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Abstract—This study aims at completing the lack of knowledge
on turbulence characteristics in high flow velocity areas like those
suitable for marine energy application. We present in this paper
the methodology used to recreate the turbulent phenomenon
existing in the Raz Blanchard by representing significant sea-
bed elements in a circulating tank.
The first set of experiment was achieved for the flow measurement
results obtained around a wall-mounted cube at Re = 2.5× 105

and Fr = 0.23, in representative in-situ conditions. These
measurements have been done for different kinds of flow from
laminar to highly turbulent (turbulence intensity rate from 3
to 15%) in both horizontal and vertical planes, using LDV and
PIV measurements. The study shows similar results for the low
turbulence intensity cases in terms of flow topology (stagnation
point, recirculation length and energetic considerations). It is
also shown that the wall-mounted cube does not create the
structures observed in-situ. Indeed, the structures of interest
here are very persistent macroturbulences that may be generated
at the sea floor and erupt at the free surface. The possibility
that these structures could be Kolk vortices is considered. In
order to recreate such phenomena, the idea of placing an
inclined floor downstream of the cube is investigated. The results
show that turbulent structures are significantly impulsed by a
6.5◦ inclined floor and rise up to 13% higher in the water
column. The question of the aspect ratio of the obstacle is also
investigated. Furthermore, numerical simulations on dune with
similar incoming flow conditions show encouraging results and
indicate the path for further experimental testing.

Index Terms—Marine energy, turbulence, experimental trial,
flow measurement

I. INTRODUCTION

The idea of harvesting energy from the sea dates back to
antiquity, however it is only recently that industrial projects
have started to emerge (see [1]). There is a strong tidal
potential in France (as described in [2]): over 20% of the
European potential is located in French water. A project of a
pilot farm was started in the Raz Blanchard (Alderney Race)
that presents currents up to 5 m/s. Surveys performed in the
Raz-Blanchard give access to the bathymetry [3] showing a
very uneven aspect with a 5 m mean variation (e.g. in situ:
Re = 2.5× 107). On the sea surface, large scale boils can be
observed and their origin remains unknown. They are visible
far from the coast and for all wave conditions, hence these
structures cannot be created by the coast only, some must
originate in the sea floor (represented in figure 1) and go up
the water column. They indicate a high turbulence rate and

seem to be the most relevant turbulent phenomenon at the sea
bottom, where turbines are meant to be installed. Turbulence
can have a major impact on the tidal turbines (on their
production and on the structural fatigue [4]), hence the origin
and characterization of the turbulence in such area is essential.

Fig. 1: Bathymetry of the English Channel with a zoom of the
Raz Blanchard area, SHOM [3]

The apparition of boils at the water surface is frequent,
mostly in estuaries or rivers ([5] & [6]). An extensive list of
the related research was made in [7]. They concluded that,
however this phenomenon was mostly studied for river cases,
it exists at sea. These structures were first described in [8]
on dunes and were named Kolk vortices, this denomination
will be used for the rest of the paper. They are horseshoe
shaped vortices that are created at the reattachment of the
recirculation zone downstream of the obstacle. Because of
the temporal turbulent pattern of the upstream flow, the
reattachment line has an intermittent behaviour [6]. The
lateral instability of the reattachment line creates highly
energetic structures that go up to the surface. The Kolk
vortices then erupt at the surface creating boils. This could
be the explanation of the large scale eddies visible at the sea
surface in the Raz Blanchard.
Kolk vortices were successfully reproduced in a tank in [9],
they were working at Re = 1.7 × 104, Fr = 0.29 and with
a ratio Dune height

