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Abstract

In high 
ow velocity areas, turbulence intensity is high and 
ow varia-
tions may have a major impact on tidal turbines behaviour. Previous stud-
ies show that a square wall-mounted cylinder produces a very extended and
energetic wake. In this work, two-component PIV measurements are con-
ducted in the symmetry plane of the 
ow in order to evaluate the Turbulent
Kinetic Energy (TKE) budget. This analysis enables to show how the TKE,
produced in the shear-layer region, is re-distributed and dissipated within
the 
ow. The Large-Eddy PIV method enables to obtain full spatial maps of
dissipation and to assess the validity of the constant involved in the spectral
method. Results show that the production occurs when the Reynolds shear
stress is the more intense, so is the dissipation. Energy is then transported
through turbulent motion into the outer 
ow and swept to the bottom due
to the pressure gradient e�ects. Production is directly due to the periodic
vortex shedding unlike for other terms. A better description of the energy
exchanges in the turbulent wake 
ow is obtained. This knowledge is impor-
tant for the performance determination of a tidal turbine positioned in such
an obstacle wake which a�ects the 
ow-induced dynamic load on turbine.
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1. Introduction

Industrial projects have started to emerge in tidal energy harvesting.
There is a strong tidal potential in Europe and over 25% of the European
potential is located in French waters [EDF (2010)]. In-situ, strong veloc-
ity variations exist [Myers and Bahaj (2005)]. The 
ow perturbations can
come from waves, in
ow turbulence, coast or bathymetry e�ects [Ouro and
Stoesser (2018)]. Such 
ow variations are causing a high turbulence rate in
the water column. Moreover, due to bathymetry variations, some turbulent
events can sometimes rise up to the surface and erupt to create a boil as it
is observed in the Alderney race [Myers and Bahaj (2005)].

[Ikhennicheu et al. (2019b)] presented a case study comparison of vari-
ous elementary obstacles used to reproduce at scale bathymetry variations.
They concluded that a surface mounted cylinder produces the most ener-
getic wake that extends up to the free surface. In this case, large scale
turbulent structures are periodically emitted from its wake and their diam-
eter is similar to the one of a turbine at the same scale [Ikhennicheu et al.
(2019c)]. These high energetic 
ow structures induce some mean velocity
shear and thus a turbulent kinetic energy (TKE) production term. This
work proposes a better understanding of the transportation of the turbulent
kinetic energy in the wake of two-dimensional obstacle related to realistic
bathymetry variations. The knowledge of the in
ow turbulence that will
potentially impact a turbine is of great interest for optimizing the turbine
performance [Duran Medina et al. (2017)]. Indeed, the turbulent in
ow
condition plays a crucial role not only on both fatigue and mean loads act-
ing on hydrodynamics turbine [Mycek et al. (2014)] but also on the wake
evolution behind the turbine. For the development of tidal turbine farms, a
better knowledge of the turbine wake under speci�c incoming turbulent 
ow
conditions is essential to optimize the turbines location. In order to know if
such in
ow can be critical for tidal turbines behaviour, speci�c studies were
initiated [Ikhennicheu et al. (2019a)]. But today, a better knowledge of the

ow characteristics in the cylinder wake is still needed, particularly from an
energetic point of view. Such description will allow a more thorough vali-
dation of numerical models [Mercier et al. (2020)] which will then provide
precise 
ow data in tidal sites. This work highlights how the Large-Eddy
PIV approach enables us to obtain full spatial maps of dissipation and also
to compare it with the spectral method and assess of the validity of the
constant used for the dissipation rate estimation. The description of the
energy exchange in the turbulent wake 
ow will permit to determine the
performance of a tidal turbine positioned in such an obstacle wake.
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Reference Obstacle - Flow Data Re (10‡)
Acharya et al. (1994) 2D rib k-� / LDV 240
Hussein et al. (1996) Cube LDA 80
Castro et al. (2006) TBL rough wall HWA / LDA 12�

Panigrahi et al. (2008) Permeable ribs PIV 6
Shah and Tachie (2008) Square rib PIV 3

Panigrahi (2009) Detached cylinder PIV 11
Dey et al. (2011) Sphere ADV 16

Cheng et al. (2013) 2D block LES 50
Ricardo et al. (2014) Array cylinders LDA / PIV 1

Blackman et al. (2017) TBL rough wall PIV 190
Present work Square cylinder PIV / LDV 250

Table 1: Previous experimentally and numerically TKE budget investigations determined
in similar wall mounted obstacle 
ow con�gurations. Reynolds number is based on the
height of the obstacle (apart Re� which is based on boundary layer momentum thickness).
LES: Large Eddy Simulation. HWA: Hot-Wire Anemometry. ADV: Acoustic Doppler
Velocimetry. LDV: Laser Doppler Velocimetry. LDA: Laser Doppler Anemometry. PIV:
Particle Image Velocimetry.

Many studies have focused on turbulent 
ow over and behind a surface-
mounted obstacle due to its important implication in many engineering ap-
plications. However, only a few studies detailed the TKE budget obtained
in a 
ow con�guration close to the current one. These studies are given in
table 1 where the nature of available data (experimental or numerical) and
the Reynolds number of the 
ow con�guration are mentioned.

