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Abstract
An emerging rectangular obstacle placed in a laminar boundary layer developing under a free-surface generates three vortical
structures: a horseshoe vortex (HSV) in front of the obstacle, a wake downstream and two lateral recirculation zones at its sides.
The present work investigates, through PIV measurements, the effect of the obstacle elongation (length over width ratio L/W )
on the HSV, which is partly indirect through the modification of the two other vortical structures. Horizontal velocity fields in
the near-bottom region show that an increase of the obstacle elongation leads to a higher adverse pressure gradient in front of the
obstacle, and in consequence, to the longitudinal extension of the HSV. This modification of geometry, in turn, impacts the vortex
dynamics of the HSV. On top of that, maps of spectra and oscillation direction obtained from velocity fields indicate that each of
the three structures (HSV, wake and lateral recirculation zones) exhibits a proper oscillation frequency. As the oscillation associated
to the wake is energetically dominant and is strong enough to travel upstream, it impacts the HSV dynamics for sufficiently short
obstacles.
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1 Introduction
Flows around obstacles have been extensively studied since
1970 for their numerous applications in aerodynamics, ther-
mal exchanges, turbo-machinery and hydraulics. These works
investigated different obstacle shapes (cylinders, prisms, foils)
and submergence (emerging, immersed or traversing). They
showed that the horseshoe vortex (HSV) developing at the
foot of the obstacle is a dominant structure that influences:
(i) the bottom wall shear stress (impacting the scouring (Dey
et al., 1994; Escauriaza et al., 2011a; Roulund et al., 2005)
and thermal exchanges (Sabatino et al., 2008)), (ii) the force
exerted by the flow on the obstacle (impacting the efforts on
the turbo-machinery blades or wings drag coefficients Roach
et al., 1985) and (iii) the vortical structures released down-
stream (impacting the state of the downstream boundary
layer). The evolution of the HSV characteristics with the
obstacle and flow parameters was deeply studied (Ballio et
al., 1998; Launay et al., 2017; Simpson, 2001). However,
the focus was put on prisms with square or round bases as
obstacles, leaving aside the effect of the obstacle elongation
on the HSV. Yet, in the previously cited domains of applica-
tion, the obstacle can exhibit low (e.g. bridge piers) or high
(e.g. cooling fins) elongations. Most of the studies more-
over focused on the upstream (mainly the HSV) or on the
downstream (which includes the wake) but rarely on the in-
teractions between those two regions. Studying the impact
of the obstacle elongation on the HSV is, then, a first step

to generalize the available results for square and round ob-
stacles to elongated and shortened ones. In this context,
the present study then focuses on the effect, on the HSV, of
the streamwise length L of a rectangular prism of constant
width W , emerging from a laminar, free-surface flow.

The interaction between a boundary layer - developing
over a smooth wall and below a free surface - and a rectangu-
lar emerging obstacle leads to the appearance of three flow
structures (Larousse et al., 1993) (see Fig. 1): (i) a complex
zone of recirculation in front of the obstacle, named “horse-
shoe vortex” (HSV). This recirculation is due to the adverse
pressure gradient created by the obstacle, that causes the
separation of the boundary layer. (ii) A large recirculation
downstream of the obstacle, named “wake”. (iii) Additional
lateral recirculations along each side of the obstacle, start-
ing at the obstacle upstream vertical edges (Hwang et al.,
2004; Lander et al., 2018; Larousse et al., 1993). These
recirculations are mingled with the wake for short obstacles
and reattach on the obstacle sides for long enough obstacles.
Still, Sau et al. (2003) showed that for some configurations,
these zones can appear only at a certain elevation above the
bottom wall, because of the effect of the boundary layer.