depth = 1
20 which are similar conditions to

ours (except for the lower Reynolds number). Experiments
were also conducted in [10], where the impact of bathymetric
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variations (various patterns of dunes or cubes) was studied
by observing the free surface (still for lower Reynolds
number Re < 103). In [11], they considered in addition the
sediment transport, that however part of the process, will not
be considered here. Finally, we can highlight the numerical
studies [12] or [13] on oceanic dunes.
The representation of real life structures in experimental
set-ups has been extensively studied for various geometries
like dunes, cavities, cylinders, Ahmed bodies or hemispheres.
Before trying to reproduce complex structure, we chose to
introduce the topic by studying a known and simple structure:
a cube. The wall-mounted cube is a common obstacle studied
in a wind tunnel or a water tank. However, fewer were
achieved at high Reynolds number (Re > 105). We count the
studies performed in [14] at Re = 1.8 × 106 or [15] going
up to Re = 105, both in wind tunnels. The IFREMER tank
presents the advantage of achieving high Reynolds number in
water. Furthermore, sea states detailed in [4] show turbulence
intensities varying between 3% up to 15%, a range that can
also be achieved in this tank [4].
Among the first to ever characterize the flow around a
wall-mounted cube and describe its wake, we can quote
the following studies: [16] and [17]. In keeping with their
work, [15] highlighted the importance of the boundary layer
thickness δ. It is fundamental to know where the obstacle
intersects the boundary layer to characterize the incoming
stress field. The interesting effect of flow incidence on the
wake of the cube was studied in [18].
The present study is placed in a larger project that includes
numerical work and in-situ measurements. The database
established in this study has to be consistent with in-situ
measurements and the real bathymetry. This work is also
meant to create a database for numerical work ([19] &
[20]). So far, no data in conditions close enough to the Raz
Blanchard exist (i.e. consistent bathymetry, similar Froude
number and high Reynolds number (Re > 105)). Finally,
the obstacles tested in the tank should be realizable in the
numerical simulations conducted in parallel to these tests.
After presenting the experimental set-up and the incoming
flow conditions, the results on the wall-mounted cube will
be presented with maps of mean and fluctuating velocities,
energy consideration and through a frequency analysis. A
comparison between two low turbulence rate cases will be
made and more details on the degraded flow case will be
presented. Then, the presence of an inclined floor downstream
of the cube will be presented along with some of the first
numerical and experimental results.

II. EXPERIMENTAL SET-UP

The tests are carried out in the circulating flume tank of
IFREMER in Boulogne-sur-mer presented in figure 2. The
flow velocity is studied on its three instantaneous components
(U, V,W ) along the (X,Y, Z) directions (Fig. 3). The
incoming flow is assumed to be steady and uniform. Various
turbulence intensities are achievable in the tank. Turbulence

intensity TI in the incoming flow is defined in eq.1, where an
overbar indicates the time average. In this paper, the Reynolds
decomposition will be used, the instantaneous velocity equals
its mean value and a fluctuation term: U = U + u′ (in the
rest of the paper, U = Umean).

TI∞(3D) = 100

√
1
3 (u
′2 + v′2 + w′2)

U∞
2
+ V∞

2
+W∞

2 (1)

According to the experiments carried out in the same
tank [4], the natural ambient TI in the tank is 15% (this
case will be dealt with later in the paper as a degraded flow
case). By means of grid and honeycomb (that acts as a flow
straightener) placed at the inlet of the working session (see
fig. 2), lower TI can be achieved: TI = 3% using the grid
and the honeycomb and TI = 5% using only the honeycomb.
TI = 3% will be referred to as case 1a, TI = 5% as case 1b
and TI = 15% as case 2.

Fig. 2: IFREMER Flume tank (Boulogne-sur-Mer)

The flow around a the wall-mounted cube is studied (fig.
3) with dimensions chosen to be representative of the Raz
Blanchard. Its height: H = 250 mm represents the mean
bathymetric variation in the area of interest at a 1:20 scale.
The scale must be so that the Reynolds number is high and
the blockage ratio is low τ = cross section of the cube

cross section of the tank < 10%
(in order to limit the tank border effects). The current velocity
is chosen in Froude similitude considerations, in order to
respect the interaction between the sea bottom and the free
surface.

