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Modeling analysis of the mean flow velocity
ahead of a rotating tidal turbine

Ph. Druault and J-F. Krawczynski

Abstract—This paper presents a novel method for mod-
eling the mean radial velocity component ahead of a
rotating tidal turbine. Firstly, it examines a recent hybrid
model designed to reconstruct the three-dimensional mean
axial flow field in front of an operating turbine under
various flow conditions (uniform, shear) and rotational
speeds (thrust turbine coefficient). Subsequently, based
on the continuity equation and the axial velocity recon-
struction on a meshgrid, a new turbine induction model
is proposed to model the mean velocity component. The
model is validated against experimental data under both
uniform and shear flow conditions, showing excellent
agreement between the modeling and experimental results,
with minor discrepancies near the blade tips. The proposed
method provides a useful tool to evaluate the induction
effect in front of a rotating turbine by considering the
characteristics of the incoming average flow field.

Index Terms—Tidal turbine induction, Analytical model-
ing, Full mean velocity reconstruction

I. INTRODUCTION

S IGNIFICANT non-uniformities in the inflow, either
due to the complex boundary layer developing

over the bathymetry, partial wake conditions from an
upstream turbine, or turbulence, are common opera-
tional conditions for tidal turbines. In addition, a ro-
tating turbine generates regions of reduced flow veloc-
ity both downstream (wake) and upstream (induction
zone) where the characteristics of the complex incom-
ing flow are altered up to several diameters upstream
of both wind turbines [1], [2] and tidal turbines [3], [4].
An in-depth grasp of the so-called induction zone that
is, the disturbed flow which actually interacts with the
turbine, is crucial for enhancing device design, turbine
array reliability, and energy conversion efficiency.

Accurately accounting for these inflow conditions
in the rotor aerodynamic models for turbine design
load calculations remains a highly challenging task.
Where high-fidelity computation fluid dynamics (CFD)
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still fails to meet the requirements in terms of compu-
tational cost, the fast engineering blade-element mo-
mentum (BEM) model, widely used in the aeroelastic
codes of the industry, is still questionable in non-
uniform inflow conditions which violate several of its
assumptions. This motivates the seek for a modeling
approach, in a version where the induction will vary as
a function of the blade radial and azimuthal positions
and will be correlated with the free-stream velocity.

To derive a simple analytical model for the stream-
wise velocity upstream of a wind turbine, regardless of
blade design, Reynolds Average Navier-Stokes (RANS)
simulations were conducted to study the induction
zone upstream of various wind turbine rotors in steady
uniform inflow [5]. The results indicated that the in-
duction zone is self-similar for distances greater than
one turbine radius upstream of the rotor, leading to the
development of the self-similar induction (SSI) model,
which is applicable beyond this distance upstream of
any (wind-) rotor plane.

Recently, the mean axial velocity field in front of a
rotating scaled tidal turbine was experimentally ex-
amined and compared with consolidated induction
models [6]. The study found that including the hub
separately in the analytical turbine induction model
significantly improved the description of the stream-
wise velocity deficit upstream of an operating tidal tur-
bine. This improvement is related to the hub-to-turbine
diameter ratio, which is higher for tidal turbines than
for wind turbines.

This study aims to extend these developments to
fully characterize the mean velocity field upstream of
a tidal turbine.

It is important to note that the mean radial velocity
component has been studied less extensively than the
axial component and is frequently overlooked due
to its a priori relatively low amplitude. Under the
influence of an incoming vertical shear axial velocity
field with a negligible radial component Ur,free ≈ 0,
the mean radial velocity component of the velocity
deficit was found to exhibit an asymmetric shear pro-
file along the vertical direction ahead of the turbine [3].
In addition, this component exhibited notable values,
particularly at the tip of the blade relative to the
mean axial velocity component. Therefore, the radial
component of the velocity field in front of a rotating
turbine needs to be further investigated.

The remainder of this paper is organized as follows:
First, we introduce a new approach to modeling the
velocity field upstream of a tidal turbine. Next, we
extend this approach to provide a three-dimensional
characterization of the velocity deficit. We then conduct
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a thorough analysis of the mean radial velocity com-
ponent, examining a turbine’s performance at various
rotational speeds and under different mean vertical
axial velocity shears. Finally, we critically compare the
proposed analytical model with the experimental data.

