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Abstract :   
 
In high flow velocity areas like those suitable for marine energy application, bathymetry variations create strong 
velocity fluctuations in the water column. It is therefore essential to characterize the turbulence evolution in the 
wake of seabed elements which may impact the loads on tidal turbines. For that purpose, experiments are 
carried out in a flume tank with Re as high as achievable in Froude similitude, with bathymetry variations 
experimentally represented with various wall-mounted square elements of height H: a cylinder or a cube as 
unitary obstacles and combinations of these elements followed by an inclined floor to resemble smooth 
bathymetry changes. The onset flow is a simple boundary layer profile with height 1.3 H and a low turbulence 
intensity. PIV and LDV measurements are used to investigate the wake past all test cases in order to distinguish 
high floor elevation cases (unitary obstacles) from mean roughness effect (obstacle combinations). Results 
show that the obstacle combinations produce a wake less extended than for a single wide cylinder that 
produces an extended wake and very energetic turbulent events. With a single cube, no downstream 
development of large turbulent events exist and the wake reduces by a factor of 3 compared to the wake 
cylinder case. An inclined floor downstream of a single wall-mounted obstacle reduces its wake length but does 
not alter the turbulent structures shed. Turbulent velocity profiles extracted from every wake topology 
investigated are also compared. The general conclusion is that: for small aspect ratio cases, the obstacle will 
not affect the water column. On the contrary, strong energetic turbulent events are emitted from large aspect 
ratio obstacles. Combinations cases stand in-between. 
 
 

Highlights 

► Tests are carried out on wall-mounted seabed elements in Froude similitude with high Reynolds number. ► 
PIV measurements are performed in vertical measurement planes and spatial analyses are performed. ► POD 
analysis and center detection allow to study the vortices behaviour. 
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for small aspect ratio cases, the obstacle will not affect the water column.
On the contrary, strong energetic turbulent events are emitted from large
aspect ratio obstacles. Combinations cases stand in-between.

Keywords: Turbulence, Experimental trials, wall-mounted obstacles, PIV,
LDV, marine energy

Nomenclature and Abbreviations

AR Aspect ratio
δ Boundary layer thickness
δz Boundary layer in the wake
De Water depth
fe Sampling frequency
Fr Froude number
g Gravity
H Rugosity height
Hin−situ In-situ obstacle height
I Turbulence intensity
l Recirculation length
ν Kinematic viscosity of water
S Stagnation point
σ Standard deviation
St Strouhal number
τuw Time-average Reynolds shear stress
U Instantaneous streamwise velocity

U Time-average streamwise velocity
u′ Fluctuating streamwise velocity
Uin−situ In-situ streamwise velocity
U∞ Upstream time-average streamwise velocity
V Instantaneous transverse velocity

V Time-average transverse velocity
v′ Fluctuating transverse velocity
W Instantaneous vertical velocity

W Time-average vertical velocity
w′ Fluctuating vertical velocity
x Streamwise position
y Transverse position
y0 Symmetry plane: y∗ = 0
y1 Transverse plane: y∗ = 1
y2 Transverse plane: y∗ = 2
z Vertical position
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1. Introduction

French waters are one of the largest tidal potential where industrial
projects have started to emerge: it represents 25 % of the European po-
tential [EDF (2010)]. In the Alderney Race, the flow presents currents up
to Uinsitu = 5 m/s. In this kind of area, bathymetric variations are caus-
ing a high turbulence rate in the water column [Myers and Bahaj (2005)]
and some very energetic turbulent events can rise up to the surface [Best
(2005)]. Velocity fluctuations can have a major impact on the tidal turbines
behaviour, on their production [Duràn Medina et al. (2017); Mycek et al.
(2014)] and on the structural fatigue [Gaurier et al. (2013)]. It is therefore
essential to characterize this kind of flow.

(a) Depth (colormap in m) in
a 400 m × 1000 m area in the
Alderney-Race. Axes are latitude
(X-axis) and longitude (Y-axis)
expressed in m

(b) Bottom elevation profiles at two
locations in latitude and longitude

Figure 1: Bathymetry of the Alderney Race area [SHOM (2015)] where the mean flow
direction is indicated with the white arrow.

Figure 1 illustrates bathymetry variations profiles in a ∼ 400 m×1000 m
area of interest for tidal turbine application where three topology types can
be identified. First, these profiles show an average bottom roughness with
variations lower than 5 m (two bottom profiles in figure 1(b)) which can
be experimentally represented with a combination of wall-mounted obsta-
cles. Then, in some cases, high altitudes are detected, with an elevation of
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∼ 10 m (two top profiles in figure 1(b)). These cases can be experimentally
represented by unitary wall-mounted obstacles. Finally, in the top latitude
profiles, smooth depth variations are visible. It will also be investigated
through experimentations using floor inclination variations downstream of
wall-mounted cubic elements.

Flow behaviour over bottom roughness i.e a combination of wall-mounted
elements over large surfaces, has been extensively described in the literature,
like in [Florens et al. (2013); Singh et al. (2016)]. A review on rough walls
has been lead by [Jiménez (2004)] and the different behaviour between 2D
and 3D roughness types is experimentally studied in [Volino et al. (2009)]
at Re ∼ 5× 104 based on the roughness height. However these studies focus
on the boundary layer development and not specifically on the wake past
finite combination of obstacles. The combination of two or three identical
wall-mounted elements has been studied, for example, in [Sakamoto and
Haniu (1988); Martinuzzi and Havel (2000); Paik et al. (2009)]. They ex-
perimentally studied the impact on the wake of the spacing of two cubes
or cylinders and showed a shift in the wake behaviour depending on the
spacing. Nevertheless, the analysis of the combination of small amount of
obstacles of various aspect ratios is rare in the literature.