U∞
[m/s]

Rugosity
height [m]

Depth
[m] Re Fr

Raz Blanchard 5 5 40 2.5× 107 0,25
Flume tank 1 0,25 2 2.5× 105 0,23

TABLE I: in situ and experimental conditions
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Fig. 3: Representation of the cube in the tank

Fig. 4: Picture of the cube in
the tank with LDV and PIV
shooting

Two measurement tech-
niques are used in this
study, they are illustrated
on the cube in figure 4. For
both techniques, the tank
is seeded with 10 µm di-
ameter micro-particles. The
LDV (Laser Doppler Ve-
locimetry) acquisitions are
made using a 2D DANTEC
FiberFLOW system. The
probe is positioned both
horizontally ((U, V ) mea-
surements) and vertically
((U,W ) measurements) at
various streamwise posi-
tions : x/H = [−2,−1, 0, 1, 2, 3] and along the Z or Y
axis depending on the case. With LDV measurements, the
acquisition frequencies are not constant (between 15 Hz
and 30 Hz for the spanwise velocity component), a re-
sampling is done in the post processing. Based on previous
works performed in the tank ([21]), we re-sample using the
mean sample rate of the set of measurements considered.
For the PIV (Particle Image Velocimetry), a Nd-YAG laser
GEMINI-LIKE is used with a Camera FLOWSENS EO-2M
1600 pix× 1200 pix that makes double images separated by
800 µs. PIV acquisitions are made for 150s or more. The
data are post processed with the software DYNAMIC STUDIO.
To get rid of noise, the mean image is first subtracted to
all images. Then, the displacement of particles is calculated
using a Cross-Correlation and outliers are replaced with the
Universal Outlier Detection. This method uses interrogation
windows of 32 pix× 32 pix. Two configurations are used for
the PIV measurements: for horizontal planes (laser lightening
the (z/H = 0.7) plane of the fluid and camera placed above
the cube, perpendicularly to the laser plane) and for vertical
planes (laser lightening the (y = 0) plane of the fluid and
camera positioned beside the cube). The dimensions of the
planes for both cases are given in table II. For one set of
measurement, 6 to 9 measurement planes are carried out. The
experimental conditions of each set of PIV measurements are
summarised in table II.

To avoid any statistical convergence issue in LDV
measurements, the acquisition time is set to 6 minutes outside

Orientation TI(%) Plane
position

N◦ of
plane

Planes size
[mm]

Precision
[mm]

Vertical 3, 5
& 15

y/H =
0

9 350× 275
∆x = ∆z =

0.43

Horizontal 3 &
15

z/H =
0.7

6 737× 553
∆x = ∆z =

0.23

TABLE II: Sets of PIV measurements

of the wake and 4 minutes elsewhere.

As highlighted in the literature ([15] and [14]), the boundary
layer thickness δ = δ95 (calculated as U(z = δ95) = 0.95 ×
U∞) is of interest here in order to characterize the incoming
profile on the obstacle. δ is calculated upstream of the cube
at x/H = −2. For case 1a, we find δ/H = 1.3 and for case
1b, δ/H = 1.6. Free stream turbulence has the primary effect
of increasing δ (see [14]).

III. WAKE OF A WALL-MOUNTED SINGLE CUBE

The wake of the cube is studied for various incoming
conditions, TI = 3% (case 1a), TI = 5% (case 1b) and a
degraded turbulent flow (case 2) with a spatial and temporal
description.

A. Spatial characterization of the wake

1) For a low turbulence incoming flow: The flow
around an obstacle shows common characteristics for all
geometric forms. We present the streamlines in vertical PIV
measurements in figure 5(a). The various events happening
to a flow around a wall-mounted cube are listed in table
III, inspired by the work done for an hemisphere [22]. This
description is also applicable for the horizontal view in figure
5(b).

1) Development of a horseshoe vortex and apparition of the upstream
recirculation area (xus).

2) Stagnation point on the upstream face of the cube (zst).
3) Fluid acceleration.
4) Fluid separation at the leading edges of the cube.
5) Separation of the flow between the outer steady region and the recircu-

lation area downstream of the cube.
6) Shear layer (that can lead to Kelvin-Helmholtz instabilities).
7) Reattachment point (xds).