II. MODELING

Throughout this paper, we refer to the mean axial
and radial components of the velocity field as U(r, x, θ)
and Ur(r, x, θ), respectively. Here, the x axis represents
the stream-wise direction, whereas the radial direction
lies within the (y, z) plane, with y as the cross-flow
coordinate and z as the vertical coordinate. The origin
r = 0 or z = 0 lies along the rotational axis of the hub.
Furthermore, the term free mean velocity Ufree(r, x, θ)
is used to describe the velocity field of the flow in the
absence of a turbine. This velocity is presumed to be
known and uniform along the y direction.

A. The mean axial velocity component

Various induction models are available to estimate
the mean axial component of the velocity field up-
stream of an operating turbine. These models were
originally designed for wind turbines [7], with recent
adaptations proposed for tidal turbines [4], [6]. For the
last case, where the ratio of the hub to the rotor diam-
eters is much more important than for wind turbines,
the additional induction due to the tidal hub was not
properly considered. To address this limitation, we pro-
posed pairing two models: the self-similar induction
(SSI) model [5] and the hub model [8] to assess the
mean axial flow ahead of the rotating blades and ahead
of the hub, respectively [6]

U(x, r, θ) = Ufree(x, r, θ) + Uhub + ⟨U⟩USSI(x, r). (1)

where ⟨U⟩ is the spatially averaged velocity over the
rotor area. The basic principles to derive this model are
briefly outlined in the appendices. For more detailed
information, the interested reader is invited to refer to
the aforementioned paper.

The subsequent proposal aims to enhance this model
to represent the three-dimensional mean axial flow
field approaching a rotating tidal turbine.

B. The mean radial velocity field

Very few attempts have tried to model the radial
component of the velocity field in front of a rotating
tidal turbine. Unlike the modeling of the axial com-
ponent of the velocity field, which can be derived
from the axial momentum theory, it is not possible to
obtain a direct modeling of the radial component of
the velocity deficit. Therefore, for wind turbines, it has
been suggested to apply the analytical solution for the
radial velocity of a two-dimensional actuator disc with
modifications to align with current Actuator Disc (AD)
results for an axisymmetric disc [13]:

Ur(r) =
Ufree

2.24

Ct

4π
ln

�
0.042 + (r + 1)2

0.042 + (r − 1)2

�
(2)

This model was developed in the context of wind
turbines under assumptions (uniform flow, actuator
disc model) that may not be suitable for tidal turbines.

We introduce an alternative approach based on the
modeling of the mean axial velocity deficit previously
introduced. Therefore, we choose to derive a model
based on the integration of the continuity equation
written under the assumptions of axisymmetry and
incompressibility:

Ur(r, x, θ) = −1

r

Z
r

r0
∂U(x, r, θ)

∂x
(x, r0)dr0, (3)

where U(x, r, θ) is given by (1).
Since the three terms in the RHS of (1) are linearly

independent, we use the formulation of [8] based on
the potential flow theory to express the blockage effect
of the hub on the radial component of the velocity field,

Ur,hub(x, r) =
∂ϕ

∂µ

∂µ

∂r
+

∂ϕ

∂ξ

∂ξ

∂r
(4)

where (µ, ξ) are the semi-elliptic coordinates as intro-
duced in the appendix.

The SSI model was designed assuming self-similarity
of the induced flow, that is the mean axial velocity
component is assumed to be written as [5]

USSI = Uc(x)f(ζ) (5)

with ζ = r/L, L ≡ r1/2(x). After some basic calculation,
the radial counterpart to the axial induction can be
analytically evaluated from (3) as

Ur(x, ζ) = −L∂Uc

∂x

Z ζ

0

f(ζ 0) dζ 0+Uc
∂L
∂x

Z ζ

0

f(ζ 0)
∂f

∂ζ 0
(ζ 0) dζ 0,

(6)
where the functions Uc(x) and L(x) are assumed to be
smooth functions of x. The explicit dependence on x of
the functions Uc(x) and L(x) and their derivatives has
been omitted from the above expression for the sake
of conciseness. The function f(ζ) is defined as

f(ζ) = sechα(βζ) =

�
2

eβζ + e�βζ

�α

, (7)

with parameters α > 0 and β > 0. The integrals
in Eq. (6) involve the function f(ζ) and its product
with its derivative. Although sechα(βζ) has elemen-
tary antiderivatives only for special values of α, the
general case does not admit closed-form solutions.
Moreover, the second integral involves a nonlinear
product f(ζ) ∂f/∂ζ, further complicating any analyt-
ical attempt. To obtain a tractable and accurate ap-
proximation, we expand the integrands in Taylor series
about ζ = 0, enabling term-by-term integration.

In the following, both modeling methods (equations
2 and 6) are compared with the available experimental
data.