In some areas, bathymetry shows an obstacle significantly higher than
its neighbours (figure 1). Such obstacles can be experimentally represented
with a unitary element: a single wall-mounted square obstacle like a cube
or a cylinder. The wall-mounted cube is a common obstacle studied in wind
tunnels or water tanks. [Hussein and Martinuzzi (1996); Martinuzzi and
Tropea (1993)] are among the firsts to characterize the flow around a wall-
mounted cube and to describe its wake. We also count the studies performed
by [Castro and Robins (1977)] going up to Re = 105 or Hearst et al. [Hearst
et al. (2016)] at Re = 1.8× 106. Previous works [Ikhennicheu et al. (2018a)]
also detailed the wake past a wall-mounted cube at high Reynolds number
Re = 2.5×105. The effect of the addition of an inclined floor downstream of
the cube has also been studied [Ikhennicheu et al. (2018a,b)]. Experimental
results show that turbulent structures are impulsed higher than the simple
floor translation, even if the floor inclination does not have an impact on
the nature of turbulent structure emitted from the obstacle wake.

The impact of the aspect ratio (AR = Width/Height) on the obstacle
wake, has been experimentally studied by [Schofield and Logan (1990); Dia-
bil et al. (2017); Martinuzzi and Tropea (1993)]. The latest, through experi-
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mental analysis, found that for AR = 6, the recirculation region downstream
of the obstacle switches from a 3D aspect to a nominally 2D aspect. The
aspect ratio impact on the wake development has also been investigated
in [Ikhennicheu et al. (2018b)], showing that for an aspect ratio 7 times
superior, the recirculation length triples and large coherent structures are
detected in the wake.

The case of AR =∞ is a classical example of a 2D obstacle in the liter-
ature [Castro (1979); Liu et al. (2008)]. The latest characterized the wake
of a rib at Re ∼ 1.5× 104. They found that at x/H = 15.75 downstream of
the obstacle, the streamwise velocity is not fully recovered. However, at this
location behind a 3D wall-mounted cube [Hearst et al. (2016)], the wake of
the obstacle is fully dissipated as the wake is less impacted by side effect
and thus extends. Finally, the experimental works of [Wang et al. (2009)]
offer a topology of the fluid past a rib at Re = 2.2 × 104. However, few
studies focus on the wake development of finite length square cylinder cases.
Obstacle material is also of interest, especially the obstacle surface rough-
ness. [Choi et al. (2008); Beratlis et al. (2018)] discuss the effects of the
surface-roughness on the mean flow past bluff bodies and bumps (respec-
tively). They show that the drag coefficient reaches a minimum value at
a critical Reynolds number that decreases with increasing roughness. That
aspect is not investigated in the present work where only smooth obstacles
are investigated.

Few of the studies exposed in this bibliographic review present cases with
Re > 105. The Reynolds number, based on Hinsitu and Uinsitu is substan-
tially high: Re,insitu = HinsituUinsitu/ν = 2.5 × 107, with Hin−situ ∼ 5 m
and ν the kinematic viscosity of water. It is generally assumed that, for
Re > 4× 104, the turbulent flow achieves a certain Reynolds number inde-
pendency as found by [Castro and Robins (1977)]. However, that conclu-
sion has been questioned in [Lim et al. (2007)] where it is explained that
for vortex-dominated flows, mean flow is likely to be Re-dependent. Hence,
there is a necessity to extend the existing database for marine energy applica-
tion through high Reynolds number experiments. The present experiments
are carried out at Re = 2.5 × 105, although 100 times lower than in-situ
conditions, it offers a new set of results on high Reynolds number flows ex-
periments.

In the present study, the wake past various wall-mounted cubic elements
in a high Reynolds number flow is studied in order to elucidate the obsta-
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cles wake extension and the vortex structures emission in the water column.
First, the experimental set-up and velocimetry techniques are described.
Bathymetry is divided into two main experimental representations. First,
the description of the flow around unitary wall-mounted obstacle with low
and large aspect ratios along with floor inclination variations is proposed.
Then, the case of wall-mounted elements combinations representative of av-
erage bottom roughness is investigated. Their impact on the flow is analysed
through spatial and spectral analysis. Finally, a discussion is proposed on
the velocity profiles generated by the different wall-mounted elements likely
to impact the tidal turbines.

2. Experimental set-up

2.1. The Ifremer circulating tank

Tests are carried out in the wave and current circulating flume tank of
Ifremer located in Boulogne-sur-Mer (France) presented in figure 2. The
incoming flow is assumed to be steady and constant. The test section is
18 m long × 4 m wide × 2 m deep. By means of a grid combined with
a honeycomb (that acts as a flow straightener) placed at the inlet of the
working section (see figure 3(a)), a low turbulent intensity of I = 1.5 %
is achieved. In this work, the three instantaneous velocity components are
denoted (U, V,W ) along the (x, y, z) directions respectively (figure 3(a)).

Figure 2: Ifremer Flume tank in Boulogne-sur-Mer.
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Figure 3: Schematic view of an obstacle in the wave and current circulating tank of
Ifremer (left) and U profile 1.5 H upstream of the first obstacle with standard deviation
for I = 1.5 % (right).

Using the Reynolds decomposition, each instantaneous velocity compo-
nent is separated into a mean value and a fluctuation part: U(X, t) =
U(X) + u′(X, t), where an overbar indicates the time average. In the
following, the denoted Reynolds shear stress component corresponds to
τuw = u′w′. Non dimensional lengths are used for all parameters indexed by
∗: x∗ = x/H, for instance, with H the obstacle height. The velocity profile
upstream of the obstacle is illustrated in figure 3(b). The boundary layer
height δ∗ is calculated as δ∗95 = z∗(U = 0.95× U∞) = 1.3.

U∞ Rugosity height Depth Re = Fr =

[m/s] H [m] De [m] HU∞
ν

U∞√
gDe

Alderney Race 5 5 40 2.5× 107 0,25

Flume tank 1 0,25 2 2.5× 105 0,23

Table 1: In situ and experimental conditions.