In this study, we propose to analyze previous LDV and PIV measure-
ments [Ikhennicheu et al. (2019a)] obtained in the wake of a horizontal wall-
mounted square cylinder. This 
ow con�guration and measurement methods
have speci�c characteristics which greatly di�er from previous investigations
(see table 1). First, the Reynolds number based on the mean upstream 
ow
velocity and the cylinder height is equal to 2:5 x 105. Second, to fully inves-
tigate the near and far wake of the cylinder, large PIV measurement planes
(0:5m2) with a high spatial discretization (1:3cm, in each direction) have
been used. The purpose is then to determine each term of the equation of
conservation of the turbulent kinetic energy. Hence, this works proposed to
perform a TKE budget based on PIV measurements at Reynolds number
much higher than existing works (10 to 100 times higher), thus providing
data closer to in situ conditions.
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The determination of the turbulent dissipation rate � appearing in the TKE
budget requires turbulent velocity gradients which can not be entirely and
accurately computed from 2D-PIV. Many studies focused on the estima-
tion of the dissipation rate from PIV measurements [Saarenrinne and Piirto
(2000), Zaripov et al. (2019)]. The remaining velocity gradients are gen-
erally estimated under isotropy assumption or other hypothesis. But the
PIV resolution especially in our case, is too large to access the dissipative
smallest scales, smaller than the Kolmogorov scale. To address this prob-
lem, several methods have been developed [Sheng et al. (2000)], such as the
Large-Eddy PIV method and the spectral method. The former follows the
same concept of Large Eddy simulation where the large-scale 
ow structures
are computed while the smallest ones are modelled thanks to a sub-grid scale
model. This assumes that the turbulent kinetic production is only due to
large scale structures which is true for high Reynolds number turbulent 
ow
and the turbulent energy dissipation comes from the smallest scale struc-
tures. The energy transfer takes place in the inertial area determined by the
properties of the 
ow. This method relies then on the determination of a
spatial �lter size applied to PIV measures for the separation of involved 
ow
scales. To access the spatial scale �ltering process, the direct energy transfer
method presented in [Natrajan and Christensen (2006)] can be considered.
It allows a direct calculation of the energy transfer between the large-scale
�ltered turbulence and the small-scale structures. Conversely, the spectral
method is based on the local isotropy of the 
ow and the frozen turbulence
Taylor’s assumption. These two methods will be successively implemented
in this work to access the energy dissipation rate, justifying the use of LDV
measurements in present investigation for the spectral method application.

The main objective is to characterize the spatial distribution of each
term (the production, the turbulent transport, the pressure transport, the
convection and the viscous dissipation) in the near- and far-wake of the sur-
face mounted 2D cylinder. A better description of the energy exchanges in
the turbulent wake 
ow is important for the determination of the perfor-
mance of a tidal turbine positioned in such an obstacle wake which a�ects
the 
ow-induced dynamic load on turbine. It is also of great importance
for the analysis of the accuracy of the closure models used in the numerical
simulation.

In this paper, the experimental set-up is �rst described with a presen-
tation of the tank and the used velocimetry techniques. Then, the average

ow past the wall-mounted cylinder is brie
y reminded. Finally, the decom-
position of the turbulent kinetic energy budget is proposed and results for
the wall-mounted cylinder cases are presented.
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2. Experimental set-up

The tests are carried out in the wave and current circulating 
ume tank
of Ifremer located in Boulogne-sur-Mer (France) presented in �gure 1(a).
The test section is: 18m long � 4m wide � 2m high. In this work, the
three instantaneous velocity components are denoted (U; V;W ) along the
(X;Y; Z) directions respectively (�gure 1(b)). Each instantaneous velocity
component is separated into a mean value and a 
uctuating part according
to the Reynolds decomposition: U = U +u0, where an overbar indicates the
time average. The incoming 
ow (U1; V1;W1) is assumed to be steady
and constant. By means of a grid and a honeycomb (that acts as a 
ow
straightener) placed at the inlet of the working section (see �gure 1(b)), a
turbulent intensity of I = 1:5% is achieved for a 
ow velocity of 1 m=s.
Turbulence intensity I in the incoming 
ow is de�ned as follows, where � is
the standard deviation:

I = 100

s
1
3(�(U)2 + �(V )2 + �(W )2)

U1
2 + V1

2 +W1
2 (1)

Table 2: in-situ and experimental conditions (1:20 scale).

Scale U1 Rugosity Depth D Re = Fr =
[m/s] H [m] [m] HU1

�
U1p
gD

Alderney Race 1 5 5 40 2:5� 107 0,25
Flume tank 1/20 1 0.25 2 2:5� 105 0.23

The wall-mounted cylinder case is chosen to be representative of real-life
conditions (Alderney race, [Ikhennicheu et al. (2019a)]). As there is no ob-
stacle upstream of the cylinder: the upstream 
ow is a simple boundary layer
developing over the tank 
oor. Hence the experimental set-up represents a
bump considerably higher than its neighbours. To consider turbulent events
interaction with the free surface, experiments shall be achieved in Froude
similitude (see table 2) where Fr = U1p

gD , with g the gravity and D the tank
depth. Furthermore, Reynolds number must be as high as achievable to be
closer to real conditions. The obstacle of interest in this study is a wall-
mounted cylinder of aspect ratio AR = Width=Height = 6. This obstacle
represents a key bathymetric element in the area of interest at a 1:20 scale
(see table 2). In the following, non dimensional lengths are used for all pa-
rameters indexed by �: x� = x=H, y� = y=H, z� = z=H and �� = �=H, with
H the cylinder height (H = 0:25 m). At the obstacle position, the boundary
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layer height �� equal to 1.3 is calculated as ��95 = z�(U = 0:95� U1).