The laminar HSV is composed of several vortices aligned
from the boundary layer separation to the location of the
obstacle face. Those vortices can exhibit complex dynamics
(Launay et al., 2017; Lin et al., 2008) (motion, growth and
diffusion) and interact with each other, leading in partic-
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Figure 1: Sketch of the flow around an obstacle emerg-
ing from a free-surface. The flow is expected to be three-
dimensional in its lower part (which is not completely rep-
resented here), due to the boundary layer developing on the
bottom wall.

ular to vortex merging. Schwind (1962) and Greco (1990)
implemented a qualitative typology for the dynamics of the
HSV, based on flow visualizations. Extending this typology,
Launay et al. (2017) introduced a more quantitative typol-
ogy, based on PIV measurements. This typology comprised
7 regimes, with five of them having a periodical behaviour.
For high Reynolds numbers, the HSV is turbulent and ex-
hibits a complex behavior, notably featuring a bimodal dy-
namics (Paik, Escauriaza, et al., 2007). The transition from
laminar to turbulent HSV is intermittent and exhibits ca-
sual bursts of turbulence (Escauriaza et al., 2011b). The
evolution of the HSV general characteristics (size, number
of vortices, vortex average position) with the flow parame-
ters were summed up by Ballio et al. (1998) for studies prior
to 1995 and studied more recently by Lin et al. (2008) and
Launay et al. (2017). Nevertheless, none of these studies
investigated the effect of the obstacle elongation.

For a rectangular obstacle (Fig. 1), the wake region
starts at the downstream vertical edges of the obstacle and
ends as the flow re-attaches. For a given range of Reynold
numbers, the wake is known to exhibit a periodical be-
haviour characterized by vortex shedding. In the case of
an obstacle placed upon a flat plate, the developing bound-
ary layer modifies the wake oscillation characteristics and
leads to Strouhal numbers (Okajima, 1982) that vary with
the vertical distance from the bottom wall (Dargahi, 1989).
Moreover, Chen et al. (1995) showed that the transition from
a periodical to a fully turbulent wake appears for higher
Reynolds numbers in the case of an obstacle placed upon a
solid wall (ReW = 3000) than in the case of an infinitely
high obstacle (ReW = 300). Besides, these authors showed
that a vertical flow confinement (due to a free-surface for
example) stabilizes the wake further.

The question of the influence of the wake on the HSV
is still open. Baker (1978) observed that precluding the

wake oscillation (by adding a plate in the plane of symme-
try downstream to the obstacle) does not induce any mod-
ification in the HSV behaviour, and Ballio et al. (1998), in
their literature reviews, estimated that the HSV is only in-
fluenced by the shape and width of the upstream part of
the obstacle. On the other hand, Baker (1991) reported two
oscillation frequencies in the HSV, the first one caused by
the instability of the HSV vortices and the second one being
a global oscillation, linked by Marakkos et al. (2006) to the
wake oscillation. Paik and Sotiropoulos (2005) performed
numerical simulations featuring a HSV spatially close to a
downstream recirculation. However, their configuration pre-
vents the generation of high energy oscillations in the down-
stream recirculation, and thus, they did not observe any
interactions between the two structures. In another config-
uration, Paik, Sotiropoulos, and Porté-Agel (2009) studied
numerically the interaction between the HSV and a wake
generated by another obstacle placed upstream. To the au-
thors knowledge, only two articles investigated the impact
of the obstacle elongation L/W on the flow around. For
immersed rectangular obstacles, Larousse et al. (1993) stud-
ied the influence of the obstacle elongation L/W (in the
range [0.04, 1]), keeping the obstacle height H equal to its
length L. Their visualizations (Fig. 8 in (Larousse et al.,
1993)) indicate that the dimensionless distance between the
boundary layer separation distance increases with the ob-
stacle elongation L/W . Nevertheless, this effect is expected
to be caused by the increasing obstacle height which results
in a higher adverse pressure gradient upstream of the obsta-
cle, and consequently a precocious boundary layer separa-
tion. Younis et al. (2014) studied the evolution of the HSV
for three immersed obstacles with varying elongations and
shapes and did not report any modification of the HSV prop-
erties. Their configuration however differs from the present
configuration, as the rounded shape of their obstacles pro-
hibits the development of the wake and lateral recirculation
zones. In summary, no conclusion can be drawn on the iso-
lated effect of the elongation L/W of a rectangular obstacle
on the HSV extension and dynamics.

The aim of the present work is then, for a given laminar
free-surface flow interacting with an emerging rectangular
obstacle, to : (i) measure the influence of the obstacle elon-
gation (L/W ) on the three main structures of the flow (HSV,
lateral recirculation zones and wake), and (ii) identify their
mutual interactions.

