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Abstract

In a water channel, a scale horizontal axis tidal turbine is positioned in a low-
disturbance uniform flow, and Particle Image Velocimetry (PIV) measurements
are used to investigate turbulent-flow modifications in front of the turbine. The
results confirm that even if the axial velocity deficit is mainly governed by the
turbine rotational speed, a similar velocity profile is observed regardless of the
rotational speed: the uniform flow evolves to a shear flow with a peak velocity
deficit in front of the hub. The mean radial velocity component is not sensitive to
the turbine rotational speed in front of the hub, whereas its amplitude increases
near the tip of the blade as the Tip Speed Ratio increases. PIV database is also
used to verify the validity of consolidated analytical induction models. Models
based on the axial momentum theory, vortex method, and self-similar models
exhibit some discrepancies with experimental measurements, especially in front
of the hub. This paper proposes a turbine induction model that separately
considers the influence of the hub and the rotating blades. The mean flow deficit
in front of the operating turbine calculated using this new model is consistent
with the experimental measurements.

Keywords: Turbine induction; Turbulence; Analytical induction model

1. Introduction

Structural fatigue of kinetic energy conversion devices is widely recognized
to depend on the nature of the incoming flow and its associated variability.
Therefore, knowledge of the turbulent flow that affects a turbine is critical to
the life span of wind and tidal energy projects. This flow differs from that5

of free flow because the thrust force of the turbine results in a decrease in the
upstream flow in front of the operating turbine. This area is called the induction
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or blockage area of the turbine. Thereby, the dynamic pressure increases and
modulates the structural load and the rotor efficiency.
Understanding the flow modifications in the immediate vicinity of the rotor is10

of importance not only for structural reliability, but also for the development of
analytical induction models. However, contrary to turbine wake flow analyzes,
only a limited number of experimental and numerical studies have been devoted
to such an investigation.
From an analytical point of view, a simple expression of the mean axial velocity15

deficit along the rotor axis can be determined from the axial momentum theory
(Glauert, 1935) or from the symmetric vortex theory (Joukowsky, 1912) (also
called actuator disk theory):

U(x) = U∞

[
1− a

(
1 +

x√
R2 + x2

)]
(1)

where U∞ is the far-free upstream mean velocity, a is the axial induction factor,
x the upstream axial coordinate, and R the radius of the rotor. Other turbine20

induction models have also been developed, such as the vortex cylinder model
(Branlard and Gaunaa, 2015; Branlard and Meyer Forsting, 2020) and the self-
similar model (Troldborg and Meyer Forsting, 2017). Recent studies have made
great advances, especially to account for the wind-farm blockage (Branlard and
Meyer Forsting, 2020; Segalini, 2021). Note that these models allow only for25

the representation of the mean velocity field without regard to the turbulence
effect. As the need to model the blockage effect associated with a hub cone to
better represent the wake of the hub was highlighted, analytical models were
developed recently to distinguish between the reduction in velocity due to the
rotating blades and the reduction due to the hub (Bontempo and Manna, 2019;30

Anderson et al., 2020). The rapid distortion theory was also recently used to
analyze the flow modifications in front of an actuator disk model corresponding
to a rotating turbine (Milne and Graham, 2019).
From a numerical point of view, very few Computational Fluid Dynamics (CFD)
studies focused on the analysis of solid turbine blockage. Using high-fidelity35

CFD methods to accurately simulate realistic unstable turbine loads under
turbulent flow conditions was out of reach for some time due to the need to
address the range of spatio-temporal scales involved (Van Kuik et al., 2016;
Adcok et al., 2020). In order to investigate the mean velocity field in the wind
turbine induction area, Reynolds-averaged Navier-Stokes (RANS) simulations40

(Meyer Forsting et al., 2016) and Large Eddy Simulations (LES) using the ac-
tuator line method Meyer Forsting et al. (2018) were carried out.
From an experimental point of view, access to in situ flow description in the wind
turbine induction zones was made possible using Lidar or super-large-scale par-
ticle image velocimetry (PIV) measurements in selected vertical planes near the45

turbine (Simley et al., 2016; Howard and Guala, 2015; Slinger et al., 2020; Li
et al., 2020). Simley et al. (2016) characterized the mean velocity deficit up-
stream of the rotor as a function of the thrust coefficient (the turbine induction
factor). They also showed an increase in the radial velocity component at the
blade tip as the flow accelerates around the turbine. Differences are highlighted50
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compared to the analytical prediction (Eq. 1), especially for locations close to
the rotor plane (Simley et al., 2016; Li et al., 2020). To the authors’ knowledge,
similar planar in situ measurements in the tidal environment flow have not yet
been performed.
Laboratory scale experiments in a wind tunnel or a water channel were also55

carried out to study the change in flow in front of a turbine (Medici et al., 2011;
Chen and Liou, 2011; Howard and Guala, 2015; Bastankhah and Porte-Agel,
2017; Kolekar et al., 2019; Druault and Germain, 2022). The most important
modifications of the turbulent velocity field were observed when the incoming
flow was uniform (Druault and Germain, 2022) as it turned into a mean shear60

flow near the rotor. In this case, the blockage effect altered the flow intermit-
tency, resulting in non-Gaussian fluctuations. In contrast, in the presence of an
incoming mean shear flow containing large-scale flow structures, it was observed
that the turbine did not significantly modify the intermittency of the upstream
flow and the large-scale flow structures were relatively unaffected by the rotat-65