TABLE III: Description of the flow around an obstacle

The results for case 1a, in terms of mean velocities, are
presented in figure 6 and 7 1. Both the vertical and horizontal
Umean planes illustrate the description of the wake in table
III. We can see the recirculation areas (where Umean < 0) and
the transition between the recirculation area (in blue) and the
steady outer flow (in red). The spanwise velocities: Wmean

and Vmean illustrate the same process. In the incoming flow,
the average spanwise velocity is zero and it increases or
decreases around the recirculation area. This can be observed

1The white parts are area where the laser light was not powerful enough
for the camera to detect particles
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(a) Streamlines at (case 1a), vertical field

(b) Streamlines (case 1a), horizontal field

Fig. 5: Streamlines at TI = 3% (case 1a), different views

in figure 7(b): along x = 2H , Vmean = 0 at y/H = 1.5
in the outer region. The fluid is then directed towards the
recirculation area (see fig. 5(b)), it causes a deficit in the
spanwise velocity: Vmean < 0. When the fluid reaches
y/H = 0, between the two contra-rotating vortices (see fig.
5(b)), Vmean = 0. The same phenomenon happens backwards
when y/H decreases below 0.

(a) Umean, (case 1a)

(b) Wmean, (case 1a)

Fig. 6: Mean speed, case 1a (TI = 3%), vertical field

(a) Umean, (case 1a)

(b) Vmean, (case 1a)

Fig. 7: Mean speed, case 1a (TI = 3%), horizontal field

The stress tensor’s components are calculated as τuu = u′u′

U2
∞

,

τvv = v′v′

U2
∞

and τww = w′w′

U2
∞

for the diagonal terms and the

shear terms are: τuv = u′v′

U2
∞

, τvw = v′w′

U2
∞

and τuw = u′w′

U2
∞

.
Maps of the Reynolds shear stress (τuw and τuv) are provided
in figures 8 and 9. This quantity illustrates the shift between
the steady flow and the recirculation zones where the energy
is dissipated by turbulent agitation. In figure 8, τuw > 0 (in
red in the map) at the leading edge of the cube, it indicates
the wake separation. Downstream, τuw decreases (in blue in
the map) when the shear increases. The same phenomenon
can be observed in figure 9: τuv > 0 at the top leading edge
of the cube. Then τuv decreases. With a perfect symmetry,
but different signs: τuv < 0 at the bottom leading edge of
the cube and then increases. The opposition of the signs is
an indication of the counter-rotating vortices existing in the
wake of the cube (see fig. 5(b)). The absolute value of the
Reynolds shear stress increases up to the reattachment point
(x/H = 1.9) and then decreases. The Reynolds shear stress
maps allow to see the extend of the wake of the cube. It is
clear in figures 8 and 9 that the measurements do not go far
enough to conclude on the streamwise extend of the wake.
In [14], they showed that the wake of a cube in a turbulent
flow can go up to x/H = 10 which is far from what we are
presenting here.

2) Comparison with a higher turbulence level case: Ex-
periments with the same experimental set-up are conducted
for the case 1b. The flow behaviour in cases 1a and 1b
is very similar as illustrated in figure 10. As mentioned
before, there are three recirculation areas on the wake of a
cube: one upstream (xus), one on the top (xtop) and one
downstream (xds). For the cases 1a and 1b, we find the same
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Fig. 8: τuw (case 1a), vertical field

Fig. 9: τuv (case 1a), horizontal field

reattachment point locations: xus/H = −0.7, xtop/H = 0.4
and xds/H = 1.9 (this last result is similar to the 1.9 found
in [14] for Re = 1.8×106 in air). The stagnation point on the
frontal face of the cube zst is also located at the same location
for both cases: zst/H = 0.7. These results are consistent with
the conclusions in [14] of zst/H = 0.65. The independence of
xds with changing incoming turbulence intensity are validated
by both [14] and our results. Furthermore, for experiments at
Re ∼ 104 ([16]), the results stay similar: xds seems to also
be independent of the incoming Reynolds number (as long as
Re > 104). In addition, it was found in [15] that, for high Re

(Re > 4000), the turbulent flow achieves a certain Reynold
number independence, thus the results found in a tank for
Re = 2.5 × 105 should be applicable in the Raz Blanchard
case (Re = 2.5× 107) as well. Nevertheless, the same studies
have highlighted that incoming turbulence has an impact on
the length of the wake of the cube, quantity that is not studied
here.

