

that of Pearson et al is now used to examine the state of the

flow for selected values α of A0. The time-resolved recon-

structed velocity snapshots for which the upstream reverse

flow area A0 is comprised in [α−ε,α+ε] are identified and

averaged together. The coefficient ε allows conditioning

over a small range of A0 to ensure statistical convergence.

Conditionally averaged velocity snapshots for differ-

ent values of α are plotted in Fig. 4 and are representative

of the different stages of the flow at the foot of the FFS.

The conditionally averaged field for the peak value of the

probability density function (pdf), i.e. the value with the

most occurrence, is reported in Fig. 4(b) and shows strong

resemblance with the mean field. Here, the upstream sep-

arated flow region is a ”closed-type” with a reattachment

point on the step frontal face. The formed bubble acts like

a ramp deviating the oncoming flow above the step corner.

In Fig. 4(a), the upstream flow region is close to an ”open-

type” configuration such as described by Lanzerstorfer &

Kuhlmann (2012) (amongst others). The separation region

upstream of the step exhibits a small recirculation bubble

just at the foot of the step but does not exhibit a reattach-

ment point on the step face. In this configuration, part of

the incident flow rolls into a vortex at the step’s foot. In

contrast, Fig. 4(c) shows a configuration of ”massive sepa-

ration”. The flow just upstream the step acts like a fence by

preventing the oncoming flow from impacting on the step’s

face. Such events have been referred as streak by Stüer et al.

(1999).

Close examination of the time-resolved reconstructed

PIV snapshots allows to envisage the following scenario:

an upstream recirculating bubble at the step’s foot of open-

type first starts to grow in size (figure 4(a)), reaching rapidly

the median stage (Fig. 4(b)). The accumulation of dynamic

pressure and vorticity over the bubble then reinforces the

reverse flow area until saturation where the energy accumu-

lated is released over the step (Fig. 4(c)) allowing the for-

mation of a new upstream recirculating bubble at the step’s

foot.

While the upstream flow region at the step’s foot ex-

hibits an agitated life as described above, it is noteworthy

that the downstream separation region appears to show less

complex dynamics. Based on observations over the entire

reconstructed sequence: while successive cycles of the sce-

nario given above are observed, the downstream recirculat-

ing bubble shows essentially a slow (flapping) motion in the

wall-normal direction. However, the flapping motion shows

some synchronisation with the upstream dynamics and is

modified by events in the upstream region. The connection

between both recirculating regions is examined in the fol-

lowing section.

4 CONNECTION OF THE TWO RECIRCU-
LATING REGIONS

4.1 Synchronisation
Time history of the downstream separation area A1 can

be computed similarly to that of the upstream region using

Eq. (1). A preliminary indication of the nature of the con-

nection between the upstream and downstream recirculating

regions is given by the cross-correlation function between

the two areas reported in Fig. 5.

A correlation peak at a time delay ∆t+ ≃ −0.26 with

negative value of -0.33 is observed. This indicates that both

recirculating flow regions are strongly linked and that most

of the time evolve in opposite phase: an increase in the up-

stream reverse flow region entrains a decrease of the down-

stream within a relatively short time delay. While not shown

here, the time-resolved reconstructed field exhibits a simi-

lar tendency. The significant but low correlation value also

suggests that the connection probably occurs through non-

linear phenomena, motivating a further analysis to under-

stand the mechanism underlying the connection.

4.2 Wall-pressure fluctuations
Wall-pressure energy spectra along the front and top

sides of the step are reported in Fig. 6. The spectra are non-

dimensionalised for readability The overall energy spec-

tra reveal two dominant broadband frequency regions : (i)

a low-frequency region centred on StH = f H/U∞ ≃ 0.02

identified along both the front and top side of the step, (ii)

a moderate-frequency region for which the peak frequency

is varying from StH ≃ 1 to StH ≃ 0.2 when moving down-

stream the top of the step. The latter is observed for the

wall-pressure sensors on top side of the step only, and must

be associated with the slow flapping of the separated down-

stream shear-layer and the shedding of eddies originating at

the step corner (Farabee & Casarella, 1986b).