ing blade (Druault and Germain, 2022). This recent result confirmed previous
work in which large-scale low-frequency flow structures were not noticeably af-
fected in the induction area (Mann et al., 2018; Kidambi Sekar et al., 2021).
Furthermore, these tunnel or channel experimental studies allowed the investi-
gation of the mean axial flow deficit along the rotor axis, and the results were70

compared to the analytical expression (Eq. 1) (Medici et al., 2011; Bastankhah
and Porte-Agel, 2017).
In the present work, the available experimental database (Ikhennicheu, 2019;
Magnier et al., 2021; Druault and Germain, 2022) is used to investigate changes
in turbulent flow characteristics in front of a scaled turbine with low distur-75

bance uniform flow. Performing experiments in a current-circulating flume tank
is advantageous compared to in situ measurements, as it is possible to measure
velocities with or without a rotor under various turbine operating conditions.
The purpose of this work is twofold: i) to improve our knowledge of turbu-
lent flow modifications upstream a scale tidal turbine operating at different Tip80

Speed Ratios (TSR), that is, different turbine thrusts; ii) to check the validity of
consolidated analytical induction models in the immediate vicinity of the tidal
turbine, by comparing the model predictions with the measured mean velocity
field under various turbine thrust conditions.
After a short description of the experimental set-up, the velocity measurement85

method and the test conditions (section 2), the flow modifications upstream the
turbine operating at various TSRs are analyzed by successively investigating
the first- to fourth-order velocity statistics (section 3). Then, in section 4, an
analytical hybrid model is proposed and evaluated from a comparison with the
experimental results.90

2. Experimental set-up and measurement method

A description of the experimental set-up, the measurement method, and
the associated measurement errors are given in (Ikhennicheu, 2019; Ikhennicheu
et al., 2019a; Magnier et al., 2020, 2021; Martinez et al., 2021; Druault and
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Germain, 2022). Two experimental databases are also available (Ikhennicheu95

et al., 2019c,d). It is briefly described here for the completeness of this article.
Experiments are carried out in the IFREMER (French Institute for the Exploita-
tion of the Sea) wave and current circulation flume tank whose dimensions are
indicated in Fig. 1. All experiments are carried out with a constant far upstream
velocity U∞ = 1 m s−1 with a low turbulence intensity I∞ = 1.5%. An hydrody-100

namically smooth wall boundary layer (Ikhennicheu et al., 2019b; Ikhennicheu,
2019) is developed over the wall. To reproduce realistic flow conditions that
can occur at a potential French water site, the Alderney race (Sentchev et al.,
2020; Ikhennicheu, 2019), the far upstream flow interacts with a wall-mounted
cube of side H = 0.25 m followed 2H downstream with a wall-mounted square105

cylinder of height H and 6H long. The obstacles are placed in the center of
the test section, symmetrically around the span-wise origin y = 0. Note that
H will be used later to normalize the spatial variables. The Reynolds number
Re = U∞H/ν (with ν the water kinematic viscosity) is around 2.5× 105, which
is close to the real conditions in situ (Ikhennicheu et al., 2019b; Magnier et al.,110

2021).
A 1:20 scaled tri-bladed horizontal axis tidal turbine is successively positioned
at two streamwise locations (x∗ = x/H = 10, 16) in the obstacle wake. The
origin of the x axis corresponds to the x center of the cylinder. The turbine
has a diameter D = 0.724 m and its center is located mid-depth (z = 4H) and115

mid-span (y = 0) in the tank (see Fig. 1). The turbine rotational speed is
controlled and the blade pitch does not change. The turbine characteristics are
provided in (Gaurier et al., 2017, 2020a; Druault et al., 2022).
In this study, the turbine is considered parked (denoted TSR0) or rotating. The
nominal operating point, which corresponds to the largest bending moments,120

is obtained when the Tip Speed Ratio, TSR = ωR/U∞, is 4 (Magnier et al.,
2020) with R = D/2 and ω is the angular rotational speed. The following TSRs
(3, 4, 5) are successively considered in the present work. Each root of the blade is
equipped to allow measurements of the two forces (Tx, Ty) along the respective
axes. The global thrust of the turbine Tt and torque Mt applied on the main125

rotational axis are also measured.
To characterize the 2D flow upstream of the turbine at the height of the rotor
axis (z∗ = 4), Laser Doppler Velocimetry (LDV) measurements are performed
(Gaurier et al., 2020a; Druault and Germain, 2022). A reference mean axial ve-
locity outside the turbine induction area is then estimated and used to evaluate130

the turbine performance parameters.
In order to characterize the turbine induction area, planar Particle Image Ve-
locimetry (PIV) measurements are performed to access instantaneously the axial
(u) and vertical (w) velocity components in a vertical plane located at y = 0 in
front of the turbine (see Fig. 2). As the turbine is located at mid-depth of the135

tank so relatively close to the triangular form of the PIV laser sheet (Gaurier
et al. (2020b), figure 4), the vertical PIV plane is in consequence reduced by the
lens aperture, due to the shadow effect. Consequently, instantaneous velocity
components extracted along a vertical line at 0.07D = 0.05m upstream of the
extremity of the hub are only retained for analysis. The velocity vectors are then140
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available for the Nz = 74 points that sweep the vertical line z∗ ∈ [2.53 : 5.44].
Nt = 2700 instantaneous vector fields sampled at dt = 0.067 s (the PIV sampling
frequency is 15Hz) are obtained. In the present work, we focus on turbulent flow
modifications in the turbine blockage area under uniform conditions. Then, we
choose to exploit the velocity fields extracted only at the upper part of the145