The experimental conditions are summed up in table 1. In order to
consider turbulent events interaction with the free surface, experiments are
achieved in Froude similitude Fr with g the gravity and De the water depth.
Furthermore, Reynolds number must be as high as achievable to be closer
to real conditions. It is also required to have a low (< 10%) blockage ratio
(obstacle frontal surface/tank section) in order to limit the tank side effects
on the obstacle wake. Hence, for both cases of bottom roughness and uni-
tary obstacles, we consider, to represent the average bathymetry elevation,
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obstacles with a H = 0.25 m height.

In some cases, the seabed can present smooth depth variations. An av-
erage elevation of 12 m over 105 m can be measured in figure 1(b). This
kind of elevation is experimentally reproduced with a 3 m long ×3 m wide
plane with an inclination of 6.5◦ in order to study the floor inclination effect
on the wake behaviour.

2.2. Test cases

The square wall-mounted elements representative of in-situ obstacles in-
vestigated here are represented in figure 4 and additional top and side view
are available in appendix. They are all made of plexiglas with no wall rough-
ness and different aspect ratios are considered, representing various marine
bathymetry variations. In order to elucidate the obstacle(s) wake devel-
opment in the water column and to identify the emission and generation
mechanism of vortex structure, six test cases are considered in this study: a
cube and a cylinder alone in the flow, a combination of a cube followed by
a cylinder, a cube and a cylinder followed by an inclined floor, and finally
a cylinder followed by two cubes followed by a cylinder (respectively illus-
trated in figure 4).

Origin is set at the middle of the most downstream obstacle. Obsta-
cles are disposed symmetrically around y∗ = 0. Nomenclature is chosen
as follows. Cn indicates a wall-mounted square obstacle (i.e. a cube or a
cylinder), with n the aspect ratio: AR = width/length. Sm indicates the
inclined floor with m the inclination angle: m = 6 for a 6.5◦ angle. Cnd

∗Sm
is a combination of obstacles where d∗ is the spacing between consecutive
obstacles, when d∗ = 0, nothing is indicated. A square exponent indicates
that two identical obstacles are disposed in the transverse direction. Hence,
case C1S6 is a cube directly followed by an inclined floor. Case C31C

2
11C2

is a cylinder of AR = 3 spaced by H from two cubes spaced by H from a
cylinder of AR = 2.

Cases C1 and C7 are chosen as reference cases in order to describe the
wake over canonical cases. C12C6 is chosen to study the effect of the addition
of an upstream perturbation on the cylinder wake development. The spacing
is chosen to be the most critical for the cylinder wake development. Based
on the works of [Martinuzzi and Havel (2000)], an intermediate spacing of
2 H is chosen. Case C31C

2
11C2 is a more complex case, different obstacles
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are selected to represent a random bathymetry variation and spacing is the
same between each row in order to have a similar interaction between each
row.

(a) C1 (b) C7 (c) C12C6

(d) C1S6 (e) C7S6 (f) C31C2
11C2

Figure 4: Schematic representation of obstacles combinations studied. (a) and (b) repre-
sent steep elevations, (c) and (f) average bottom roughness and (d) and (e) steep elevation
with smooth depth variation.

2.3. PIV & LDV

Figure 5: Pictures of obstacles in the tank. (left) the cylinder lighted with PIV laser sheet.
(right) the cube lighted with PIV laser sheet and LDV laser beams.

Two Laser Velocimetry techniques are used to characterize the flow:
LDV (Laser Doppler Velocimetry) and PIV (Particle Image Velocimetry):
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see figure 5. Beforehand, the tank is seeded with 10 µm diameter silver
coated glass particles. For the PIV measurements, a Nd-yag Laser Gemini-
Like is used: power is 200 mJ per probe and wavelength is 532 mm. It
is synchronized with a Camera FlowSens EO-2M 1600pix× 1200pix that
makes double images with a time step of 800 µs for test cases C1 and C1S6
and 1600 µs for every other test cases. Indeed, narrow angle lens are used
for cases C1 and C1S6 and wide angle lens for the rest and different focal
requires a different time step. In these conditions, a particle is detected on
3 to 5 pixels, cross-correlation peak intensity is between 0.3 and 0.8 and
peak detectability [Adrian and Westerweel (2011)] is 8 in average. PIV ac-
quisitions are made for 150 s, with a 15 Hz acquisition frequency hence
2250 double images are acquired for all cases. The data are post processed
with Dynamic Studio. Particles displacement is calculated using a Cross-
Correlation [Meinhart et al. (1993)]. Outliers are then replaced with the
Universal Outlier Detection [Westerweel and Scarano (2005)], example and
precisions on that method can be found in [Ikhennicheu et al. (2019b)].
PIV measurements are carried out at various transverse positions: y∗ = 0,
y∗ = 1 and y∗ = 2 (denoted y0, y1 and y2 respectively) represented in figure
6. The laser lightens the (y∗ = 0, 1, 2) plane and the camera is positioned
perpendicularly to the flow, next to the tank window. The camera is then
moved for each measurement plane. Position of PIV planes depends on the
wake topology. A list of PIV planes performed with measurements spatial
discretization are summed up in table 2 and PIV measurement planes are
illustrated in figure 7.

Figure 6: PIV measurements planes locations with y∗ = 0 the symmetry plane.

The LDV measurements are made using a 2D DANTEC FiberFLOW
system. The probe is positioned horizontally for (U, V ) measurements and
and vertically for (U,W ) measurements. The LDV measurements, acquisi-
tion frequencies are not constant, depending of the particles passing through
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Case Location Field [pix2] Field [mm2] Discretization [mm]

C1 y∗ = 0 1600× 1200 350× 275 3.53

C1S6 y∗ = 0 1600× 1200 421× 316 4.25

C7 and C7S6 y∗ = 0 1600× 800 1162× 581 11.7

C6 and C12C6 y∗ = 0 1600× 600 1153× 430 11.6

C6 and C12C6 y∗ = 1 1600× 600 1250× 470 12.6

C6 and C12C6 y∗ = 2 1600× 600 1360× 510 13.7

C31C
2
11C2 y∗ = 0 1600× 600 1140× 425 11.5

Table 2: Characteristics of PIV measurement planes.