The low-frequency broadband activity is, in contrast,

observed for all wall-pressure sensors. On the bottom wall

just before the step, wall-pressure fluctuations are known

to be driven by the onset of large scale dynamics and by

the unsteadiness of the oncoming boundary layer turbu-

lence (Awasthi et al., 2014; Camussi et al., 2008). In the

present configuration, the wall-sensors are located directly

on the face of the step. When moving from the bottom of the

step (sensor #P01) towards the step’s corner (sensor #P08),

the energy of the broadband peak increases significantly.

The broadband peak is centred around StH = 0.02. When

passing the step’s corner, the amplitude of the peak in-

creases significantly, while the spectral content is enriched

with frequencies centred around St = 0.03. Further down-

stream along the top wall, the large amplitude of this low-

frequency broadband peak persists over a long distance up

4
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Figure 7. Wavelet spectra for wall-pressure sensors (a) #P08 located just upstream the step’s corner on the front side, (b) #P09

located just downstream the step’s corder on the top wall. See figure 2 for exact location of the sensors.

Figure 6. Normalised pre-multiplied wall-pressure fluctu-

ations spectra. The results are shifted vertically for read-

ability.

to about one step height downstream of the corner before

reducing.

Of particular interest is the frequency peak at StH =
0.02 originating from the upstream separating region which

persists far downstream the step’s corner while coexisting

with frequencies close to StH = 0.03 originating from the

step’s corner. These results must however be examined

with care. In fact, while not reported here for brevity,

wall-pressure energy spectra computed over shorter dura-

tions reveal that the two low-frequency peaks are not always

present together. This suggests that the low-frequency dy-

namics driving the upstream recirculating region is strongly

time-dependent. A time-dependent spectral analysis of the

wall-pressure time-series is thus performed using wavelets.

The wavelet spectra of the two sensors #P08 and #P09

located on each side of the step’s corner are reported in

Fig. 7 for an arbitrary, representative time sequence. Note

that for clarity, the wall-pressure time-series have been fil-

tered to highlight the low-frequency activity only. Sudden

changes in the dominant frequency is evident during the se-

quence shown. In the low-frequency band, the energy of

the wavelet spectra is found to exhibit short time intervals

where the two low frequencies discussed previously are at

play simultaneously. Other time intervals show only one

of the two frequencies and short periods in which the wall-

pressure fluctuations are driven by a frequency caught in

between.

Thanks to the time-resolved reconstructed PIV snap-

shots, it is possible to compute conditionally-averaged

snapshots based on the wavelet spectra discussed here. For

the periods of time where the wavelet spectra show a fre-

quency caught in between, the velocity field is charac-

terised by the “blow-up” of the upstream separation re-

gion described in §3.2. During this particular instant, the

large amount of energy and vorticity accumulated in the

upstream recirculating region is evacuated downstream the

step, allowing direct communication between the upstream

and downstream sides of the step’s corner. In contrast,

during the period when the two frequencies co-exist, the

conditionally-averaged snapshots show resemblance with

figure 4(b) with a large upstream separation region with

reattachment point on the step’s face. The two distinct fre-

quencies may be attributed to flapping motions of the up-

5
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stream and downstream recirculating regions respectively

behaving mostly in opposite phase as discussed in §4.1.

5 CONCLUSION
The nature of the interactions between the upstream

and downstream recirculating regions of a forward-facing

step at high Reynolds number has been examined in details

thanks to extensive flow (PIV) and wall-pressure surveys.

The complex dynamics of the upstream separated region

is found to imprint onto that of the separated region just

downstream the step’s corner. Conditional averaging based

on the upstream separation area and on the wavelet analysis

of the wall-pressure fluctuations revealed that the dynam-

ics of the separated shear-layer is locally influenced by the

low-frequency unrest of the upstream recirculating region at

the step’s foot while being globally dominated by Kelvin-

Helmholtz instability. These interactions occur through a

very limited range of time-varying low-frequencies driving

the formation and blowing-up of a region of high vorticity

at the step’s foot. The exact nature of the non-linear inter-

actions remains however unknown and further works will

address this specific question.
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Keirsbulck, L., Fourrié, G., Labraga, L. & Gad-el Hak,

M. 2012 Scaling of statistics in wall-bounded turbulent
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