vertical z-line, z∗ ∈ [4 : 5.44]. In fact, in this area, the mean flow is uniform
and homogeneous along the spanwise direction while below z∗ < 3, the wake
mean flow presents a slight mean axial velocity z-gradient (Magnier et al., 2021;
Druault and Germain, 2022).
For every axial turbine position (x∗ = 10, 16), five configurations are exam-150

ined: without a turbine (free flow), with a parked turbine, and with a rotating
turbine for three TSR values. The following associated notations will be used
for the rest of the paper: free, TSR0, TSR3, TSR4 and TSR5, respectively.
For each configuration, the velocity vector fields are measured simultaneously
with the turbine forces with a sampling frequency of 15Hz and 120Hz, respec-155

tively. Note that for the TSR0 case, one blade is exactly at the top dead center
(y = 0), which corresponds to the vertical position of PIV line measurements.
Previous investigations obtained with the same turbine as ours and in the same
experimental set-up, but with an upstream homogeneous turbulent flow with a
turbulence intensity of 13% showed that the mean velocity remains unchanged160

up to 1D along the hub axis (Deskos et al., 2020).

Wall-mounted obstacles

Figure 1: Schematic view of the experimental setup including the wall-mounted obstacles and
the PIV measurement plane (orange color) in front of the operating turbine.

3. TSR effect on the flow modification in front of the turbine

The purpose of the present section is to analyze the flow modifications in
front of the operating turbine as a function of the thrust of the turbine. We
then successively analyze the first- to fourth- order velocity moments along the165

vertical line in front of the turbine for the two turbine x-locations, x∗ = 10, 16.
The velocity statistics are deduced from the Reynolds decomposition as for the
axial velocity component:

u(z, t) = U(z) + u′(z, t) (2)

where an overbar denotes the time average operator and u′ is the component
of the fluctuating velocity. The statistics obtained for various TSR (that is,170
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z*, r

x4, 0

Figure 2: Illustration of an instantaneous PIV velocity vector field and the location of the
vertical line under consideration (red line) where instantaneous velocity vectors are extracted.
(x, z∗) cartesian coordinate system and (x, r) cylindrical one are indicated. Dashed white
lines indicate the reduction of PIV measurements plane due to the triangular laser sheet.

for various turbine thrusts) will be compared among themselves and with those
computed from the cases free and TSR0.

3.1. Turbine performance parameters

Before examining the effect of the turbine thrust on the turbine blockage,
the following thrust and power parameters are examined:175

CT =
T

1
2ρAULDV

2 and CP =
Mω

1
2ρAULDV

3 (3)

where ULDV is the reference LDV mean axial velocity component, A = πR2 is
the rotor swept area, ρ = 1000 kg/m3 is the water density, T and M are the time
average thrust and torque of the turbine, respectively. ULDV is 1.07 m s−1 and
1.03 m s−1 for x∗ = 10 and x∗ = 16, respectively. Two values are retained for T :

1) the total turbine thrust Tt and 2) the sum of the blade thrust Tb =
∑3
i=1 T

i
x,180

without taking into account the thrust of the hub. The coefficients CTt
and CTb

are then calculated with the associated sweeping area A and Ab, respectively,
where Ab corresponds to the rotor area subtracted from the hub area. The
time average of these coefficients is also determined based only on the thrust
moments and signals for which the blade lies in the upper part of the rotor185

(z∗ > 4). A less than 1% difference is obtained with the time average computed
with all available instants. The slight mean axial velocity shear observed for
z∗ < 3 does not have a real incidence on these time-average coefficients. The
thrust coefficients and their associated standard-deviations σ are indicated in
table 1. The time duration for each blade thrust signal is long enough to ensure190

the statistical convergence of the associated average and standard deviation
estimates, which show similar values for each blade thrust signal.
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x∗ = 10 x∗ = 16
TSR0 TSR3 TSR4 TSR5 TSR0 TSR3 TSR4 TSR5

CTt
0.18 0.65 0.83 0.91 0.17 0.70 0.90 0.98

σCTt
0.010 0.014 0.022 0.025 0.020 0.016 0.024 0.032

CTb
0.15 0.60 0.77 0.85 0.15 0.65 0.85 0.92

σCTb
0.008 0.012 0.021 0.024 0.017 0.015 0.023 0.030

CP 0 0.34 0.4 0.38 0 0.37 0.43 0.40
σCP

0 0.012 0.021 0.022 0 0.014 0.022 0.027
a 0.05 0.21 0.3 0.35 0.04 0.23 0.34 0.42

Table 1: Comparison of the turbine performance parameters and their associated standard
deviation σ determined for each flow configuration (TSR0, TSR3, TSR4 and TSR5) at both

turbine locations (x∗ = 10, 16). The axial induction factor a = 0.5
(
1−
√

1− CT

)
is also

indicated.