(a) C1 (b) C1S6

(c) C7 and C7S6 (d) C12C6 and C6 (e) C31C2
11C2

Figure 7: PIV measurement planes locations in y∗ = 0.

the measurement volume. At a given streamwise position, fe varies from 70
to 270 Hz depending on the turbulent agitation. LDV signals (duration of 6
minutes) are re-sampled with a fixed sampling frequency fe [Duràn Medina
et al. (2015)]. Beforehand, fluctuating velocity signals are cut into blocks of
1024 points and a Fast Fourier Transform (FFT) is applied on every block.
In the following, Power Spectrum Densities (PSD) are plotted versus the
Strouhal number St = fH/U∞.

For the two measurement techniques, uncertainty is estimated to be
around 2 % for LDV and 2.6 % for PIV, calculus are detailed in [Ikhennicheu
et al. (2019b)].
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3. Characterization of unitary wall-mounted obstacle wake

In-situ, elements higher than the average roughness are observed. For in-
stance, in figure 1(b), a small hill is detected. It is approximately 10 m high,
which is twice the average roughness. These elements are represented here
with isolated wall-mounted cubic elements. In previous works, experimen-
tations have been carried out on three different aspect ratio wall-mounted
square obstacles: C1, C6 and C7. This chapter gathers the results and gives
general conclusions on the aspect ratio effect on the obstacle wake. In this
study, the effect of an inclined floor representative of a smooth depth varia-
tion behind the cylinder is for the first time studied, as it has already been
done for the cube in [Ikhennicheu et al. (2018a)].

3.1. Spatial analysis

In [Ikhennicheu et al. (2019b)], a comparison is made between two large
aspect ratio cases: C6 and C7. Results showed that streamwise velocity pro-
files are very similar. The largest difference is measured for x∗ = 8, z∗ = 1
and is equal to 0.05 m/s. Indeed, [Martinuzzi and Tropea (1993)] showed
that for AR ≥ 6, the recirculation region downstream of a square obstacle
switches from a 3D aspect to a nominally 2D aspect and the evolution of the
recirculation length is gentler. Hence, in the symmetry plane, it is assumed
that cases C6 and C7 can be considered together as a large aspect ratio case
CL.

The wall-mounted cube alone case was extensively studied in the liter-
ature [Hearst et al. (2016); Hussein and Martinuzzi (1996); Martinuzzi and
Tropea (1993)] and in previous works [Ikhennicheu et al. (2018a)]. Average
streamwise velocity and Reynolds shear stress maps for the cube C1 are pre-
sented in figure 8(a) and (b). It is compared to case CL illustrated in figure
8(c) and (d). PIV plane borders suffer from poor lightning and data in these
area are locally not fully converged, it is then chosen to cut off the sides of
each measurement plane. For both cases, the flow separates at the leading
edge of the obstacle and reattaches downstream with a well marked shear
layer developing between the outer undisturbed flow and the recirculation
region.

The recirculation lengths are l∗(C1) = 1.9 and l∗(CL) = 6, hence the
recirculation bubble in the symmetry plane y∗ = 0 triples. As explained by
[Martinuzzi and Tropea (1993)], for obstacles with high AR, the two ends
of the horseshoe vortex are farther apart and have smaller influence on the

12



(a) (b)

(c) (d)

Figure 8: U (left) and τuw (right) maps for case C1 (top) and CL (bottom) in the symmetry
plane y0. Full line is the wake extension (U = 0.9 ∗ U∞) and dotted line marks out the
recirculation area (U < 0).

middle region of the wake, unlike for small AR obstacles where they inter-
act and cause a three dimensional behaviour of the wake. Additionally, the
flow goes necessary over rather than around the obstacle. Both of these
behaviour are causing the increase of the recirculation area and of the wake.

Figure 9: Picture of a boil of diameter ∼ 1 m at the tank surface at ∼ 8 m in the wake of
a wall-mounted cylinder.

For test case CL, large boils are observed at the tank surface, as illus-
trated in figure 9, while no boil is detected for every other cases. Turbulent
structures emitted downstream of the cylinder are detected and tracked us-
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ing PIV measurements in [Ikhennicheu et al. (2019b)] and an explanation for
their creation is proposed. Kelvin-Helmholtz instabilities are generated in
the wake of the obstacle. Then, as demonstrated in [Muller and Gyr (1987);
Leweke et al. (1999)], these events interact to form hairpin structures [Dia-
bil et al. (2017); Chaurasia and Thompson (2011)]. Hairpin structures are
very energetic and can rise up in the water column and then erupt at the
free surface creating a boil. These structures size is close to classical hor-
izontal and vertical axis turbine diameters, hence they will be referred to
as large scale turbulent structures. For further fatigue analysis on turbines,
the question of the periodicity of turbulent events needs to be investigated
through spectral analysis.

3.2. Spectral analysis

Spectral analysis is achieved on cases C1 and CL for two points at dif-
ferent positions using LDV measurements. As explained in section 2, LDV
signals are re-sampled and a FFT is applied. More details on the LDV post-
processing method can be found in [Ikhennicheu et al. (2019b)]. Results
for all 3 velocity components are presented in figure 10 versus the Strouhal
number St = fH/U∞ with f the frequency. Shedding peak, consistent with
Kelvin-Helmholtz vortices, appears at St = 0.07 on u′ and w′ for case CL
and at St = 0.09 only on v′ for case C1. Those shedding peak values are
within the range of values that can be found in the literature for a cube
[Hearst et al. (2016); Hussein and Martinuzzi (1996)] and for a square cylin-
der [Omidyeganeh and Piomelli (2011)]. Turbulent events are then more
frequent for smaller aspect ratio case C1 but they are much smaller and less
intense compared to case CL [Ikhennicheu et al. (2018b)]. The differences
observed in the spectral content of the different velocity component is a sign
of a complex 3D vortex organisation in the flow. For test case CL, the de-
crease of the spectra is steeper than the −5/3 slope, a representation of the
Richardson-Kolmogorov cascade of energetic transfer in turbulence [Pope
(2000)]. That is a sign of the non-isotropic aspect of the flow associated to
3D turbulent structures.