(a)

(b)

Figure 1: Ifremer Flume tank description and schematic view of the experimental set-up.

Figure 2: Cylinder during PIV measurements.

To characterize the 
ow, two Laser Velocimetry techniques are used:
LDV (Laser Doppler Velocimetry) and PIV (Particle Image Velocimetry)
(see �gure 2). Beforehand, the tank is seeded with 10 �m diameter sil-
ver coated glass micro-particles. For the PIV measurements, a Nd-yag
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Laser Gemini-Like is used: power is 200 mJ per probe and wavelength
is 532 mm. The laser is synchronized with a Camera FlowSens EO-2M
1600pix � 1200pix that makes double images with a time step of 1600 �s.
A particle is detected on 3 to 5 pixels. Cross-correlation peak intensity
is between 0.3 and 0.8 and peak detectability (ratio of the tallest correla-
tion peak and the second tallest correlation peak [Adrian and Westerweel
(2011)]) is 8 in average. PIV acquisitions are made for 150s, hence 2250
double images are taken with a 15Hz acquisition frequency. Planes dimen-
sions are 1153 � 430 mm2. The data are post processed with the soft-
ware Dynamic Studio. The displacement of particles is calculated using
a Cross-Correlation on 32 pix � 32 pix interrogation windows with 50 %
overlap [Meinhart et al. (1993)]. Outliers are replaced with the Univer-
sal Outlier Detection [Westerweel and Scarano (2005)]. Precisions on the
method can be found in [Ikhennicheu et al. (2019c)], the resolution being:
dx = dz = 11:6 mm.

The LDV measurements are made using a 2D DANTEC FiberFLOW
system. The probe is positioned horizontally for (U; V ) measurements at
various streamwise positions along the Z axis. With LDV measurements,
the acquisition frequency is not constant. It depends on the number of
particles passing through the measurement volume. Then, a re-sampling is
done in the post processing. Based on previous works performed in the tank
[Dur�an Medina et al. (2015)], the re-sampling is done using the mean sample
rate of the measurement set considered. At a speci�c streamwise position,
fe varies from 70 to 270 Hz depending on the turbulent agitation in the
water column. Various sources of experimental errors can be identi�ed for
both techniques, they are detailed in [Ikhennicheu et al. (2019c)].
As both measurement methods will be used to access the 
uctuating velocity
�eld allowing the computation of each term of the TKE energy budget, a �rst
comparison of LDV and PIV results has been done. It was demonstrated
that both LDV and PIV measured velocity �elds are in good agreement
(mean 
ow, Reynolds tensor, spectral content, as well as the convergence of
the �rst and second order 
ow statistics) [Ikhennicheu (2019)].

The cylinder wake has been extensively described in [Ikhennicheu et al.
(2019c)]. Maps of average streamwise velocity component, U and Reynolds
shear stress, u0w0 are represented in �gure 3. In these �gures, the classical
behaviour of the 
ow past a wall-mounted element can be observed: the 
ow
separates at the leading edges of the cylinder into the outer steady region
and the recirculation area downstream of the cylinder. A shear layer devel-
ops in-between (see �gure 3(b)) and then the 
ow reattaches.
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(a) U=U1

(b) u0w0=U2
1

Figure 3: Maps of average streamwise velocity component (top) and Reynolds shear stress
u0w0 (bottom), using PIV measurements.

[Ikhennicheu et al. (2019c)] explained that, in the symmetry plane, the
wake extends towards the surface due to the negligible in
uence of side
e�ects. The transverse component is not impacted by the cylinder wake
(�gure 4). At x� = 5:5 and z� = 4, the values are U=U1 = 0:64 � 0:2,
V=U1 = 0:00 � 0:04 et W=U1 = �0:05 � 0:16. Hence, in the symmetry
plane, the wake is developing in the (x; z) plane and has a 2D aspect.

In the cylinder wake, large scale turbulent structures are generated and
they rise up in the water column. Figure 4 (right hand side) displays the
spectrum of the 
uctuating u component extracting at (x�; z�) = (2; 2). It
shows that these structures are shed from the cylinder at a frequency of
0:3 Hz. The physical description of this phenomenon, presented in [Ikhen-
nicheu et al. (2019c)], allowed to validate some numerical developments per-
formed to study high energetic sites, where currents reach 5 m=s [Mercier
(2019)]. This study showed that, even if the mean 
ow velocity comparisons
are good, the turbulent characteristics especially the energy exchanges in
the 
ow have to be better characterised not only for numerical model im-
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Figure 4: Left and center: Pro�les of average and shear stress velocity components in
x� = 5:5 and y� = 0. V is measured using LDV and (U;W ) using PIV. Right: PSD(u0)
measured with LDV at x� = 2, z� = 2.

provements but also for a better understanding of the inlet 
ow condition
that could impact a turbine.

3. Turbulent kinetic energy budget

3.1. Description of the method
For an incompressible Newtonian 
uid, the governing equations for the


uid movements are the equations of continuity and the Navier-Stokes equa-
tions. With k = 1

2u
0
iu
0
i the turbulent kinetic energy, [Hinze (1975)] described

the turbulent kinetic energy budget as follows:
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(2)

The terms are described in the following list:

� C is the energy convection due to the particle movement,
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� � is the energy transport due to pressure e�ect,

� T is the energy transport due to the vortices movement,

� P is the energy production or the transfer of energy from the average
movement to the turbulent movement,

� D� is the viscous di�usion that can be neglected in high Reynolds
number 
ows [Blackman et al. (2017)],

� � is the viscous dissipation.