The highest Cp values are obtained, as expected (Magnier et al., 2020), for
the TSR4 case that corresponds to the nominal operating point. The CT and
Cp coefficients follow similar tendencies with respect to the TSR as those ob-195

tained previously in the same circulation basin with other turbulent incoming
flow conditions (Mycek et al., 2014a,b; Gaurier et al., 2020b). Both performance
coefficients increase slightly as the turbine goes upstream. In addition, an in-
crease in the TSR increases fluctuations in both the turbine thrust and torque
signals, especially between the cases TSR3 and TSR4. In contrast, similar stan-200

dard deviation values related to the coefficients CT and Cp are obtained for
TSR4 and TSR5. These results agree with those previously obtained (Mycek
et al., 2014a; Blackmore et al., 2016).
The comparison of CTt

and CTb
highlights that the thrust of the hub remains

the same regardless of the TSR. The hub thrust is mainly derived from the205

drag characteristics of the ellipsoidal hub while the thrust of the blades is de-
rived from the airfoil’s lift and drag characteristics. To the authors’ knowledge,
no similar results were reported. Ishihara and Qian (2018) numerically investi-
gated the wind turbine wake in which different thrust coefficients are considered.
Whatever the turbine thrust values are, they always considered that the hub210

loss is constant (see equation 17 in their paper) suggesting that the hub thrust
is independent of the turbine thrust. Similarly, Ebdon (2019) observed that
whatever the TSR is, the stanchion thrust is similar in each case. By analogy
with these studies and considering the hub as a bluff body, we can state that the
thrust of the hub remains constant for the present turbine operational points,215

TSR ∈ [3 : 5].
When considering the local blade thrust values (see Table 2), the blade thrust
is higher when the blades rotate compared to the one in front of a fixed blade
(TSR0). This is due to the three-dimensional effect. During zero yaw opera-
tion, blade rotation imposes additional flow resistance due to the Coriolis and220

centrifugal forces (Schreck and Robinson, 2022; Bangga et al., 2017), thus sig-
nificantly increasing blade thrust.
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x∗ = 10 x∗ = 16
TSR0 TSR3 TSR4 TSR5 TSR0 TSR3 TSR4 TSR5

Tt 38.6 152.5 194.1 214.2 37.0 146.6 178.0 196.9

T 1
x 11.0 46.3 59.6 66.1 11.2 45.0 55,0 61,0

T 2
x 10.4 46.0 60.5 67.6 10.3 45.1 56.2 62.8

T 3
x 10.6 46.04 58.9 64.9 10.4 45.0 54.5 60.0

Table 2: Values for blade and turbine thrust for each studied configuration.

3.2. Mean velocity modifications

The first order statistics of the velocity fields extracted along the vertical z-
line, z∗ ∈ [4 : 5.44] are determined. Note that the z-extend of the measurement225

line corresponds to the upper radius part of the rotor (see Fig. 2). In this sense,
instead of using the z variable, the radial r spatial variable will be used for the
rest of the paper, allowing an easier comparison with the analytical induction
model (see section 4). The position r = 0 corresponds to the height z∗ = 4.
Thus, along the measurement line, the measured vertical velocity component w230

corresponds to the radial velocity component ur (in polar coordinates).
Under this experimental set-up, the mean flow without a turbine is uniform with
Ufree = 0.98 m s−1. Figure 3 compares the radial evolution of the mean axial
velocity component in front of the turbine with the free flow. In this figure, the
normalized velocity deficit (expressed as a percentage):235

100× |U(r)− Ufree|/Ufree (4)

is also displayed. For both turbine locations, similar behaviors are observed.
The uniform mean axial velocity field evolves towards a shear flow in front of
the turbine with its minimum value reached at the center of the turbine. This
is in agreement with previous experimental results upstream of a wind or tidal
turbine (Bastankhah and Porte-Agel, 2017; Howard and Guala, 2015; Medici240

et al., 2011; Simley et al., 2016; Garćıa Regodeseves and Santolaria Morros,
2021; Druault and Germain, 2022). A higher turbine rotational speed results in
a higher mean axial velocity deficit (higher blockage) (see Table 3). The com-
parison between TS3, TSR4 and TSR5 profiles exhibits a non-linear behaviour.
This is directly related to the different modes operating at TSR3 and TSR5 as245

indicated in both table 1 with various values of Ct and in Shoukat et al (2022).
At mid-span (r/R = 0.5), regardless of the x section, the percentage deficit is
14.1%, 18.7% and 21.5% for TSR3, TSR4 and TSR5, respectively. Simley et al.
(2016) performed measurements of the axial mean velocity upstream of a wind
turbine with an induction factor of 0.25. In table 4, the velocity deficit observed250

in the case x∗ = 16, TSR3 for which the induction factor is 0.23, is similar to
the available measurements. The agreement between the two measurements is
satisfactory.
Recently, it was observed that for a fixed TSR, the percentage of velocity deficit
remains globally the same regardless of the nature of the incoming flow (Druault255
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and Germain, 2022). The current results confirm that the percentage deficit is
primarily governed by the rotational speed of the turbine (Chen and Liou, 2011;
Kolekar and Banerjee, 2015). Thus, the deceleration decreases with the thrust
coefficient, but the overall shape of the mean axial velocity profiles remains
unchanged in the proximity of the rotor.260

x∗ = 10 x∗ = 16

Figure 3: Top: superposition of axial mean velocity profile U along r for free (blue), TSR0
(green), TSR3 (red), TSR4 (yellow) and TSR5 (purple). Bottom: normalized velocity deficit
expressed in percentage values (see Eq. 5).

x∗ = 10 x∗ = 16
TSR0 TSR3 TSR4 TSR5 TSR0 TSR3 TSR4 TSR5

r = 0 21.7 22.7 28.1 30.9 22.8 24.2 29.2 32.4
r = 0.5R 13.7 14.0 18.7 21.4 13.6 14.1 18.6 21.5
r = R 6.2 6.8 9.4 10.7 6.1 6.7 9.2 10.8

Table 3: Comparison of percentage deficit 100× |U − Ufree|/Ufree for TSR0, TSR3, TSR4,
TSR5 at r = 0, R/2, R.