3.3. Floor slope effect

The cases considered so far are representative of blunt bathymetry vari-
ations. In-situ, smooth depth variations can be found. In this section, we
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(a) C1 (b) CL

Figure 10: PSD velocity spectrum versus St of cases C1 in (x∗ = 2, y∗ = 0, z∗ = 0.7) and
CL in (x∗ = 5, y∗ = 0, z∗ = 4): for u′ (blue), v′ (red) and w′ (green).

study how the floor inclination impacts the wake and the large scale turbu-
lent events described in previous section.

PIV measurements around case C1S6 show that the wake aspect (its
length and orientation) is strongly influenced by the floor inclination as can
be seen on figure 11 compared to figures 8(a) and 8(b). The main difference
is the appearance of a stagnation point S [Ikhennicheu et al. (2018a)] at
(x∗ = 1.7, z∗ = 0.7) located on the outline of the recirculation region. The
appearance of S can be caused by the flow passing over and by the sides
of the cube. Side vortices are driven towards the upper part of the water
column by the inclined floor and they interact with the top vortex leading to
the appearance of a stagnation point. Additionally, the recirculation region
shortens : l∗(C1S6) = 1.7 compared to l∗(C1) = 1.9. The inclined floor pres-
ence induces a blocking effect that squeezes the shear layer. Figure 11(b)
also illustrates the shortening of the shear layer with the inclined floor: at
x∗ = 3.5, the shear layer is strongly reduced for case C1S6 and still persists
for case C1. In case C1S6, the floor inclination reorientates the shear layer
towards the surface and it reaches higher altitude.
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(a) (b)

Figure 11: Averaged map of U (a) and τuw (b) of case C1S6 in y0. Full line is the wake
extension (U = 0.9 ∗ U∞) and dotted line marks out the recirculation area (U < 0).

Velocity maps are compared for cases CL and CLS6 in figures 8(c), 8(d)
and 12 (respectively). The inclined floor impact on the cylinder wake is
similar to the cube case. Indeed, with the blocking effect of the floor incli-
nation, the wake is redirected towards the surface and is thinner and shorter.
Recirculation length reduces: for CL, l∗ = 6 and for CLS6, l

∗ = 5.3. For
both test cases C1 and CL, the floor inclination reduces the recirculation
length by 11 %. Spectral analyses were performed for CL and CLS6 and
are detailed in [Ikhennicheu et al. (2018b)]. It demonstrates that there is a
small shift of the shedding peak between cases CLS6 and CL. However, the
inclined floor does not have an impact on the organisation of the structures
being shed: large scale structures supposed to be hairpin vortex are created
and large boils still form at the free surface for CLS6.

(a) (b)

Figure 12: Averaged map of U (a) and τuw (b) of case CLS6 in y0. Full line is the wake
extension (U = 0.9 ∗ U∞) and dotted line marks out the recirculation area (U < 0).
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3.4. Conclusion on unitary obstacle cases

The large aspect ratio wall-mounted cylinder produces a very extended
wake and large scale turbulent structures are being shed from its shear
layer. These structures can rise to the surface. A previous study shows
[Ikhennicheu et al. (2019b)] that these vortices diameter is ∼ 0.35 m which
is about half the turbine diameter at this scale (1/20). Additionally to the
high turbulence level, the wake induces a shear larger in the velocity profile
impacting the turbine, as explained in [Ikhennicheu et al. (2019a)]. For the
C1 case, side effects impact the symmetry plane and the recirculation length
reduces by a factor of 3 compared to the CL case.

4. Rugosity sea-bottom cases

Previous section deals with single obstacles. However, they are rare cases.
Most of the bathymetric variations are in combinations. To that purpose,
two cases with arrangement of cubic elements are here considered (C12C6

and C31C
2
11C2) in order to represent average bathymetry variations of 5 m.

4.1. Spatial analysis

In order to understand the interaction between obstacles and their im-
pact on the water column,a cube is added upstream of the cylinder described
in previous section and test case C12C6 is investigated. The flow behaviour
is presented in figure 13. The averaged shear stress map shows a strong
shear behind the cube. Comparing to the cube alone case, the shear layer
developing behind the cube is impulsed by the cylinder and reaches higher
altitude in the symmetry plane: values of τuw < −0.05 reach z∗ = 1.5 in
the C1 case compared to z∗ = 2.7 in the C12C6 case. The cylinder presence
promotes the cube wake. In y0, the cube presence impacts the cylinder wake
and breaks the wake development: it significantly reduces l∗. Indeed, in the
symmetry plane, l∗y0 = 2.3 for cases C12C6 which is about three times lower
than l∗y0 = 6 for case C6.

Maps of U out of the symmetry plane (in y1 and y2) are presented in
figure 14. In y1, the wake is not restored. However, in y2, the wake aspect
downstream of the cylinder is similar to the wake past a cubic obstacle of
aspect ratio between 1 and 6 [Martinuzzi and Tropea (1993)]. The lateral
wake extension is here influenced by the cube presence for all the width
with recirculation lengths always lower than for case C6 at same transverse
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position: l∗y1 = 4.6 and l∗y2 = 4.1.

Figure 13: Average streamwise velocity U (left) and average Reynolds shear stress τuw
(right) for case C12C6 in y0. Full line is the wake extension (U = 0.9 ∗ U∞) and dotted
line marks out the recirculation area (U < 0).

Figure 14: Average streamwise velocity U for case C12C6 in y1 (left) and y2 (right).