2 Experimental method
The flow velocity fields are measured using 2D particle image
velocimetry (PIV) in the upstream vertical plane of symme-
try (z = 0) and in the horizontal plane around the obstacle,
near the bottom wall (y ≈ 2 mm, i.e. 3.3% of the approach-
ing water depth). These measurements permit to character-
ize the HSV dynamics (vertical planes) and the interactions
between the three flow structures (horizontal planes). Note
however that the lateral recirculation zones and the wake are
known to be three-dimensional near the bottom wall. For
this reason, horizontal measurements of these structures in
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the vicinity of the bottom wall do not allow to access their
complete characteristics.

A 532 nm, 4 W continuous laser with a Powell lens is used
to illuminate 10 µm hollow glass spheres (density ρ = 1.1)
included as tracers in the flow. Images of the displacement
of these particles are recorded with a mono-chromatic, 12bit,
2048x1088 pixels camera, at a frequency of 2Hz (more than
20 times the highest frequency exhibited by the flow) more
than 20 periods of HSV and wake oscillations. Image treat-
ments and PIV computations are realized using DaVis soft-
ware (Lavision) and further velocity field treatments are per-
formed using Python (Python Software Foundation). Image
treatments include ortho-rectification, background removal,
intensity capping and moving average. PIV computations
are performed using cross-correlation with 50% overlapping
and adaptive interrogation windows (sizes from 64 to 16 pix-
els), leading to a spatial resolution of approximately 0.2 mm
per pixel.

The accuracy of the velocity measurements is of great
importance for flow dynamics study. For this reason, a spe-
cial care is taken in reducing the measurement uncertainties.
The Stokes number associated to the tracers is Stp = 0.04
for the maximum measured velocity. According to Tropea
et al. (2007), this results in an uncertainty associated to
the particles advection of less than ±1%. Uncertainty on
the measured velocity (±2%) is estimated using the method
from Wieneke (2015). The reproducibility of the flow gener-
ation procedure and of the PIV measurement is ascertained
by the good agreement between vertical and horizontal mea-
surements regarding (i) the boundary layer separation po-
sition, (ii) the HSV characteristic frequency and (iii) the
velocity along x on the common line at y = 2mm and z = 0
(relative difference at most of 2%). PIV measurements at
the position of the obstacle, performed before introducing
it, reveal that the boundary layer shape factor H = 2.64 is
very close to the value of 2.59 expected for a laminar Bla-
sius boundary layer. The boundary layer thickness, however,
slightly differs from the Blasius solution (δ/δblasius = 0.82).
Launay et al. (2017) showed that this effect was due to the
confinement of the free-surface. This confinement can also
explain the existence of a laminar boundary layer for such
high Reynolds number (Reh = 4800, see below).

To investigate the interactions between the oscillating
behavior of the three flow structures, a flow regime exhibit-
ing an oscillating HSV and an oscillating wake is selected. In
this flow configuration, the dynamics of the HSV belongs to
flow type “amalgamating” in the typology of Greco (1990)
and “merging” in the typology from Launay et al. (2017).
The associated dimensional parameters are the water depth
h = 0.06 m, the boundary layer thickness before introducing
the obstacle δ = 0.022 m, the obstacle widthW = 0.1 m and
the mean velocity uD = 0.02 m s−1. The associated dimen-
sionless parameters are: Reh = 4huD/ν = 4800, h/δ =
2.73 and W/h = 1.67, with ν the water kinematic vis-
cosity. The obstacle length is varied from L = 0.04 m to
L = 0.6 m, leading to dimensionless obstacle elongations of
L/W ∈ [0.4, 0.74, 1, 1.25, 1.5, 2, 4, 6]. Propagating the
uncertainties related to the device setup (on h, uD, W , L

Figure 2: Successive instantaneous velocity fields (stream-
lines and velocity magnitude) in the vertical plane of sym-
metry for L/W = 6. The period associated to the HSV
dynamics is Thsv = 38.5 s. The obstacle face is located at
x/W = 0.

and on the ambient temperature) to the dimensionless pa-
rameters give an uncertainty between 1% and 3.5% on L/W ,
of 10% on Reh, of 3% on W/h, and of 3.5% on h/δ.

3 Results
This section discusses the influence of the obstacle elonga-
tion L/W on the HSV shape and dynamics (Section 3.1) and
on the characteristic oscillation frequencies (Section 3.2),
while its final part is dedicated to the impact of the wake
oscillation on the HSV (Section 3.3).