The blockage effect is greater when the blades rotate, as their rotation am-
plifies the aerodynamic forces due to the Coriolis and centrifugal forces (Schreck
and Robinson, 2022; Bangga et al., 2017). It is interesting to observe that for
both turbine x-positions, the axial mean velocity at TSR0 is very close to the
axial mean velocity at TSR3. This can be explained by the lower rotational tur-265
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r = 0.25R r = 0.5R r = 0.75R r = R

(Simley et al., 2016) : U/U∞ 0.84 0.85 0.88 0.93

x∗ = 16, TSR3 : U/Ufree 0.83 0.86 0.90 0.93

Table 4: Comparison between previous measurements Simley et al. (2016) and present PIV
measurements (x∗ = 16, TSR3 case).

bine speed in this case, which limits the development of the three-dimensionality
of the incoming flow.
Figure 4 shows the superposition of the radial mean velocity component (or
vertical component) and its associated percentage deficit calculated as: 100 ×
|Ur − Urfree

|/Ufree. Only the results at x∗ = 16 are presented, similar results270

are obtained at x∗ = 10 (see Table 5). In free flow, this mean component is
very small in relation to the magnitude of the axial mean velocity, illustrating
the uniform flow conditions. The presence of the turbine causes the radial ex-
pansion of the flow and the velocity field changes from a uniform to a shear
profile, in agreement with previous studies (Medici et al., 2011; Li et al., 2020;275

Simley et al., 2016; Garćıa Regodeseves and Santolaria Morros, 2021; Druault
and Germain, 2022). Whatever the TSR case, similar profiles with two distinct
regions are visible. First, around the hub, a similar velocity gradient is obtained
independently of the rotational speed of the turbine or for the parked turbine.
At r = 0, the radial mean component is not affected by the turbine rotational280

speed. Second, near the tip of the blade, the radial distribution of the velocity
exhibits a dependency on the TSR. The influence of the TSR is stronger in
this area, and a higher turbine rotational speed results in a higher mean radial
velocity (see Table 5). This result can be related to previous observations em-
phasizing that the near-wake region (initiation of the large-scale structures) is285

significantly influenced by the TSR. This is also directly related to the different
peak values for the mean radial velocity observed at r = R.

x∗ = 10
TSR0 TSR3 TSR4 TSR5

r = 0 -0.01 (0.6) -0.01 (0.4) -0.01 (0.3) -0.01 (0.8)
r = 0.5R 0.03 (5.1) 0.03 (5.6) 0.04 (6.8) 0.04 (7.4)
r = R 0.04 (5.7) 0.05 (6.8) 0.08 (10.0) 0.09 (12.2)

x∗ = 16
TSR0 TSR3 TSR4 TSR5

r = 0 -0.03 (0.5) -0.03 (0.8) -0.03 (0.5) -0.03 (0.3)
r = 0.5R 0.03 (5.3) 0.03 (5.7) 0.04 (7.0) 0.04 (7.6)
r = R 0.04 (5.8) 0.05 (7.0) 0.08 (10.4) 0.09 (12.7)

Table 5: Comparison of the radial mean velocity expressed in m.s−1 and enclosed in paren-
theses the velocity deficit 100 × |Ur − Urfree |/Ufree for each flow configuration, at selected
radial locations: r = 0, r = R/2 and r = R.
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Figure 4: Left: Superposition of radial mean velocity profiles Ur along r for free (blue), TSR0
(green), TSR3 (red), TSR4 (yellow) and TSR5 (purple). Right: Corresponding percentage
velocity deficit.

3.3. Modifications of the second order velocity statistics close to the operating
turbine

The radial distribution of the Reynolds tensor components, u′2 and u′2
r is290

shown in Fig. 5. For the present uniform incoming conditions with low tur-
bulence intensity, the second-order velocity statistics have very low amplitudes,
but some tendencies emerge. In front of the hub (r/R < 0.2), the u′2 magnitude
increases by comparison with the magnitude of the free flow configuration. This
is a consequence of the strong gradients of the mean axial flow along the radial295

direction. As r increases, the levels of u′2 decrease to converge at r = R toward
approximately half the level observed for the free flow regardless of the TSR.
This result could be related to previous work (Hancock and Pascheke, 2014) in
which a decrease in turbulence intensity was reported just behind the turbine
and was explained as a possible consequence of the decrease in turbulence in-300

tensity upstream of the turbine due to blockage effect.
For r < R/2, the amplitude of u′2

r remains similar to that of free flow regardless
of the test cases. On the contrary, the dependence on TSR is clearly seen in
the upper part of the blade, where an increase in TSR leads to an increase in
the level of u′2

r . This is related to previous observations of the modification of305

the radial mean velocity at the tip of the blade. The present results appear to
indicate a redistribution of the kinetic energy near the rotor due to the turbine
rotational speed. An analysis of all the Reynolds tensor components, especially

the angular component u
′2
θ , is necessary to confirm this statement.