In the present study, 2-components PIV measurements give access to
the velocity components (U;W ). Under the assumption that the 
ow is 2D
in the symmetry plane (V = 0 and @

@y () = 0, for scales greater than the
dissipation scale) and that the turbulence isotropic at dissipation scale, the
di�erent terms of the turbulent kinetic budget can be written as follows
[Panigrahi et al. (2008), Gabriele et al. (2009)]:

k =
3
4
�
u0u0 + w0w0

�
(3)

C = �
�
U
@k
@x

+W
@k
@z

�
(4)

T = �
�

1
2
@
@z
u02w0 +

@
@z
w03 +

1
2
@
@x
u03 +

@
@x
u0w02

�
(5)

under the assumption that v02w0 = w03 and v02u0 = u03.

P = �
�
u0u0

@U
@x

+ w0w0
@W
@z

+ u0w0
@U
@z

+ u0w0
@W
@x

�
(6)

� = �15�
�
@u0

@x

�2
(7)

The local homogeneity has been checked for the �rst and second order
statistics and it is assumed that the local isotropy is satis�ed as it was
done in similar studies [Panigrahi (2009)]. In the rest of the study, partial
derivatives will be calculated using a second order centered �nite di�erence
method. D� is neglected and � is calculated as the rest of equation 2,
assuming a steady 
ow state @k

@t = 0. Figure 4 shows that the transverse
component V is relatively una�ected by the cylinder wake. The velocity

uctuations at z� = 2 indicate a large shear stress area for u0 and w0 that
does a�ect v0. At z� = 2 for instance, values are U=U1 = 0:64 � 0:2,
V=V1 = 0:03� 0:04 and W=W1 = �0:05� 0:16.
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As stated in the introduction part, dissipation � is often an issue in
calculations. According to the theory [Kolmogorov (1941); Pope (2000)],
dissipation occurs at scale smaller than the Kolmogorov scale �. Hence,
the PIV resolution must be su�cient for direct � calculations. In our case,
PIV measurements can only resolve scales up to the size of the interrogation
window: 11:6 mm. Hence the PIV resolution is not su�cient to compute
the dissipation with the direct method. That issue is not applicable for
other components of the turbulent kinetic energy budget as they mainly
occur at larger scales. Various calculation methods for � exist [Sheng et al.
(2000)] among which LE-PIV and ET methods. These methods applied to
2D PIV database propose an estimation of the dissipation from resolved
Sub-Grid Scale (SGS). Both LE-PIV and ET methods are based on Large
Eddy Simulation formalism. The dissipation is then evaluated using the
following equations:

� � �SGS = ��ij eSij (8)

where �ij is the SGS stress tensor and eSij is the �ltered stress tensor

eSij =
1
2

 
@ eUj
@xi

+
@ eUi
@xj

!

(9)

The di�erences between both methods remain the evaluation of the stress
tensor. Another class of method is the spectral method applied from tem-
poral resolved database under several assumptions. After a brief recall of
these three methods, they will be successively implemented to compute the
TKE dissipation rate.

Spectral method.
The spectral method is based on the Richardson-Kolmogorov theory [Kol-
mogorov (1941)]. Under Homogeneous Isotropic Turbulence (HIT) con-
ditions, at high Reynolds number, the theoretical one-dimensional energy
spectrum in the inertial range is:

E(f) = C 0k�
2=3f�5=3 with C 0k = Ck

�
U
2�

�5=3

(10)

with the Kolmogorov constant Ck equal to 1.5 [Pope (2000)]. Even if the
constant value remains questionable [Al-Homoud and Hondzo (2007)].
De�ning the constant Ck;0 satisfying

E(f) = Ck0f�5=3 (11)
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and corresponding to the intersection with the zero-axis of the slope in
the log-log representation of the spectrum in the inertial range, the energy
dissipation rate becomes:

� =
�
Ck0

Ck

�3=2�2�
U

�5=2
(12)

The Kolmogorov scale can then be evaluated as follows:

� =
�
�3

�

�1=4

(13)

Following previous developments, LDV measurements are used to compute
the velocity 
uctuations spectra. Figure 5 displays two representative spec-
tra of the u0 component which are superimposed on the f�5=3 slope in
the inertial range. Such a representation allows the evaluation of the Kol-
mogorov scale. Note that as a function of the spatial location, the spectral
slope exhibits various Ck0 values inducing di�erent Kolmogorov scale values.
The maximum value of �, is equal to � = 0:065 mm which is close to the
0:092 mm found in a rib wake in [Panigrahi et al. (2008)].

Figure 5: Spectra of the 
uctuating streamwise velocity component superimposed on
the slope approximation (equation 11, (dash red line) computed at two representative
positions: Left: x� = 9, z� = 2:2. Right: x� = 9, z� = 3:6.