3.1 Impact of the obstacle elongation on
the HSV

Fig. 2 presents the structure and periodical dynamics of the
vortices composing the HSV for a long obstacle (L/W =
6). A period consists of a phase of vortex advection (from
t/Thsv = 0 to 0.5 in Fig. 2) followed by a vortex merg-
ing (between t/Thsv = 0.5 and t/Thsv = 0.75). Besides,
measurements in the horizontal plane near the bottom wall
(Fig. 3) reveal that the vortices roll around the obstacle and
remain visible until they leave the measurement zone (for
elongated obstacles), such as L/W = 6 or until they are de-
stroyed by the wake recirculation (for short obstacles, such
as L/W = 0.4)
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Figure 3: Successive Instantaneous fields (streamlines and
velocity magnitude) in the horizontal plane near the bottom
wall for L/W = 0.4 (left, with Thsv = 39.79s) and L/W =
6.0 (right, with Thsv = 38.5s). The black line corresponds
to a vortex filament position at t/Thsv = 0. For L/W = 0.4,
the white open circle represents the position of the saddle
point in the boundary layer separation line at t/Thsv = 0
and the white filled circles correspond to its position at the
considered times.

Fig. 4 presents the evolution, with L/W , of one of the
main property of the HSV: the distance λ between the bound-
ary layer separation position upstream of the obstacle and
a point at W/2 downstream from the obstacle face (as pro-
posed by Ballio et al. (1998)). λ is extracted from mea-
surements in the vertical plane of symmetry (e.g. Fig. 2)
by linearly extrapolating the zero-velocity line down to the
bottom wall. While the HSV exhibits a complex dynamics,
the separation position does not change in time (as also ob-
served by Launay et al. (2017) for HSV in such regime). As
the uncertainty on the velocity is estimated small (±2%),
the uncertainty on λ (±0.33 mm) can be estimated from the
velocity field spatial resolution ∆y = 0.2mm and the ex-
trapolation properties. Figure 4 indicates that λ increases
with L/W but tends to stabilize to a constant value after a
threshold value of L/W = 4, in agreement with the empiri-
cal correlation from Launay et al. (2017) for long obstacles.

Younis et al. (2014) rather reported a value of L/W ≈ 1 for
this threshold. In order to shed the light on this threshold
value, a simple model based on the potential flow theory is
presented herein. The streamwise pressure gradient ∂p

∂x in
the vertical plane of symmetry upstream of the obstacle is
estimated using potential flow computation (Fig. 5) for each
obstacle elongation.

As this pressure gradient is at the origin of the boundary
layer separation, one can get a rough estimate of the distance
between the obstacle and the boundary layer separation λcp

by choosing an adequate critical value k for the pressure
coefficient gradient :

∂Cp

∂x
(x = −λcp) = k (1)

with Cp = p/(ρu2
D/2) the pressure coefficient. Fitting the

value of k on the experimental data (least square method)
results in k = 0.00113 and the dashed line in Fig. 4. The
good agreement between the measurements and the fit of
Eq. 1 indicates that the modification of λ is strongly linked
to the modification of the pressure gradient. Taking into
account the lateral recirculation zones as part of the ob-
stacle in the potential flow computation (as illustrated by
Fig. 5b) increases the adverse pressure gradient upstream
of the obstacle (not shown here). This leads to a different
fitted value of k, but does not improve the agreement for
the boundary layer separation distance. For L/W = 1, the
value of λ/W = 1.77 (see Fig. 4) can be compared to the
value obtained by Larousse et al. (1993) of λ/W = 1.3 (once
adapted using the method from Ballio et al. 1998). The dis-
crepancy between those values is due to the difference of
configuration (emerging obstacle in the present study, and
immersed obstacle for Larousse et al. (1993)), which causes
a modification of the down-flow strength, as reported by
Sadeque et al. (2008).

The evolution of λ with L/W is associated to an evolu-
tion of the HSV vortices dynamics, as illustrated on Fig. 6
by mean vortex trajectories measured in the vertical plane
of symmetry. Mean trajectories are obtained by averaging
the trajectories of successive vortices, allowing to visualize
synthetically the vortices main paths. The mean trajectories
can be seen as a synthetic representation of the dynamics ex-
hibited by the HSV: vortices appear in the upstream part of
the HSV, are advected downstream, and disappear by merg-
ing with the following vortex. The HSV dynamics is slightly
modified with the increase of the obstacle elongation. As
L/W increases, the main (downstream-most) vortex (i) trav-
els further downstream before going back to merge with the
secondary vortex, and (ii) is no longer detected as it goes
back upstream towards the secondary vortex, indicating that
its circulation reduces drastically.