Fig. 10: Streamlines at TI = 5% (case 1b), vertical PIV field

Using the mean streamwise velocity PIV measurements, we
calculate the area of influence of the cube in the spanwise
direction of the flow: yi and zi. The calculation are conducted

in a similar way to the boundary layer calculations (i.e.
Uz=zi = 0.95 ·U∞) and at x/H = 2 . The results are similar
for both 1a and 1b cases: zi,1/H = 1.5, and in the Y direction
(case 1a): yi,1/H = 1.2. These values are in the range of what
can be found in the literature.
Some differences between the low turbulence cases are noticed
whilst looking at the PIV maps of mean velocities. A more
extensive analysis allows us to refine the comparison. As
expected, the values of τuu, τvv and τww are higher in the
undisturbed incoming flow in case 1b. The main area of
interest is the wake of the cube and the TI impact on the
flow behaviour past the obstacle. The mean velocities maps
show that the wake in case 1b is thinner and shorter. To
have a better understanding of the differences between both
cases, we look at the average Reynolds shear stress profiles:
τuw at x/H = 1 and x/H = 3 presented in figure 11.
Underneath the strong shear layer (as can be seen in figure
8 for z/H < 0.5), τuw is stronger for case 1b. However,
even though the peak occurs at the same altitude for both
positions, it is weaker for case 1b. Furthermore, at (x/H = 3,
z/H = 1.5), τuw(1a) ∼ 2 × τuw(1b). This illustrates the
thinning of the shear layer at higher turbulence intensity:
the wake of the cube dissipates faster when the incoming
turbulence increases.

Fig. 11: τuw for case 1a (solid line) and case 1b (dashed line)
at x/H = 1 (blue) and x/H = 3 (orange)

3) Case of a degraded incoming flow: As mentioned earlier,
the natural state of the flow in the tank (i.e. without honeycomb
nor grid) has a TI = 15%. The flow also presents all scales
of eddies including some large scale recirculations (around the
size of the working section in the tank). It causes the apparition
of a 15◦ incidence angle on the incoming flow on the studied
area (around the cube)2 visible in figure 12. It is assumed that,
even if it might not be the case on the whole tank, the state
of the flow is preserved on the limited studied area around the
cube. Hence, the specific case of TI = 15% (case 2) will be
considered as a degraded flow, closer to a real in-situ case.

Figure 13 presents the map of Umean. The wake behind
the cube has a different aspect than for cases 1a and 1b

2This angle does not exist for cases 1a and 1b since the honeycomb
straightens the flow.
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Fig. 12: Streamlines (TI = 15%), horizontal field

(the wake was drop shaped, see fig. 7(a)). The flow around
a wall-mounted cube at incidence was studied in [18] and
[23]. Their studies, although at lower Reynolds number
(Re ≈ 104) and lower turbulence rate (under 1%), showed
that the downstream aspect of the wake of the cube changes
considerably depending on the incidence. Both showed that
the drop shape of the cube’s wake at α = 0◦ disappears at
α = 15◦. At α = 0◦, the recirculation zones on the sides
stand out from the recirculation zone downstream of the cube.
However, when α increases, both begin interacting, which
gives the wake observable in figure 13. Our results illustrate
that the impact of the incidence angle on the wake has a
certain turbulence rate independence.

Fig. 13: Umean, (TI = 15%), horizontal field

Using similar considerations plus a 15◦ projection on the
axis of the flow, the calculations give xds/H∗ = 1.4. H∗ is
the projected area of the cube: H∗ = H

√
2 · cos(45 − α◦).

However, since the wake no longer is drop shape, it would
be more interesting to look at the width wds rather than the
length of the recirculation area downstream of the cube. In
this paper, wds is calculated for z/H = 0.7 and is defined
as the area where Umean < 0. For case 1a, wds/H = 1.1 at
x/H = 1 (where the wake is the widest). For case 2, we find
wds/H

∗ = 1.2. wds is calculated at a distance H from the
centre of the projected impact surface of the cube. The wake
is then slightly wider for the degraded flow.
At x/H = 3 and y/H = 0, in figure 13, we find
Umean ∼ U∞/2. But, for case 1a, in figure 7(a),
Umean < U∞/2. Hence, in case 2 the flow reforms
faster than in case 1a, the wake behind the cube is then

shorter. It is mostly caused by the incidence since similar
results can be found in [23] where, for similar incoming
conditions, the recirculation zone weakens when α increases.
This could also be explained by the fact that, in a highly
turbulent flow, the wake dissipates faster.