Direct Energy Transfer (ET) and LE-PIV methods.
Both ET and LE-PIV methods rely on the LES (Large Eddy simulation) for-
malism allowing a spatial scale �ltering separation within the inertial range
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of the velocity spectrum. Details of the applications of these methods can
be found in Sheng et al. (2000); Natrajan and Christensen (2006); Black-
man et al. (2017). Consequently, the direct ET method uses the SGS stress
tensor de�ned as follows:

�ijET
= guiuj � eui euj (14)

Based on the available 2D PIV database, an estimate of the SGS dissipation
is given by Natrajan and Christensen (2006):

�2DSGS = �
�
�11 eS11 + 2�12 eS12 + �22 eS22

�
(15)

In the other hand, the LE-PIV method proposes to model the stress tensor
using [Smagorinsky (1963)]:

�ij = �C2
s�2jeSjfSij (16)

with Cs = 0:17 the Smagorinsky constant and � the sub-grid size, which
corresponds to the size of the spatial �ltering. For isotropic turbulence and
using PIV results, the dissipation rate can be written as [Khan (2005)]:

� = (Cs�)2

0

@4

 
g@u0

@x

!2

+ 4

 
g@w0

@z

!2

+ 2

 
g@u0

@z

!2

+ 2

 
g@w0

@x

!2
1

A

3=2

(17)

Both methods are implemented and successively tested using several sizes
for the low-pass spatial �ltering operation detailed below.

3.2. TKE budget in the cylinder wake
The upstream 
ow is anisotropic, but the turbulent agitation in the

obstacles wake restores the isotropy [Ikhennicheu et al. (2017)]. In the sym-
metry plane, the cylinder wake can be considered 2D [Ikhennicheu et al.
(2019c)]. The method described in the previous section to calculate the
terms of the equation can thus be applied to the cylinder wake. Positive
values are energy gains and negative values are energy losses. In the follow-
ing the dissipation rate is estimated using the LE-PIV method.
Before presenting each term of the TKE budget, a statistical convergence
analysis of the third order moments as well as the convection and transport
terms of the TKE budget is presented. Figure 6 displays the following third
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Figure 6: Illustration of the statistical convergence of the third-order moments along the
z direction (at x = 2). (N1;N2;N3) = (1000; 1500; 2000) and Nt are successively
considered to access the convergence of the moments.

order moments (used to compute the transport term of the TKE budget):
u03; w03; u02w0; u0w02, calculated from (N1;N2;N3;Nt) = (1000; 1500; 2000;
2249) time steps.

It is observed that available Nt time steps are su�cient to obtained
quasi-converged third-order moment values. The statistical convergence is
also done for the Convection C and Transport T terms (see Figure 7). Even
if some very slight di�erences appear between N3 and Nt, this representa-
tion con�rms that the terms appearing in the TKE budget are statistically
converged.

In order to choose and validate the value of �, the size of the spatial
�ltering operation, we propose to determine the Sub Grid Scale (SGS) dis-
sipation using varying values of �. Both ET and LE-PIV methods are used
to compute the dissipation by applying similar low pass �ltering to velocity
�elds. Figure 8 displays the dissipation pro�les computed from ET and LE-
PIV methods at x� = 2 using di�erent values of �. Note that the size of the
spatial �ltering is normalized with dx the spatial resolution of PIV which
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Figure 7: Illustration of the statistical convergence of the Convection (left had side) and
Transport (right hand side) terms of the TKE energy budget along the z direction (at
x = 2), based on (N1;N2;N3) = (1000; 1500; 2000) time steps.

is the limit size of the resolved small scales structures. First, ET results do
not seem to be satisfactory fully converged for � � 1, justifying that the
pro�le of ET method with � = dx (�� = 1) is not represented. Second,
a quite good agreement is observed for both methods with ET dissipation
values converging to LE-PIV values for �� = 1:23. Based on these investi-
gations, it is proposed to keep �� = 1:23 value as a good compromise for
both methods.

Figure 8: Comparison of dissipation terms calculated from ET and LE-PIV methods at
x� = 2 using di�erent values of �, the size of the spatial �ltering operation. (�� = �=dx)
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Figure 9 presents the distribution along the z axis of each normalized
term in the TKE budget equation. At x� = 2, the wake does not reach
z� > 4, hence no measurements were carried out higher. Furthermore, �g-
ure 10 shows maps of production and dissipation in the very near wake.
Globally, for all quantities, their magnitude is relatively higher in the near
wake compared to the far wake. The pro�les also illustrate the shear layer,
rising in the water column, with a decreasing intensity when moving further
from the obstacle.
It is �rst con�rmed that the main source of TKE is the vortex shedding
developing behind the cylinder. A high level of the turbulent kinetic energy
production P is observed inside the shear layer area. The production peak
occurs at the peak of the Reynolds shear stress. Indeed, Reynolds shear
stress is the main contribution to turbulent energy production [Panigrahi
et al. (2008); Panigrahi (2009); Blackman et al. (2017)]. Note that the high
turbulent kinetic energy area (highlighted in �gure 3) extends further down-
stream compared to that of turbulent production P (presented in �gure 8).
Indeed, in the downstream direction (x� > 5), the magnitude of the tur-
bulent production gradually decreases due to the dissipation of the shear
layer in the agitated turbulent 
ow. Figure 10 illustrates this decrease of
the production intensity when the shear layer is dissipating. Production P
is compensated mostly by viscous dissipation � at the peak, turbulent trans-
port T at the bottom and pressure transport � at the top.
Above the Reynolds shear stress peak, the dominant component is the tur-
bulent transport T from the shear layer to the outer 
ow. That e�ect is
compensated by convection C and pressure transport �.