Two major conclusions can finally be drawn regarding
the effect of the obstacle elongation: (i) it increases the sep-
aration distance of the HSV λ through the modification of
the adverse pressure gradient generated by the obstacle, and
(ii) this increase of the HSV streamwise extension affects the
vortex dynamics.
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Figure 4: Boundary layer separation distance λ evolution as
a function of L/W . Black circles : λ/W values measured in
the vertical plane of symmetry (as in Fig. 2). Dashed lines :
estimated values of the separation distance λcp, based on
potential flow computations (as in figure 5a) and Eq. 1 with
k = 0.00113. Horizontal dotted line : empirical correlation
from Launay et al. (2017) for long obstacles (λ/W = 1.91).
Uncertainties on λ associated to the PIV measurement can
be estimated to be of ∆λ/W ± 3.3× 10−3.

3.2 Characteristic frequencies of the three
flow structures

Each of the three flow structures (HSV, lateral recirculation
zones and wake) exhibits a periodical behaviour, schema-
tized on Fig. 7: (i) The HSV is in a periodic regime, char-
acterized by a frequency linked to the vortex motion (see
Fig. 2 and Fig. 6), the resulting oscillation is oriented in
the streamwise direction (along x) in the plane of symme-
try. (ii) The shear layer along the separating streamline of
the lateral recirculation zones can generate vortices (Lander
et al., 2018) (as seen on Fig. 3 for L/W = 6) and thus create
a periodic oscillation perpendicular to the shear layer. (iii)
The wake generates a periodic oscillation in the transverse
direction (along z) due to the alternative shedding of vor-
tices (visible for L/W = 0.4 at t/Thsv = 0.75 on Fig. 3).

Velocity spectra are gathered at the locations associated
with the three flow structures (Shsv, Slrz, Swake on Fig. 7)
and are plotted for L/W = 1.25 on Fig. 9. These spec-
tra allow to identify the characteristic frequencies associated
with each of the three periodic oscillations. The spectral
densities indicate a peak frequency of fwake = 0.016Hz at
Swake and a peak frequency of fhsv = 0.025Hz at Shsv.
The wake oscillation is more energetic than the HSV os-
cillation (considering the integrals of the spectral density
peaks). For Slrz, the spectral density shows a peak fre-
quency at fwake, and a smaller peak at flrz = 0.167 Hz,
which corresponds to the qualitatively observed vortex shed-
ding frequency in the lateral recirculation zone. Based on
scaling arguments and experiments, Lander et al. (2018) pre-
dict a ratio flrz/fwake = 0.18Re0.6

W = 17.21, which must
be divided by 2 in the downstream part of the recircu-

lation zone (for x/L > 0.2) because of vortex merging.
The present frequency ratio measured at x/L = 0.25 is
flrz/fwake = 10.48 and can be considered in satisfactory
agreement with 0.18Re0.6

W /2 = 8.61.
The same procedure repeated with several values of L/W

results in the evolution of the characteristic frequencies of
the three oscillation for increasing obstacle elongations (Fig.
10). HSV peak frequencies (measured at Shsv) do not vary
significantly with L/W and are in good agreement with the
correlation from Launay et al. (2017) (fhsv = 211u2.33

D ).
Wake peak frequencies (measured at Swake) give a Strouhal
number based on the obstacle width StW = fwakeW/uD ∈
[0.08, 0.10], in agreement with the Strouhal number of 0.08
found by Okajima (1982) for immersed rectangular obsta-
cles. The intensity of the wake oscillation decreases rapidly
from L/W = 0.4 to L/W = 1.5 (white squares on Fig. 11),
reaching a very low value for L/W > 2. For L/W < 1.25,
the lateral recirculation zones do not show any peak fre-
quency (at Slrz), the shear layer being too short to shed
vortices. For higher values of L/W , the lateral recirculation
zones characteristic frequency remains relatively constant,
at flrz ≈ 0.165Hz.