Another combination case is considered with the positioning of 2 cubes
and 2 cylinders. The flow behaviour around case C31C

2
11C2 is illustrated in

figure 15(a) with average velocity fields in the symmetry plane and figure
15(b) with average Reynolds shear stress τuw maps. From U maps, recircu-
lation length l∗ can be evaluated. This length is defined as the distance be-
tween the middle of the downstream obstacle and the location where the flow
reattaches downstream. Recirculation length downstream of the last obsta-
cle, a cylinder of AR = 2 is l∗ = 1.5 which is weaker than l∗ = 3 measured in
[Martinuzzi and Tropea (1993)] for a single cylinder with identical AR. The
combination of wall-mounted elements reduces the recirculation length and
consequently the wake. The average velocity perturbations (U infty < 0.9)
and the shear stress (τuw < −0.02) of the elements combination does not
exceed z∗ = 2 in altitude which is weak compared to the cube or cylinder
alone cases.

4.2. Spectral analysis

Using LDV measurements, a spectral analysis is lead. PSD are plotted
in figure 16 for case C12C6 and for both available components u′ and v′

at various positions. In the spectrum, no specific peak is detectable. The
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Figure 15: Average streamwise velocity U (left) and average Reynolds shear stress τuw
(right) for case C31C2

11C2 in y0. Full line is the wake extension (U = 0.9∗U∞) and dotted
line marks out the recirculation area (U < 0).

cube presence prevents the cylinder wake from developing and the periodic
vortex shedding from happening due to strong impact of the turbulence and
velocity deficit induced by the cube wake on the cylinder. Another aspect
is the amplitude difference between PSD at z∗ = 1 and z∗ = 4: the highest
the position, the furthest from the turbulent agitation in the wake. Indeed,
velocity fluctuations u′ and w′ are higher in the wake than in the outer flow.
For position x∗ = 11, the wake extends between z∗ = 1 and z∗ = 4, hence
both positions are located within the shear layer. At this position, the shear
layer intensity is also lower. It results in spectra close for both altitudes
at a lower amplitude compared to the maximal amplitude at x∗ = 1 and
x∗ = 5. There is an energetic transfer from bottom to top in the streamwise
direction as the shear layer evolves towards the free surface. Finally, we note
that the spectrum of the two components are close at z∗ = 1 as opposed to
spectrum at z∗ = 4. Overall, the spectrum are in good adequacy with the
−5/3 slope.

4.3. Conclusion on obstacle combination cases

The addition of a cube upstream of a cylinder breaks the cylinder wake
development and no structure energetic enough to rise up to the surface is
detected. An obstacle combination generates a mean wake that does not
rise in the water column nor extends in the streamwise direction compared
to the cylinder case. It is expected that both cases are not critical for tidal
turbines. That aspect is detailed in next section.

5. Critical flow events identification

In this section, the turbulence properties obtained from LDV and PIV
measurements are presented in the symmetry plane y0 for four main cases:
low and large aspect ratio cases of unitary obstacles: C1 and CL and for two
obstacles combinations types: C31C

2
11C2 and C12C6. It is shown in section
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Figure 16: PSD spectrum of u′ (blue) and v′ (red) at z∗ = 1 (−) and z∗ = 4 (−−) for
x∗ = 1, x∗ = 5 and x∗ = 11 (left to right) for case C12C6.

3.3 that the floor inclination gives an impulsion and it might cause a trans-
lation of the wake although it does not alter the turbulent events nature.
This difference is not significant compared to the four cases considered and
will not be investigated here.

5.1. Velocity profiles

In figure 17, velocity profiles are represented at four streamwise positions
for the first 2 cases: x∗ = 1, 3, 10, 20. In some cases, measurements were not
performed for some streamwise positions or at specific height, hence the
missing data in the figures. The comparison of cases C1 and CL illustrate,
once again, the extension of the obstacle wake with the aspect ratio. C1

profiles show a unperturbed flow above z∗ = 2.5 with the 1.5 % turbulence
intensity present in the incoming flow. Hence, the cube presence has no
significant effect in the water column. CL profiles show that, when close to
the obstacle (x∗ = 1 and x∗ = 3), the profile is almost unperturbed above
z∗ = 3. Far from the obstacle (x∗ ≥ 10), strong fluctuations appear with
a strong shear. For x∗ = 10, maximal velocity fluctuations are obtained at
z∗ = 2.5: U = 0.7± 0.3m/s.
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(a) C1 case, LDV measurements (b) CL case, PIV measurements

Figure 17: U profiles for unitary cases surrounded by the standard deviation in the sym-
metry plane y0.

In figure 18, obstacles combinations are considered. Case C31C
2
11C2

shows profiles with few velocity fluctuations that appear only for z∗ < 3.
Above that altitude, the obstacles presence does not have any influence on
the flow. As mentioned in section 4, this case is closer to a bottom roughness.
Case C12C6 shows that, close to the obstacle, the wake reaches higher alti-
tudes compared to CL case. However, profiles in the far wake of the obstacle
are less turbulent in high altitudes (z∗ ≥ 3) since case C12C6 wake extends
significantly less compared to CL. For x∗ = 10, velocity fluctuations are at
z∗ = 2.5: U = 0.9±0.1 m/s for C11C

2
11C3 and U = 0.8±0.2 m/s for C12C6.

Average streamwise velocity maps are used to schematically represent
the wake expansion for each of the four cases in figure .24. This figure
displays a representative wake extension by plotting the line corresponding
to U = 0.9 × U∞. It also represents the limits of the recirculation area.
The CL case compared to other cases is the only one for which the wake
reaches an altitude higher than z∗ = 3.5. Both combination cases show a
low rising angle wake unlike CL wake which is directed towards the free
surface, although the wake in case C12C6 reaches higher altitude than case
C31C

2
11C2. In case CL, a boil, generated from the cylinder wake, is observed

at the tank free surface, 32 H downstream of the cylinder (see picture 9).
It is expected that CL wake extends up to 32 H.
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(a) C31C2
11C2 case, PIV measurements (b) C12C6 case, PIV measurements

Figure 18: U profiles for combination cases surrounded by the standard deviation in the
symmetry plane y0.