Convection C is higher in the near-wake, due to the unsteady 
ow sep-
aration and presents generally small magnitude with negative values. The
absolute value of C, which corresponds to the transfer of TKE via mean 
ow
decreases in the far-wake as it was previously observed [Panigrahi (2009);
Ricardo et al. (2014)].

Underneath the Reynolds shear stress peak, energy is mainly ejected by
pressure e�ect. Hence, the turbulent kinetic energy produced by the shear
is transported to the outer 
ow by turbulent processes (T ) and swept to the
bottom by pressure gradient e�ects (�).

The turbulent transport term T is then high in the shear layer and then
changes sign inside the shear layer, negative in the lower region of the shear
layer and positive in the upper region which is similar to previous studies
[Panigrahi et al. (2008); Panigrahi (2009); Liu and Thomas (2004)].

Concerning the dissipation rate �, the TKE is dissipated within the shear
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(a) x� = 2

(b) x� = 6

(c) x� = 10

Figure 9: Turbulent kinetic energy budget at three locations.
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layer especially in the near-wake. In this area, the dissipation rate follows
the one of the turbulent production and its magnitude is maximal in the near
wake (see �gure 10). Dissipation � is thus maximal at the position where
turbulence intensity is the highest [Liu and Thomas (2004)] and is correlated
to the production peak. That behaviour is often observed for 
ows past ribs
[Panigrahi et al. (2008); Panigrahi (2009)], unlike for turbulent boundary
layers. But in the far-wake, the dissipation rate does not seem to be directly
related to the vortex shedding. To investigate the link between each term
and the large scale 
ow structures, instantaneous and spectral analyses are
performed in the next section.

(a) Production P=(U3
1=H)

(b) Dissipation �=(U3
1=H)

Figure 10: Maps of production P and dissipation � in the near wake
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Globally, along the symmetrical axis of the wall-mounted square cylinder
in a high Reynolds 
ow, TKE budget terms exhibit the same tendency and
amplitudes as the one presented in similar 
ow con�gurations for the 
ow
past a wall-mounted rib at lower Reynolds numbers (see table 1) [Shah and
Tachie (2008); Acharya et al. (1994); Panigrahi et al. (2008)]. A similar
distribution of each TKE term is observed along the shear layer. Moving
downstream, the intensities are lower and the production P close to 0 due to
the wake dissipation. The main components at those downstream positions
are the turbulent transport T , and consequently the pressure transport �,
that can be caused by 3D e�ects.

Instantaneous and spectral analysis of production and dissipation terms.
Instantaneous production is represented along with the 
uctuating veloc-
ity signals in �gure 11(a). It shows that production peaks occur when the

uctuating velocity drops, when a vortex is passing. Indeed, vortices shed
in the cylinder wake present very intense negative 
uctuating velocities in
their bottom part and low positive velocities at the top [Ikhennicheu et al.
(2019c)]. Hence, when a large scale turbulent structures passes, turbulent
kinetic energy is produced. The production peak amplitude does not seem
to be correlated to the velocity 
uctuation intensity. Authors assume that
it is due to the complex 3D organisation of vortex structures, a single point
analysis is not enough to correlate vortices intensity to production peaks
amplitude. Dissipation �, however, does not follow the velocity 
uctuations.
Indeed, the 
ow is dominated by large scale turbulent structures shed from
the cylinder whereas dissipation occurs at small scales. Production and
dissipation power spectral densities are also given in �gure 11(b). The pro-
duction spectrum follows a �5=3 slope, as for the velocity, in the inertial
sub-range ([Kolmogorov (1941)]). There is a wide peak at f � 0:3 Hz, also
present on the velocity spectra, indicating the vortex shedding frequency
from the cylinder [Ikhennicheu et al. (2019c)]. Indeed, the vortices being
shed are large scale structures, source of the production. Dissipation spec-
tra does not follow the �5=3 slope and does not show any peak. Dissipation
is thus not directly connected to the vortex shedding dominating the 
ow.
Convection C and turbulent transport T signals and spectra are not depicted
here, results are similar to the dissipation: their behaviour is not connected
to the vortex shedding.

Investigation of the spectral method for dissipation rate estimation.
By comparing both methods (LE-PIV and spectral, using LDV data) for
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Figure 11: Signal of production P , dissipation � and 
uctuating velocity u0 and PSD of P
and � in x� = 2, z� = 2.

estimating the dissipation rate, it is possible to investigate the constant Ck
appearing in the spectral method and based on certains assumptions. Thus,
from these results, we can also determine the Kolmogorov constant Ck gener-
ally �xed at 1.5 [Tennekes and Lumley (1972)]. Indeed, numerous studies are
questioning that value [Al-Homoud and Hondzo (2007)], looking to evaluate
the dissipation in a undulating grid set-up, estimate that 0:43 < Ck < 4.
Di�erences observed between LE-PIV and the spectral method (�gure 12)
can thus be explained by a Ck value to be adjusted using experimental data.

20



In x� = 2, results from the spectral method are close to LE-PIV for Ck = 1.
Although LE-PIV can be used to question the Ck values commonly used, as
this method is based on strong assumptions, authors suggest that this value
should be used in further works with precautions.

Figure 12: Comparison of dissipation term calculated from the three methods (direct
Energy Transfer method, LE-PIV method, Spectral method) at x*=2.