To conclude, each of the three flow structures (HSV,
wake and lateral recirculation zones) exhibits a proper char-
acteristic frequency which does not evolve much with W/L.
The increasing values of λ with increasing elongation is thus
not related to a change of oscillation frequency.

3.3 Interactions between the wake and the
HSV

The wake oscillation can, in the case of short obstacles,
propagate upstream and impact the dynamics of the lat-
eral zones of recirculation and the HSV. This effect is visi-
ble on the boundary layer separation saddle point position,
which spatially oscillates in front of the obstacle along the
z axis (see white symbols for L/W = 0.4 in Fig. 3) at a fre-
quency equal to 0.016Hz. This frequency differs significantly
from the HSV peak oscillation frequency fhsv = 0.025Hz but
equals the wake oscillation frequency fwake = 0.016Hz (see
Fig. 10). The transverse oscillation amplitude of this sad-
dle point (Az) is plotted on Fig. 11 as a function of L/W ,
and shows a non-negligible value (one third of the obstacle
width) for L/W = 0.4 and a rapid decrease for larger L/W
values, becoming negligible for L/W > 2. This evolution can
be explained by the combined effect, as L/W increases, of
the decreasing wake oscillation intensity (squares on Fig. 11)
and of the increasing distance separating the wake and the
HSV.

Fig. 12 shows the spatial distribution in the horizontal
plane of the oscillation intensity (colours) and direction (rod
orientation) for the two main frequencies fhsv and fwake and
for L/W = 0.4.

Those oscillation maps are obtained using the following
methodology : (i) For each measurement point, the spectral
densities (Sx and Sz) and the associated phase spectra (Φx

and Φz) are obtained by FFT (Fast Fourier Transform) for
the two horizontal velocity components vx and vz. (ii) Os-
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Figure 5: Potential flow computation on a 2D horizontal flow around a rectangular obstacle. (a) Velocity fields for
L/W = 6. (b) Same as (a) but for an obstacle adapted to encompass the measured lateral recirculation zones. (c)
measured velocity field for L/W = 6. The red line highlights one of the lateral recirculation zone.

Figure 6: Mean trajectories of vortex centers in the vertical
plane of symmetry for increasing values of L/W . For clar-
ity, mean trajectories are not presented in an orthonormal
referential but rather stretched along the y axis. Black ar-
rows indicate the vortices direction of motion. The vortex
extraction method being unable to detect vortices advected
at high velocities, the trajectories gaps are filled using the
residual vorticity (Kolář, 2007) as a vortex criterion (dotted
lines).

cillation specific energies (Jx and Jz) are obtained for each
points by integrating the spectral density (as in Fig. 9) on a
frequency interval (∆f = 0.002 Hz) around each selected fre-
quency. (iii) The corresponding phases (φx and φz) are ob-
tained on the phase spectra at the selected frequencies. (iv)
The phase shift between the two horizontal velocity compo-
nents oscillations is calculated as : φ = φx − φz. (v) The
specific energy associated with the oscillation is computed
as : J = (J2

x + J2
z )0.5. And finally, (vi) the main oscillation

direction vector ~e is computed as :

~e = 1
J

[
Jx sign(cosφ)

Jz

]
(2)

As expected, for frequency fhsv (Fig. 12a), the HSV
main oscillation is aligned along x in the upstream symme-
try plane. As the HSV rolls around the obstacle, and until
x/W = 0.5, its main oscillation direction remains roughly
oriented toward the obstacle centre. Further downstream
(x/W > 0.5), the HSV oscillation intensity decreases, due to
its interaction with the wake. The double branch formed by

Figure 7: Schematic diagram illustrating the three struc-
tures (HSV, lateral recirculation zone and wake) oscillation
directions. Shsv, Slrz and Swake are the locations where the
three structures characteristic frequencies are measured (see
Fig. 9).

the HSV at x/W ≈ 1 seems to be an effect of the HSV flap-
ping along the z axis caused by the wake oscillation (visible
on Fig. 3 for L/W = 0.4). It is unlikely that the important
oscillation intensities at frequency fhsv in the wake are the
result of the HSV oscillation and they are more probably due
to the wake frequency spreading (visible on the wake veloc-
ity spectrum in Fig. 9), the wake carrying a non-negligible
quantity of proper energy at the frequency fhsv. Finally, the
small oscillation intensities upstream from the obstacle area
in Fig. 12a indicate that the HSV influence does not travel
further upstream than x/W = −0.75.