(a) C1 (b) CL

(c) C31C2
11C2 (d) C12C6

Figure 19: Schematic representation of the obstacles wake. Full line is the wake extension
(U = 0.9 ∗ U∞) and dotted line marks out the recirculation area (U < 0).

5.2. Turbulent kinetic energy

2D Turbulent kinetic Energy (TKE) is defined in equation 1 using the
streamwise and vertical fluctuating PIV velocity components. It gives an
evaluation of the turbulent content produced downstream of an obstacle.
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TKE =
1

2

(σ(u)2 + σ(w)2)

U2
∞

(1)

TKE maps are plotted in figure 20 for the four cases considered. Case
C1 does not produce large amount of TKE and the disturbed area is sub-
stantially reduced compared to other cases. Results are within the range of
those presented in [Yakhot et al. (2006)] on a cube, at Re = 6× 103 in a low
turbulence intensity flow, although their TKE is slightly stronger for x∗ > 1,
presumably due to the cut-off parts in-between planes that should contain
most of the TKE. The presence of CL in the flow produces a large layer of
TKE that rises up to z∗ = 3 and is directed towards the surface. It is also
very intense, going up to TKE = 0.12. Results are similar to the study
of [Panigrahi et al. (2008)] on a rib at Reynolds number 10 times weaker
in a low turbulence intensity flow. For bottom roughness cases, energy is
contained close to the obstacles. For case C31C

2
11C2, only a thin area above

the first obstacle shows intense energy up to TKE = 0.12, that area does
not exceed z∗ = 2. For case C12C6, as observed for the Reynolds shear
stress, there is a large amount of TKE that is produced by the cube and
impulsed by the cylinder up to z∗ = 3. However, the extension of the area
where TKE > 0.05 is less extended (x∗ < 6) compared to CL case.

(a) C1 (b) CL

(c) C31C2
11C2 (d) C12C6

Figure 20: 2D Turbulent Kinetic Energy. White parts indicate non converged second
order areas due to poor lightening.
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To quantify the extension of turbulent perturbation in the wake, average
Reynolds shear stress τuw and turbulent kinetic energy TKE are evaluated
in the near and far wake (x∗s = 3 and x∗s = 20) for the 3 interesting test
cases. For each case, a streamwise position is selected x∗s and the altitude
is chosen at mid-depth in the tank (z∗s = 4). The energy is considered in a
0.5H × 0.5 H square around x∗s and z∗s . The data are temporally then spa-
tially averaged on the surface considered. Results in table 3 show at x∗s = 3
a Reynolds shear stress 4 times superior for CL case compared to the other
cases. TKE is around 2 times superior for CL. In x∗s = 20, results are closer
although shear and turbulent intensity are still higher for CL. We also note
that, for case CL: |τuw(x∗s = 3)| > |τuw(x∗s = 20)| indicating the wake dissi-
pation. However, for C12C6: |τuw(x∗s = 3)| < |τuw(x∗s = 20)| which could be
a sign that the cube effect on the cylinder wake development decreases in
the far wake. TKE levels are globally higher in the near wake than the far
wake. It also worth mentioning that, in x∗s = 3, τuw is higher for C31C

2
11C2

compared to C12C6 although TKE is lower.

Case |τuw|(x∗s = 3) TKE(x∗s = 3) |τuw|(x∗s = 20) TKE(x∗s = 20)
×10−3 ×10−2 ×10−3 ×10−2

CL 10 4.7 9.0 3.9

C12C6 1.6 2.9 3.8 2.8

C31C
2
11C2 3.1 2.0 X X

Table 3: Average Reynolds shear stress τuw and turbulent kinetic energy TKE evaluated
in a square around z∗s = 4 and at x∗s = 3, 20.

5.3. Large scale turbulent events

Previous sections showed that vortices are periodically shed in CL and
C1 wake. In a previous study [Ikhennicheu et al. (2019b)], a method has
been implemented to detect and track vortex centres using filtered PIV mea-
surement for CL case. The centre detection algorithm is not defined with
any threshold value. However, that observation is submitted to the thresh-
old chosen for the POD (Proper Orthogonal Decomposition) filter used to
highlight the coherent structures in the flow [Ikhennicheu et al. (2019b)].
Additionally, vortex observation depends on the flow organisation. Apply-
ing the same methodology to all available database, it is observed that large
turbulent events are only detected for cases CL and CLS6, which are also
the only cases where large boils can be observed at the free surface. Large
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turbulent structures can be followed on each measurement plane indepen-
dently (see figure 7(c)) since measurements are not simultaneous. All of the
trajectories obtained for every measurement planes are represented in figure
21. In case CL, additional measurement planes were performed for a more
extensive analysis.

Figure 21: Vortices trajectories in the symmetry plane of case CL (left) and CLS6 (right)
(black line: top of the shear layer).

In [Ikhennicheu et al. (2019b)], it is explained that some of the trajecto-
ries have a higher rising angle as the one presented in figure 22. They show
an horizontal radius 6 % inferior to average and a circulation 21 % higher
than average in the measurement plane considered. Indeed, they are more
elliptical and more energetic. These are later identified as 2D sections of
larger 3D structures assimilated to hairpins structures.

Figure 22: POD filtered velocity map of a vortex trajectory rising up between t = 54.6
and t = 55.1 s, case CL, in the symmetry plane [Ikhennicheu et al. (2019b)]. Dot is the
measurement point at which signals in figure 23 are extracted.

Fluctuating velocities u′ and w′ signals are plotted in figure 23 at a point
taken in the middle of the measurement plane selected for figure 22. They
show large velocity fluctuations correlated with the passing of large turbu-
lent structures.