4. Conclusions and Perspectives

In this paper, speci�c in situ conditions are reproduced in the Ifremer

ume tank at high Reynolds number (Re = 2:5 � 105). Large bathymetry
variations are reproduced with a large aspect ratio wall-mounted cylinder.
This obstacle produces a very energetic and extended wake embedded with
large scale turbulent structures. Such turbulent in
ow can have a strong
impact on tidal turbines. The wake past the wall-mounted cylinder is thus
investigated using PIV and LDV measurements. This paper focuses on
the turbulent content of the cylinder wake using the decomposition of the
turbulent kinetic energy budget equation. Di�erent terms are identi�ed
and calculated using large scale PIV measurements planes (dimensions are
1153� 430 mm2). A special care is taken for the dissipation calculation, as
viscous dissipation occurs at small scale, unlike for other terms. Using LDV
measurements, the spectral method, based on the Richardson-Kolmogorov
theory is used to determine the Kolmogorov scale at which viscous dissipa-
tion occurs. That scale is much smaller than the PIV interrogation window
size. Hence, PIV measurements are not resolved enough to evaluate directly
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viscous dissipation. Consequently, the Large Eddy PIV is used, based on
the Smagorinsky sub-grid model.

The kinetic energy budget is performed at di�erent streamwise positions
in the cylinder wake. Results show that production is maximized where the
average Reynlods shear stress is the more intense, where energy transmitted
from the mean 
ow to the turbulent 
ow is maximized. Dissipation peak
occurs at the same position. In-between, turbulent kinetic energy is ejected
to the outer 
ow by turbulent e�ects and swept to the bottom by pressure
gradient e�ects. Further analysis shows that production peaks coincide with
the passing of large scale turbulent structures. Dissipation, that occurs at
smaller scales does not follow that trend.

That decomposition allows a more thorough analysis of the turbulent
wake of the cylinder. However, dissipation computed with the LE-PIV is
dependant on the subgrid scale and corresponds to the transfer of the TKE
from resolved scales to subgrid ones. TKE budget decomposition may be
used for validation of numerical model, allowing a more precise identi�cation
of any development issues. It also illustrates that the evaluation of the tur-
bulent kinetic energy budget is achievable for large scale PIV planes in high
Reynolds number 
ow. That type of description is useful when predicting
the potential loads on a tidal turbine submitted to the wake of bathymetry
elements. Furthermore, turbulent in
ow conditions play a crucial role in the
wake evolution behind the turbine. Then, the present thorough analysis of
the energy exchanges is needed for the development of tidal turbine farm
and speci�cally for the associated numerical models.

This paper presents the �rst results obtained for that study. Further ex-
periments, including synchronous measurements of the three velocity com-
ponents or PIV measurements planes of di�erent size, are necessary to con-
�rm the hypothesis for calculating the di�erent components of the equation,
even if the Large-Eddy PIV approach enabled to obtain full spatial maps of
dissipation and also to compare it with the spectral method and to assess
the validity of the constant used for the dissipation rate estimation.
The TKE energy budget can also be achieved at the turbine position, with
or without its presence, in order to understand the complex interactions
between the turbulent 
ow and the turbine behaviour.

22



Acknowledgment

This work bene�ts from a French state grant managed by the National
Research Agency under the Investments for the Future program bearing
the reference ANR-10-IEED-0006-11. This work also received the support
of the Met-Certi�ed project, funding from the Interreg 2 Seas programme
2014-2020, co-funded by the European Regional Development Fund under
subsidy contract N. 2S01-020. This project was partly �nancially supported
by the European Union (FEDER), the French government, Ifremer and the
region Hauts-de-France in the framework of the project CPER 2015{2020
MARCO. The authors also acknowledge the �nancial support of Ifremer
and the Hauts de France Regional Council for this PhD study. We are
most grateful to Thomas Bacchetti, In�es Belarbi, Jean-Valery Facq and the
reviewers for their assistance and precious advices.

References

Acharya, S., Dutta, S., Myrum, T., and Baker, R. (1994). Turbulent 
ow
past a surface-mounted two-dimensional rib. Journal of Fluids Engineer-
ing, 116:238{246.

Adrian, R. and Westerweel, J. (2011). Particle image velocimetry. Cam-
bridge University Press, Cambridge.

Al-Homoud, A. and Hondzo, M. (2007). Energy dissipation estimates in
oscillating grid setup: LDV and PIV measurements. Environmental Fluid
Mechanics, 7:143{158.

Blackman, K., Perret, L., Calmet, I., and Rivet, C. (2017). Turbulent kinetic
energy budget in the boundary layer developing over an urban-like rough
wall using PIV. Physics of Fluids, 29:085113.

Castro, I. P., Cheng, H., and Reynolds, R. (2006). Turbulence over urban-
type roughness: Deductions from wind-tunnel measurements. Boundary
layer Meteo., 118:109{131.

Dey, S., Sarkar, S., Bose, S., Tait, S., and Castro-Orgaz, O. (2011). Wall-
wake 
ows downstream of a sphere placed on a plane rough wall. J.
Hydraulic Eng., 137(10):1173{1189.

Dur�an Medina, O., Schmitt, F., Calif, R., Germain, G., and Gaurier, B.
(2015). Correlation between synchronised power and 
ow measurements,

23



a way to characterize turbulent e�ects on a marine current turbine. Pro-
ceedings of the 11th European Wave and Tidal Energy Conference, Nantes,
France.