Regarding frequency fwake (Fig. 12b), oscillation inten-
sities are globally more energetic than for fhsv. As expected,
the maximum intensity appears in the wake region, along the
transverse direction (along z). This strong oscillation zone
bypasses the obstacle toward upstream, passing through :
(i) the lateral recirculation zone (where the main oscillation
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L/W = 1.25. Red curve stands for the HSV (point Shsv),
purple curve for the lateral recirculation zone (point Slrz),
and blue curve for the wake (point Swake). Power spectral
densities are computed using the method fromWelch (1967),
with a window of 1000s (500 points). Dashed vertical lines
indicate peak frequencies. Uncertainty on the peak frequen-
cies (±0.7%) is estimated from the resolution (in Hz) of the
spectrum.

direction is streamwise), the influence of the wake on this
zone having already being observed on the spectral density
(Fig. 9) for L/W = 1.25 at point Slrz, (ii) the HSV zone,
where the oscillation direction is transverse (along z), the
wake being at the origin of the transverse oscillation of the
boundary layer separation point position (already reported
on Fig. 3 for L/W = 0.4 and Fig. 11). In conclusion, for
short obstacles (L/W < 2), the wake generates a global cir-
cular oscillation, centred around a point in the obstacle (as
indicated by grey-headed arrows on Fig. 12b) that is modi-
fied by the impact of the HSV (black arrows in Fig. 12b).

4 Conclusion
One major conclusion of this work is that each of the three
flow structures (HSV, lateral recirculation zones and wake)
exhibits a proper characteristic frequency, revealing that
they all generate perturbations independently. This indi-
cates that none of the three structures results from the per-
turbation generated by another one. Notably, the wake os-
cillation, despite its high intensity, is not responsible for the
HSV vortices dynamics (in the streamwise direction) or of
the vortex shedding in the lateral recirculation zones. The
impact of the obstacle elongation on the HSV can be sum-
marized in 4 points:

(i) As shown by potential flow computations, the increas-
ing elongation of the obstacle causes a stronger adverse
pressure gradient, leading to a precocious separation
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Figure 10: Evolution of the three main structures char-
acteristic frequencies with L/W . Red circles: HSV, Blue
squares: wake, and purple triangles: lateral recirculation
zone. Dotted line represents the wake frequency obtained
from a Strouhal number based on the water level of 0.08
(Okajima, 1982). Dashed line represents the HSV frequency
obtained using the correlation from Launay et al. (2017).

of the boundary layer.

(ii) This increase of the boundary layer separation dis-
tance affects the HSV dynamics, and affects its vor-
tices motion.

(iii) For short obstacles, the wake vortex shedding distur-
bances travel upstream and impact the HSV, lead-
ing to a global transverse oscillation. For long ob-
stacles (L/W > 2), the wake has no effect on the HSV
(Fig. 11).

(iv) The HSV coherency is rapidly damped (by the wake
for short obstacles and by the lateral recirculation zones
for long obstacles) as it wraps around the obstacle to-
wards downstream.

Both the modification of the boundary layer separation dis-
tance and of the transverse oscillation of the HSV (provoked
by the wake) should affect the bottom wall shear stress dis-
tribution. Consequently, the scouring starting point, as well
as the final bed topography may differ for two obstacles
with different elongations. For the same reason, the thermal
exchanges through the bottom wall should be affected by
the obstacle elongation. The obstacle elongation also affects
the flow structures oscillation intensities, which would im-
pact the oscillatory behavior in the case of turbo-machinery
blades. Note however that this study only investigated the
impact of the obstacle elongation for one flow configura-
tion. The other parameters of the flow (Reh, h/δ, W/h
and Fr, see Launay et al. 2017) are also expected to affect
the flow properties. Additional work would be required to
properly characterize the impact of these parameters on the
wake/HSV interactions.

Figure 11: Filled circles: Oscillation amplitude of the sepa-
ration point position along z (Az). White squares: Dimen-
sionless oscillation intensity of the wake

√
Jwake/uD, with

Jwake computed by integrating the spectrum around fwake.
Uncertainties on Az associated to the PIV measurement can
be estimated to be of ∆Az/W ± 4× 10−3.
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