Among all of the cases presented here, these events are only visible for
isolated large AR obstacles. Other cases can show a shedding peak but no
boil at the surface. Indeed, the detection algorithm developed in [Ikhen-
nicheu et al. (2019b)] detects only a few events for other test cases. These
events are low in energy. Authors suggest that, in order to generate large
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Figure 23: Signals of u′ (top) and w′ (bottom) at (x∗ = 14, y∗ = 0, z∗ = 3.5) for case CL.

scale turbulent events, a large aspect ratio is needed (as confirmed by [Diabil
et al. (2017)]). Additionally, the large AR obstacle must be considered alone
in the flow. Indeed, in case C12C6, the cube presence induces perturbations
in the cylinder wake that prevent large turbulent structures generation.

Results are summed up in table 4. The extension of the wake is de-
scribed using δ∗z , calculated as the boundary layer thickness : δ∗z = z∗(U =
0.95×U∞) in the wake of each obstacle combination. Its value is evaluated
at each streamwise position and the maximal value is taken. In the table, for
cases CL and CLS6, the vertical extension of the wake is 8H = 2 m = De,
the depth of the tank. Indeed, since large boils appear at the surface, it is
assumed that the velocity fluctuations will reach the surface. In the case of
C1S6, as for the cylinder case, the wake is directed towards the free surface
and extends higher than the measurement performed. However, fluctuations
do not reach the surface. It is not possible to properly evaluate max(δ∗z).
The value indicated (max(δ∗z)=2) is measured at the furthest available mea-
surement plane from the cube.

6. Conclusion and Perspectives

In this study, the question of large turbulent events generated by bathymetry
variations is investigated. Bathymetry shows two types of topologies: a
mean variation of ∼ 5 m and unitary elements significantly more elevated
(∼ 10 m). The first is represented by combinations of wall-mounted cu-
bic elements and the second by unitary wall-mounted cubic elements, with
different aspect ratios. Using PIV and LDV measurements, the wake past
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Case l∗ max(δ∗z) St peak (×10−2) Boil at the surface

C1 1.9 1.4 9 No

C1S6 1.7 > 2 9 No

CL 6 8∗ 6.5 Yes

CLS6 5.3 8∗ 7.4 Yes

C12C6 2.3 2.7 No No

C3C1C2 1.5 2.3 No No

Table 4: Sum up of wake characteristics evaluated in the symmetry plane. An asterisk
indicates that the associated length corresponds to the depth of the tank.

these test cases has been investigated.

The wake past obstacle combinations does not reach high altitudes and
does not show large velocity fluctuations in the water column. PIV mea-
surements out of the symmetry plane show that upstream obstacles have a
significant influence on the obstacle wake. No specific peak can be identified
by a spectral analysis.

Experiments on unitary small and large aspect ratio cases have been
carried out. In the cylinder case, side effects do not impact the wake devel-
oping in the symmetry plane, hence the wake extends. A spatial analysis
shows a peak consistent with periodic vortex shedding, for both cases. For
the cube, these events are more frequent but they are smaller and do not
persist in the flow, as opposed to the cylinder case where turbulent events
reach the surface. The addition of an inclined floor downstream of the ob-
stacle, consistent with smooth depth variation, gives an impulsion to the
wake towards the free surface. Its presence induces a blocking effect that
causes a squeezing of the wake which leads to the shear layer being thinner
and shorter. For both the cube and the cylinder, the recirculation length
reduces by 11 % with the addition of an inclined floor.

Finally, the impact of the four main test cases on the water column are
compared: the cube, the cylinder and the two cases of obstacle combina-
tions. The cylinder case shows the most extended wake and the profiles
with the highest fluctuating velocities. Analysis show that some vortices
that originate in the cylinder wake are very energetic and can rise up to the
surface to create a boil. They have the size of a classical horizontal axis
turbine and might be the most critical turbulent event impacting the blades
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in terms of fatigue and power production. Additionally, a strong shear exists
in the vertical profile and it can induce cyclic loads fluctuation. Based on
the results of this study, recommendations for tidal turbine positioning are
limited and additional studies are required. However, authors recommend
avoiding areas where high and wide (perpendicularly to the flow) obstacles
are present. The cube case will not impact the flow in the water column,
and the combination cases stand between. Experiments were performed on
the impact of the cylinder wake on an experimental turbine loads and be-
haviour and analysis are on-going [Gaurier et al. (2018)]. This whole set
of experimental flow configurations aims also at constituting a database for
numerical development [Mercier et al. (2017)].
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Appendix: Test cases side and top view

(a) C1, top view (b) C1, side view (c) C7, top view (d) C7, side view

(e) C12C6, top view (f) C12C6, side view (g) C31C2
11C2, top view (h) C31C2

11C2, side view

(i) C1S6, top view (j) C1S6, side view (k) C7S6, top view (l) C7S6, side view

Figure .24: Schematic representation of the obstacles from a top and side view.
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J. Jiménez. Turbulent flows over rough walls. Annu. Rev. Fluid Mech., 36:
173–96, 2004.

T. Leweke, S. Le Dizès, and C.H.K. Williamson. Dynamics and instabilities
of vortex pairs. Annu. Rev. Fluid Mech., 37:59–80, 1999.

H.C. Lim, I.P. Castro, and R.P. Hoxey. Bluff bodies in deep turbulent
boundary layers: Reynolds-number issus. J. Fluid Mech., 570:97–118,
2007.

Y.Z. Liu, F. Ke, and H.J. Sung. Unsteady separated and reattaching turbu-
lent flow over a two-dimensional square rib. J. Fluid Struct., 24:366–381,
2008.

J. Martinuzzi and B. Havel. Turbulent flow around two interfering surface-
mounted cubic obstacles in tandem arrangement. J. Fluid Eng., 122:
24–31, 2000.

R. Martinuzzi and C. Tropea. The flow around surface-mounted, prismatic
obstacles placed in a fully developed channel flow, (Data Bank Contribu-
tion). J. Fluid Eng., 115:85–92, 1993.

31



C.D. Meinhart, A.K. Prasad, and R.J. Adrian. A parallel digital processor
system for particle image velocimetry. Meas. Sci. Technol., 4:619–626,
1993.

M. Mercier, M. Grondeau, S. Guillou, J. Thiébot, and E. Poizot. Towards
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