B. Time series analysis

In this section, the LDV measurements are used. Indeed,
LDV acquisitions are made for long acquisition time worth
high acquisition frequencies up to 100 Hz, whereas PIV
measurements are at fixed acquisition frequency of 15 Hz.
The PSD plotted against the Strouhal number (St =

fH
U∞

) are
presented in figure 14(a) upstream of the cube (x/H = −2)
and in figure 14(b) downstream of the cube (x/H = 2)
both at : y/H = 0 and z/H = 0.75. These curves are
compared with the −5/3 decreasing slope of the Kolmogorov
theory describing the conservation of energy between the
production and dissipation scales. The PSD spectra of each
case obey the −5/3 law for different frequency ranges:
[St = 1.5;St = 10] for case 1a, [St = 0.4;St = 3] for
case 1b and [St = 0.3;St = 2] for case 2. It appears that
the frequency range of energy conservation described by
Kolmogorov decreases for increasing turbulence intensity.
Another interesting aspect is the clear difference of the PSD
spectra upstream and downstream of the cube. Upstream,
the amplitude is proportional to the turbulence intensity, the
incoming flow governs the global behaviour. Downstream,
all PSD spectra overlap. The amplitude increase is caused by
the turbulence intensity increase: in the wake of the cube,
the agitation is such that fluctuating velocities are higher.
The overlapping of all three spectra indicates that the flow is
governed by the wake of the cube. This is a clear illustration
of the impact of a wall-mounted cube in a turbulent flow.

The PSD spectra for the spanwise fluctuating velocity v′

is shown in figure 15 upstream (x/H = 2) and downstream
(x/H = −2, y/H = 0 and z/H = 0.75). Looking at the
spanwise velocity rather than the streamwise velocities better
reveals the vortices passing and allows to bring out a peak at
St = 0.09. This is a common value in the literature ([24], [25],
[16] and [14]) which usually indicates the shedding of vortices
in the flow (see fig. 5(a) and table III). On the whole domain,
it is clearly marked for case 1a, less for case 1b and can no
longer be seen for case 2 (using the Fast Fourier Transform
and with the measurement planes available here). Increasing
the turbulence causes dissipation through particular agitation
that hides the vortex shedding phenomenon. Furthermore,
the observation of the vortex shedding frequency can be a
way of estimating the area of influence of the cube. Maps
of dominating St against y or z are produced and a new
evaluation of the zone of influence of the cube is made.
We find that for both cases 1a and 1b: yi,2/H = 2 and
zi,2/H = 1.5. These results are higher than the one obtained
with the considerations on Umean.
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(a) PSD of u′ upstream of the cube (x/H = −2, y/H = 0 and
z/H = 0.75)

(b) PSD of u′ downstream of the cube (x/H = 2, y/H = 0 and
z/H = 0.75)

Fig. 14: Influence of the cube on the PSD of u′ at different
TI . Dotted line is a −5/3 slope.

In section III, experiments on a wall-mounted cube were
performed at Re = 2.5·105 and Fr = 0.23. The results, for all
three types of incoming flows were consistent with the results
found in the literature. The cube is a good introduction to the
turbulence characterization project since it helps defining the
incoming conditions in the tank and developing analysis tools.
The conclusions on the impact of turbulence on the wake of the
cube will be used for conclusions in the future experiments.
However, no structure were persistent enough to go up the
water column and to create a perturbation on the free surface
in the tank. Other experiments on sequences of obstacles
can be found in the literature. For example, [26] studied
complete canopies. However, the Reynolds number was lower,
no turbulent structure going high enough was detected. Neither
the wall-mounted cube alone nor sequences of cubes allow to
characterize the turbulence in the Raz Blanchard; a new type
of experiment needs to be achieved.

Fig. 15: Observation of the shedding frequency on the power
spectrum density of v′, upstream (x/H = −2) and down-
stream (x/H = 2) of the cube. Dots indicate St = 0.09.