The Discrete Fourier Transform is now applied to the fluctuating u′ signal310

which is split into blocks of 1024 samples with overlapping of 50%. The velocity
spectrum is then averaged over blocks and a smoothing technique is finally
applied to it (Druault and Germain, 2022). Fig. 6 represents the u′-spectra
as a function of the frequency and computed at three radial positions: r = 0,
r = R/2 and r = R, for the free, TSR3, TSR4 and TSR5 cases. In each315

radial position, the velocity spectra are of low amplitude, and those computed
at TSR3, TSR4 and TSR5 are comparable regardless of the radial position. As
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Figure 5: Superposition of u′2 (left) and u′2
r (left) for the free, TSR0, TSR3, TSR4 and TSR5

cases. (turbine located at x∗ = 16).

previously noted (Deskos et al., 2020) the rapid distortion theory shows that
two dominant effects act in front of an actuator disk model: one being blockage
and the other being turbulence distortion. Even if no more measurements are320

presently available at other upstream locations, the comparison with the free
flow database makes possible a preliminary analysis of the distortion-blockage
effects. Thus, along the rotor axis (r = 0), an attenuation of the low-frequency
spectral velocity component seems to be observed when the turbine rotates
while an opposite effect is obtained in front of the rotating blades (r = R/2 and325

r = R). Present measurements in the close proximity of the rotating turbine
are certainly not sufficient to accurately analyze the relative of the blockage-
distortion effects. However, these preliminary results emphasize the need to
take into account separately the hub blockage and the rotating blade effects
which act differently.330

3.4. Intermittency

To further characterize the impact of the blockage effect induced by the pres-
ence of a turbine in the modifications of a homogeneous incoming turbulent flow,
we choose to assess higher-order moments of the axial velocity component. The
third- and fourth-order moments of the axial velocity component, namely the335

skewness and flatness coefficients, respectively, are calculated as Su = m3m
−3/2
2

and Fu = m4m
−2
2 , where mj = Nt

−1∑Nt

i=1[u′(i)]j is the jth moment about the
mean. The radial distribution of the skewness and flatness of the axial velocity
component is shown in Fig. 7.

Higher-order moments appear to be sensitive to the presence of the turbine,340

as seen in the transition from a positively skewed distribution in the absence of
the turbine to a negatively skewed distribution for the cases where the turbine
is present.

The radial distribution of the flatness exhibits larger values in the presence
of the turbine than those observed in the free case, except near the hub where345

the blockage effect prevents one from forming any clear conclusion about the
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r = 0 r = R/2

r = R

Figure 6: Superposition of the velocity PSD for the free, TSR3, TSR4 and TSR5 cases (turbine
located at x∗ = 16).

statistical nature of the fluctuations. Still, far enough from the hub (r/R > 0.2)
a collective behavior is noticeable, as the flatness appears to converge towards
approximately the same levels for all the different TSRs, with larger values than
in the free case, indicative of a probability distribution with predominance of350

large tails (large-magnitude u values).

4. Comparative analyses between mean flow measurements and ana-
lytical induction models

A description of the main induction models available and tested in the wind
turbine industry was recently reported in (Branlard et al., 2020). In this section,355

a brief description of the selected models is given. As these models do not nec-
essarily distinguish the blockage effects related to the hub cone and the rotating
blades, a specific model associated with the hub blockage is also presented. The
validity of these models is assessed by comparing their velocity predictions with
the experimental measurements performed in front of the turbine, which are360

detailed in the previous section.
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x∗ = 10 x∗ = 16

Figure 7: Superposition of the skewness (top) and flatness (bottom) coefficients of the axial
velocity component along r for free (blue), TSR0 (green), TSR3 (red), TSR4 (yellow) and
TSR5 (purple) for both turbine’s locations.

4.1. Analytical induction models

Briefly, a uniform axial flow with velocity U∞ is assumed to interact with an
actuator disk of surface S (rotor representation), with constant thrust T . In this
case, the thrust coefficient CT is equal to 4a(1− a) with a the induction factor365

related to the velocity deficit a = (U∞ − UR)/U∞ and UR the axial velocity in
the rotor plane.

A first analytical expression of the axial (mean) velocity along the rotor
axis is written using the Vortex Sheet (VS) theory or the one-dimensional axial
momentum theory (Sorensen, 2016):370

U

U∞
(x) = 1− a

[
1 +

x

R

(
1 +

( x
R

)2)− 1
2

]
(5)

with x the negative axial coordinate upwind of the rotor. Numerous experimen-
tal and numerical databases (wind or tidal turbine) have verified the validity of
this simplified expression. Various degrees of success were found, especially in
the proximity of the rotor.

375

The Vortex Cylinder (VC) induction model proposed by Branlard and Gaunaa
(2015) is based on the symmetric vortex theory (Joukowsky, 1912). The denoted
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vortex system (Branlard and Gaunaa, 2015) is used to model a rotor with an
infinite number of blades. A single vortex cylinder is considered with constant
circulation related to a constant thrust coefficient as follows:380

γt = −U∞(1−
√

1− CT ) (6)

Then the axial velocity component is calculated by integrating the Biot-Savart
law, for r 6= R (Branlard and Gaunaa, 2015; Branlard and Meyer Forsting,
2020):

UV C(x, r) =
γt
2

[
R− r + |R− r|

2|R− r|
+
xk(x)

2π
√
rR

(
K(k2(x))+

R− r
R+ r

Π(k2(0), k2(x))
)]
(7)

with k(x, r) = 4rR/((R+ r)2 + x2) and K(k2(x)), Π(k2(0), k2(x)) the elliptic
integrals of the first and third kind. The mean axial velocity is calculated by385

adding U∞:
U(x, r) = U∞ + UV C(x, r) (8)

The Self-Similar (SS) model developed by Troldborg and Meyer Forsting (2017)
is initially based on the self-similar solution of a plane jet. By performing more
than 100 RANS simulations coupled with an actuator disk approach, the authors390

found that far upstream of the porous disk (x < −R) the axial velocity is self-
similar and independent of the rotor geometry. They then found the following
expression derived from the results of their numerical simulations (Troldborg
and Meyer Forsting, 2017):

U(x, r) = U∞ + USS(x, r) (9)

with395

USS(x, r) =
γt/2(1 + x√

x2+R2
)

coshα( βr
rm(x) )

with rm(x) = R

√
λ(η +

x2

R2
) (10)

with γt defined in Eq. 6, β =
√

2, α = 8
9 , λ = 0.587 and η = 1.32.