EDF (2010). �Energies marines hydrolienne et houlomotrice. Conf�erence
institut Coriolis.

Gabriele, A., Nienow, A., and Simmons, M. (2009). Use of angle resolved
PIV to estimate local speci�c energy dissipation rates for up- and down-
pumping pitched blade agitators in a stirred tank. Chemical Engineering
Science, 64:126{143.

Hinze, J. (1975). Turbulence. 2nd Edition, McGraw-Hill, New York.

Ikhennicheu, M. (2019). �Etude exp�erimentale de la turbulence dans les zones
�a forts courants et de son impact sur les hydroliennes. PhD thesis, Uni-
versit�e de Lille.

Ikhennicheu, M., Druault, P., Gaurier, B., and Germain, G. (2017). An
experimental study of in
uence of bathymetry on turbulence at a tidal
stream site. Proceedings of the 12th European Wave and Tidal Energy
Conference, Cork, Ireland.

Ikhennicheu, M., Gaurier, B., Germain, G., Druault, P., Pinon, G., and
Facq, J.-V. (2019a). Experimental study of the wall-mounted cylinder
wake e�ects on a tidal turbine behaviour compared to free stream turbu-
lence. Proceedings of the 13th European Wave and Tidal Energy Confer-
ence, Napoli, Italy.

Ikhennicheu, M., Germain, G., Druault, P., and Gaurier, B. (2019b). Ex-
perimental investigation of the turbulent wake past real seabed elements
for velocity variations characterization in the water column. International
Journal of Heat and Fluid Flow, 78:108426.

Ikhennicheu, M., Germain, G., Druault, P., and Gaurier, B. (2019c). Ex-
perimental study of coherent 
ow structures past a wall-mounted square
cylinder. Ocean Engineering, 182:137{146.

Khan, F. (2005). Investigation of turbulent 
ows and instabilities in a stirred
vessel using particle image velocimetry. PhD thesis, Loughborough Uni-
versity.

24



Kolmogorov, A. (1941). The local structure of turbulence in incompressible
viscous 
uid for very large Reynolds number. Doklady Akademii Nauk,
30:9{13.

Liu, X. and Thomas, F. (2004). Measurement of the turbulent kinetic energy
budget of a planar wake 
ow in pressure gradients. Experiments in Fluids,
37:469{482.

Meinhart, C., Prasad, A., and Adrian, R. (1993). A parallel digital processor
system for particle image velocimetry. Measurement Science Technology,
4:619{626.

Mercier, P. (2019). Mod�elisation de la turbulence engendr�ee par la morpholo-
gie du fond marin dans le Raz-Blanchard: Approche locale LBM-LES.
PhD thesis, Universit�e de Caen Normandie.

Mercier, P., Ikhennicheu, M., Guillou, S., Germain, G., Poizot, E., Gron-
deau, M., Thi�ebot, J., and Druault, P. (2020). The merging of kelvin-
helmholtz vortices into large coherent 
ow structures in a high Reynolds
number 
ow past a wall-mounted square cylinder. Ocean Engineering,
204:00{00.

Myers, L. and Bahaj, A. (2005). Simulated electrical power potential har-
nessed by marine current turbine arrays in the Alderney Race. Renewable
Energy, 30:1713{1731.

Natrajan, V. K. and Christensen, K. T. (2006). The role of coherent struc-
tures in subgridscale energy transfer within the log layer of wall turbu-
lence. Physics of Fluids, 18.

Ouro, P. and Stoesser, T. (2018). Impact of environmental turbulence on
the performance and loadings of a tidal stream turbine. Flow, Turbulence
and Combustion, 102.

Panigrahi, P. (2009). Piv investigation of 
ow behind surface mounted de-
tached square cylinder. Journal of Fluids Engineering, 131(011202):1{16.

Panigrahi, P., Schroeder, A., and Kompenhans, J. (2008). Turbulent struc-
tures and budgets behind permeable ribs. Experimental Thermal and
Fluid Science, 32:1011{1033.

Pope, S. (2000). Turbulent 
ows. Cambridge University Press, Cambridge.

25



Ricardo, A., Koll, K., Franca, M., Schleiss, A., and Ferreira, R. (2014).
The terms of turbulent kinetic energy budget within random arrays of
emergent cylinders. Water resources research, 50:4131{4148.

Saarenrinne, P. and Piirto, M. (2000). Turbulent kinetic energy dissipa-
tion rate estimate from piv velocity vector �elds. Experiments in Fluids,
29:300{307.

Shah, M. and Tachie, M. (2008). Flow relaxation past a transverse square
rib in pressure gradients. AIAA Journal, 46(7).

Sheng, J., Meng, H., and Fox, R. (2000). A large eddy PIV method for
turbulence dissipation rate estimation. Chemical Engineering Science,
55:4423{4434.

Smagorinsky, J. (1963). General circulation experiments with the primitive
equations. Monthly Weather Review, 91:99{164.

Tennekes, H. and Lumley, J. (1972). A �rst course in turbulence. MIT press.

Westerweel, J. and Scarano, F. (2005). Universal outlier detection for PIV
data. Experiments in Fluids, 39:1096{1100.

Zaripov, D., Li, R., and Dushin, N. (2019). Dissipation rate estimation
in the turbulent boundary layer using high-speed planar particle image
velocimetry. Experiments in Fluids, 60:18.

26