IV. NEW EXPERIMENTAL SET UP

A. Description of the phenomenon

As explained in the introduction part, some particular tur-
bulent structures can create boils at the sea surface, these
structures are called Kolk vortices. It is likely that such
phenomena occur in the Raz-Blanchard and their existence
could give information about the topology of the flow in-situ.
In [10], it is explained that Kolk vortices are caused by the
flow separation occurring at the upstream edge of the first
dune. They originate at the reattachment line on the crest of
the following dune (see figure 16). Due to the turbulent aspect
of the incoming flow, the intermittency of the reattachment
point causes the development of a 3D structure: a horseshoe
vortex that is highly energetic and rises up to the free surface.

Fig. 16: Apparition of Kolk Vortices and boils from [10]

Based on the bibliographic work, the rise of the Kolk
vortex seems to be caused by the existence of a reattachment
line behind obstacles with high aspect ratio (AR = width

height )
like dunes and the fact that the flow reattaches on a inclined
surface (from 2◦ to 5◦). Unlike the wall-mounted cube, on
structure with higher AR, the side vortices have less influence
on the recirculating region. In [17], it was found that for
AR > 6, a 2D region exists downstream of the obstacle and
the reattachment becomes a line.
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B. Slope impact behind low AR obstacles

When studying the example of Kolk vortices, two
phenomena are identified in the production of persistent
vortices: the presence of an inclined surface downstream of
the obstacle and the high AR of the dune shaped obstacle.
It might be possible that the simple existence of an inclined
floor downstream of any obstacle could impulse coherent
turbulent structures to the free-surface.

Fig. 17: Representation of the
cube and the 6.5◦ inclined floor
in the tank

Experimental tests
are carried out with
the same wall-mounted
cube and experimental
conditions (U∞ = 1m/s
and TI = 3%). A 1.2 m
wide 6.5◦ inclined floor
is installed downstream
of the cube (see fig. 17).
The 6 PIV measurement
planes have a spatial
discretization of 0.26 mm
in both directions. The
camera acquires 2250
double images separated
by 800 µm at fe = 15 Hz.
The previous configuration (cube alone) is referred to as case
1a and the present one (cube with a 6.5◦ inclined floor) as
case 1aslope.

Figure 18 illustrates that the inclined floor has a strong
impact on the form of the recirculation region (compared to
the case 1a in figure 5(a)). It gives an impulsion to the flow
that causes the appearance of a region where Wmean > 0
at the bottom of the recirculation zone (x/H = 1.7 and
z/H ∈ [0.2; 0.7]) and a stagnation point appears at x/H =
1.7, z/H = 0.7. As a preliminary analysis, the product of the
instantaneous fluctuating velocity components u′w′ is plotted
in figure 19 at four different points3 : A

(
2.3
1.4

)
B
(

3
1.4

)
C
(
2.3
1.8

)
D
(

3
1.8

)
(see fig. 18). Figure 19 shows that the fluctuations are

higher for case 1aslope: |u′w′|max = 4 · 10−2 m2/s2 in case
1aslope and |u′w′|max = 2.5 · 10−2 m2/s2 in case 1a. In
case 1a, only points A&B see the highly turbulent wake of
the obstacle, the signals for points C&D show undisturbed
flow (|u′w′|C&D < 1 · 10−3 m2/s2). However, in case
1aslope, C&D see higher velocities fluctuations: |u′w′|C&D >
1 · 10−2 m2/s2. It illustrates how the turbulent structures
created by the cube presence are impulsed higher into the
water column by the inclined floor.

In figure 20, the most significant ejection type event
(u′ < 0 and w′ > 0) was selected. For both cases, w′ is
plotted for an observation window represented in figure 18.
It is observed that each w′ > 0 event (red) is preceded by a
w′ < 0 event (blue). It is in agreement with the results in

3In
(x/H
z/H

)
coordinates

Fig. 18: Streamlines for case 1aslope. Rectangle represents the
observation window for fig. 20 and points A B C D for fig.
19

(a) Case 1a

(b) Case 1aslope

Fig. 19: Signals of u′w′ (PIV measurements) for t ∈ [0; 75] s

[6]: ”as low-momentum fluid is ejected away from the bed,
fluid from higher in the flow is induced to move towards
the bed in order to satisfy continuity.”. Figure 20 illustrates
once more that the ejection is stronger (w′1aslope

> w′1a) at
its maximal value when impulsed by an inclined floor. The
turbulent structures reach higher altitudes when impulsed. A
13% increase is measured for in case 1aslope (zi/H = 1.7)
compared to the case 1a (zi/H = 1.5).