The V C and SS models are implemented using the source codes available in
Branlard (2017). Both the V C and SS models do not distinguish between
the hub blockage and the blockage related to the rotating blades. This can400

pose a limitation near the turbine because the hub behaves differently than the
rotating blade. To take into account the hub induction effect (or the nacelle
blockage effect), Anderson et al. (2020) recently developed an analytical model
that calculates the axial velocity upstream and downstream of an ellipsoidal hub.
They considered an ellipsoid of eccentricity e and of semi-axes of revolution405

ax (along x) and ar (along r). In semi-elliptic coordinates (µ, ζ) defined in
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(Anderson et al., 2020), the potential velocity is given by:

φ(µ, ζ) = U∞axµ

[
1

1− e2
− 1

2e
log

1 + e

1− e

]−1[
1

2
ζlog

ζ + 1

ζ − 1
− 1

]
(11)

resulting in the following expression of the axial velocity component:

U(x, r) = U∞ + Uhub(x, r) = U∞ +
∂φ

∂µ

∂µ

∂x
+
∂φ

∂ξ

∂ξ

∂x
(12)

4.2. New hybrid induction model

As mentioned in the previous section, the models V C and SS, which are410

based on a uniform thrust coefficient in the porous disk area, do not specifically
take into account the effect of the nacelle. In contrast, the velocity deficit in
front of the hub is different and actually greater than that upstream of the
rotating blades, as evidenced by the results shown in Fig. 3. Then, we propose
to combine two models efficiently to better reproduce the mean axial velocity415

deficit along the radial direction: close to the rotor r ∈ [0 : rc], the hub induction
model (Eq. 12) is considered using the geometric parameters of the current hub
geometry, and for r ∈ [rc : R] the classic induction model (Eq. 9 for the SS
model) is considered. To determine the radial location (rc) of the connection
between these models, we determine Uhub(x, r) and investigate the influence of420

the induction of the hub along the radial direction. For r ≥ 0.45R, the radial
velocity recovers its value at r = 0. When regarding the axial Uhub(x, r) profile
as a function of r at x = 0.05m upstream of the hub, this profile recovers
the U∞ value to within three per mill, at r = 0.45R. Moreover, experimental
measurements (see Fig. 4-left) showed that the radial velocity profile exhibited425

a change around r = 0.4R as a function of the TSR, which may be related to
the rotational action of the blade. Based on these results, the value rc = 0.45R
is retained to connect both models.
Previous models are based on the velocity U∞ In an attempt to compare the
results of the analytical model with the experimental measurements performed430

in front of the turbine (x = −0.05), we choose here the uniform free-flow velocity
Ufree as the reference velocity in the SS model. Furthermore, to account for
the effect of turbine thrust, the velocity determined at r = rc in the model SS
is used as the reference velocity for the hub model. The hybrid induction model
allows for the estimation of the axial velocity as follows (at x = −0.05):435 {

r ∈ [rc : R], U(r) = Ufree + USS(r)
r ∈ [0 : rc], U(r) = Ufree + USS(rc) + Uhub(r)

(13)

To further improve this hybrid induction model denoted SS + hub in the rest
of the article, the thrust coefficient Ctb associated only with blade thrust (see
section 3.1) is used in the SS model.
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4.3. Comparative analysis

The models V C, SS, and SS + hub are used to predict the axial mean440

flow deficit in front of the turbine. Figure 8 compares the velocity estimates
for six configurations: TSR3, TSR4, and TSR5 for the two turbine positions.
Table 6 indicates the percentage relative error E, compared to the reference
PIV database:

Em = 100× Um − UPIV
UPIV

(14)

with m, the index that stands for the model under consideration. In this table,445

the radial average 〈Em〉 of the associated error is also mentioned for each case.
The vortex sheet model (estimation of axial velocity along the rotor axis, r = 0)
provides a satisfactory magnitude of the mean axial flow only at high turbine
thrust (large TSR values) with around 1% error compared to the experimen-
tal data (Table 6). In contrast, for low thrust (TSR3 case) differences appear,450

which confirm previous comparative results, especially in the vicinity of the hub.
On the other hand, the axial velocity value on the hub axis is the same for the
models V C and SS. A much better estimate of the axial velocity at r = 0 is
obtained thanks to the SS+hub model, which allows a better representation of
the shape of the axial mean shear around the hub, i.e. for r < 0.4.455

As r increases, the results of V C deviate from the PIV velocity measurements,
especially for r/R ∈ [0.4 : 0.6]. The SS model provides a good trend in the
flow deficit ahead of the rotating blades r/R ∈ [0.4 : 1], although there are
some discrepancies near the hub. The best results are provided by the SS+hub
model. It allows us to better represent both the induction effect due to the hub460

and the rotating blades. In fact, this model improves the representation of the
velocity deficit for r/R > 0.4 by considering the thrust of the blades Tb instead
of the total thrust Tt (see Table 1).
It is interesting to observe that the rotational speed of the turbine does not
affect the results regardless of the location of the turbine (x∗ = 10, 16). There-465

fore, the results obtained with the proposed SS + hub model are in excellent
agreement with those obtained experimentally, with a difference of less than
1.4% (on average) when the turbine is placed at x∗ = 10 and less than 4.1% at
x∗ = 16 (see Table 6).
The proposed new SS+hub model provides a very satisfactory representation of470

the mean axial velocity deficit near the turbine under uniform flow conditions.
Globally, the main limitation of the present analytical model concerns the con-
nection between both models that is the determination of rc which is based here
on the change of the radial velocity profile. The parameters of the SS model are
exactly the same as the ones provided in the reference article (Troldborg and475

Meyer Forsting, 2017) and the parameters of the hub model are only based on
the hub geometry which could be reasonably accessed.

5. Conclusion

This paper provided new insights into the effects of turbine blockage in a
low disturbance uniform flow. The velocity deficit in the vicinity of the rotor480
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x∗ = 10 x∗ = 16

TSR3

TSR4

TSR5

Figure 8: Comparison between the mean axial velocity in front of the turbine (x = −0.05)
predicted with V C, SS, SS + hub models with PIV measurements for three TSRs, with the
turbine’s position located at x∗ = 10 (left column) and at x∗ = 16 (right column).
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x∗ = 10 x∗ = 16
TSR3 TSR4 TSR5 TSR3 TSR4 TSR5

r = 0
EV S 8.3 5.1 2.4 7.2 0.7 6.0
EV C/SS 6.2 2.0 1.5 5.9 1.5 8.8
ESS+hub 3.8 2.6 1.5 4.0 0.8 1.5
r = 0.5R
EV C 5.7 10.2 13.2 6.8 13.7 20.0
ESS 1.5 3.8 5.3 2.3 6.6 10.7
ESS+hub 0.1 1.4 2.1 0.5 3.4 5.2
r = R
EV C 2.4 3.8 5.0 2.9 5.7 8.0
ESS 1.3 2.3 3.2 1.8 4.0 5.8
ESS+hub 0.6 1.1 1.6 0.9 2.4 3.1
r ∈ [0 : R]
〈EV C〉 5.0 8.0 10.6 6.1 11.6 17.5
〈ESS〉 1.9 3.0 4.6 2.6 6.1 10.4
〈ESS+hub〉 1.3 1.3 1.4 1.4 2.8 4.1

Table 6: Comparison (expressed in percentage) of the axial mean velocity results between
those predicted by V C, SS and SS + hub models and PIV velocity measurements, at three
selected radial positions: r = 0, r = R/2 and r = R, and its radial average 〈E〉. At r = 0, the
comparison is also done using the Vortex Sheet (VS) model (Eq. 5).

plane was shown to be mainly governed by the turbine rotational speed. Even
if the deceleration decreases with the thrust coefficient, the overall shape of
the mean axial velocity profiles remained unchanged in the proximity of the
rotor: the uniform flow evolved to a shear flow with a peak velocity deficit in
front of the hub. The mean radial velocity component was not sensitive to the485

turbine rotational speed in front of the hub, while its values increased near the
blade tip as the TSR increases. Second-order statistical analysis shown that the
kinetic energy is redistributed near the rotor as a result of the turbine rotational
speed. The level of the axial normal component of the Reynolds stress tensor
u′2 remained globally the same regardless of the TSR: it increased in front of490

the hub and decreases along the radial direction. In contrast, the level of the
radial component u′2

r increased along the radial direction as the TSR increases.
The values of the third- and fourth-order velocity statistics differed in front of
the operating turbine when compared with those in free flow, confirming that
the rotating blades modify the incoming flow intermittency. However, given the495

TSR values under consideration in this study, no clear impact of the TSR on
the skewness and flatness coefficients was highlighted.

In this work, we also investigated the validity of selected analytical models
dedicated to estimating the mean axial velocity deficit in front of the turbine.
The use of the simple expression of the velocity deficit along the rotor axis, as500

given by the axial momentum theory, has shown some limitations, especially
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close to the hub. The Vortex and Self-Similar models can not reproduce the
flow deficit in front of an operating turbine. It was then demonstrated that,
to improve the analytical induction model, it was necessary to distinguish be-
tween the induction related to the hub cone from the one related to the rotating505

blades. In this sense, we proposed a new turbine induction model that accounts
for the effects of both the hub and the rotating blades, separately. The Self-
Similar model based on the associated rotating blade thrust coefficient was then
coupled to the hub model characterizing the velocity deficit in front of an ellip-
soidal hub. When comparing the mean axial velocity measurements with the510

estimates of the SS + hub model, an excellent agreement was found, regardless
of the rotational speed of the turbine.
As previously noted, the nacelle plays an important role in the development
of the turbine near the wake (Kang et al., 2014; Abraham et al., 2019), and
the hub vortex behind the nacelle influences the wake meandering (Kang et al.,515

2014). We then demonstrated that taking into account the hub separately in
the analytical turbine induction model significantly improves the description of
the mean flow deficit in front of an operating turbine. This could have some im-
plications in Blade Element Method (BEM) methods for accessing the incoming
velocity in front of the blades and the hub.520

The flow modifications close to the rotor were analyzed and compared well with
analytical models in the case of a low disturbance uniform flow for three TSRs
around the nominal functioning point. In a future work, it is essential to ex-
tend this analysis: i) to incoming shear mean flow conditions and ii) to higher
turbulence level intensity.525

Furthermore, future three-dimensional measurements or realistic three-dimensional
numerical simulations are recommended to further elucidate the redistribution
of kinetic energy in front of the turbine. This certainly has a noticeable impact
on the fatigue of the blade structure.
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