Hence, the existence of an 6.5◦ inclined floor behind the
cube has a major impact on the wake of the cube. It changes
the form of the recirculation area, the flow is redirected
towards the free surface rather than the bottom and it causes
the apparition of a stagnation point at z/H = 0.7. It also
impacts the propagation of coherent turbulent structures that
reach higher location in the water column (up to 13% higher).
It is shown that the inclined floor is partly responsible for the
rise of vortices. However, in this set of experiments, no boils
are observed at the free surface.

C. Slope impact behind high AR obstacles

Kolk vortices have been exclusively observed behind
obstacles with high AR such as dunes. The slope effect of the

8



Fig. 20: Maps of consecutive instantaneous w′ during 8s,
x/H ∈ [2.2, 3.2], z/H ∈ [1.3, 2.2]. Case 1a (left) and case
1aslope (right)

dune on the creation of Kolk vortices is investigated with the
use of a numerical model developed on TELEMAC 3D [20].
A simple case on dunes is computed for U∞ = 0.57 m/s
and TI = 15%. The ratio Dune height

Depth = 1
4 is consistent with

the literature on Kolk vortices. The spanwise vorticity field is
presented in figure 21. It shows vortices that go up to twice
the dune height behind the dune. The first simulations on
simple dune cases give some very persistent structures that
rise up to the free surface. These are encouraging results and
the model will continue to be developed to extend the results
presented here to real-life cases. In parallel, we shall develop
an experimental set up to re-create these structures behind
high AR obstacles with an inclined floor downstream. The

experimental work carried out in the tank should be then
considered as a database for validation of the numerical model.

Fig. 21: Simulation on dunes with a 5◦ slope, Re = 3.3×105

and Fr = 0.23. Isosurfaces of the spanwise vorticity field.
[20]

So far, thanks to experimental results, simple observations
on the average velocity and the vorticity fields were made.
More evolved techniques for the observation of the free surface
(techniques developed in [10]) can be used. Also, a more
extensive frequency analysis should be done since it was
proven that the frequency of Kolk vortices is lower than the
vortex shedding frequency ([9]). These techniques will support
the identification of roughness-free-surface interactions.

V. CONCLUSION

In order to understand the turbulence phenomena existing
in the Raz-Blanchard, elements of the real bathymetry
were experimented. First, the case of a wall-mounted cube,
representing the mean bathymetric variation encountered in
this area, has been investigated. The experiments have been
carried out at Re = 2.5× 105 and Fr = 0.23 and for various
turbulence level. Results show that, for low turbulence levels
(TI = 3% and TI = 5%), the flow around the obstacle has
similar behaviour: the cube has an influence of 1.5H on
the external flow and the downstream reattachment point is
located at x/H = 1.9 in both cases. Experimental results
were similar to the literature. These results and those found
in the literature have then been compared to a degraded case
with an incoming TI = 15% and a 15◦ incidence angle.
Finally, a time series on lower TI analysis revealed the
vortex shedding frequency at St = 0.09 which is a typical
value extensively present in the literature.
In-situ, large boils can be observed at the sea surface. Such
boils could be caused by large-scale turbulent events that
originate at the sea bottom. One of the possible explanation
found in the literature are Kolk vortices created by large-scale
dunes at the sea bottom. The problem is separated into
two parts: the inclined floor downstream of the obstacle
and the large aspect ratio of the dunes. In order to recreate
more realistic structures, a way of impulsing the turbulent
structures higher into the water column was proposed. A 6.5◦

inclined floor has been installed downstream of the cube for
the same upstream conditions. It was found that a stagnation
point appears in the wake of the cube, on the limit of the
recirculation region. It causes ejection events to be observed
13% higher in the water column then those observed without
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the inclined floor. The case of dune was then investigated
numerically and give qualitatively similar behaviour of very
persistent turbulent structures in the wake of the obstacle.
An obstacle with high aspect ratio will be tested in the tank
and the influence of the slope of the inclined floor and the
incoming turbulence intensity will be investigated.
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