III. RESULTS

A. 3-D reconstruction of the mean axial velocity component
In the following, the three-dimensional reconstruc-

tion of the mean axial velocity component in the tur-
bine induction area is carried out successively using
(17) for different test cases: uniform incoming flow
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with several thrust coefficients and incoming shear
flow at a constant thrust coefficient. Some parameters
for the formulation of the model are chosen in accor-
dance with previous experiments [3], [9] carried out in
the IFREMER wave and current circulating flume tank
located in Boulogne-sur-Mer (France).

a) Incoming uniform flow:
We consider an incoming uniform velocity field with
Ufree = 0.88 m/s and three values for the thrust
coefficients: Ct = 0.96, Ct = 0.7 and Ct = 0.36 [3].
A three-dimensional Cartesian domain of dimensions
(Lx, Ly, Lz) = (R, 2R, 2R), with R the rotor radius of
the turbine, corresponding to a mesh size of 100 points
in each direction, is retained. Note that the x-origin
represents the point where the blades are attached to
the hub. The dimensions of the experimental scaled
turbine are reproduced with D = 2 × R = 0.724m the
diameter of the rotor and Rhub = 0.13m the radius of
the hub.

Figure 1 illustrates this three-dimensional recon-
struction for selected z−planes (z� = z/R =
0, −0.5, −1) superimposed on selected y−planes (y� =
z/R = 0, 0.5). In figure 3, the mean velocity reconstruc-
tion is also plotted in the y = 0 plane.

As the incoming flow is uniform, the reconstructed
velocity field is axisymmetric in front of the turbine,
regardless of the value of the thrust coefficient. More-
over, as expected, the higher the thrust coefficient,
the greater the axial velocity deficit. These predictions
are in agreement with previous experimental results
[2]. Tidal turbines are observed to have a significantly
higher hub radius ratio Rhub/R compared to wind
turbines. Our hybrid model (17) accurately represents
the specific impact of the hub on the induced velocity
field.

b) Incoming shear flow:
We now consider an upstream shear velocity field in
front of the operating turbine:

Ufree(z) = Kz1/α. (8)

The parameter K is adjusted so that the spatial average
over the rotor area of the mean axial velocity remains
unchanged regardless of α. The values α = 1, 2, and 3
are used.
Figure 2 illustrates this three-dimensional reconstruc-
tion for selected z−planes (z� = z/R = 0, −0.5, −1)
superimposed on selected y−planes (y� = z/R =
0, 0.5) for the three shear velocity profiles. Figure 4
presents the associated reconstruction in the y = 0
plane.

The influence of shear on induction is evident in
contrast to the reconstruction of a uniform velocity
field (refer to Figure 3). Specifically, the velocity deficit
is no longer symmetrical relative to the hub axis.
However, near the hub, the velocity deficit is identical
in all three cases. This is related to the fact that in
this region, the hub modeling part is the main contri-
bution to the velocity deficit assessment. Furthermore,

it should be recalled that Ufree(z = 0) = 0.88m s�1 is
imposed for the three shear flows. However, moving
further upstream along the z = 0 axis, the influence
of shear is evident: the upstream velocity decreases
with increasing shear. Globally, the axial velocity field
is recovered in agreement with previous experimental
results [3], [10].

B. Validation of the radial velocity modeling

a) Incoming uniform flow:
A scale horizontal axis tidal turbine was positioned in
a low-disturbance uniform flow and velocity measure-
ments were obtained along a vertical line (x0 = −0.07×
D = −0.05m) upstream of the rotating turbine [4]. The
experiments were carried out for three configurations
with Tip Speed Ratios (TSR = 3, 4 and 5), where
TSR = 4 is the nominal functioning point.

Figure 5 presents the mean velocity components (U
and Ur) against the radial variable in x0, comparing
the free flow field (without turbine) with the mean
velocities of the three test cases. As the tip speed
ratio (TSR) increases, it leads to an amplification of the
aerodynamic forces, which, in turn, reduces the axial
velocity in front of the rotating turbine.

First, as in an incoming uniform axial flow, the
mean radial velocity component is null, then in the
induction area of a rotating turbine, the radial velocity
deficit transitions to a sheared profile dependent on
r [4], [11], [12]. This profile is generally symmetric
with respect to the rotational axis of the hub and the
amplitude of the radial velocity component increases
with r due to the accelerated bypass flow. An increase
in turbine rotational speed leads to greater expansion,
which raises the values of Ur near the tip of the blade.
Experiments revealed that the maximum value of Ur

occurs around r ∼ 0.9R−0.95R, attributed to the onset
of the tip vortex [3], [11].

The turbine thrust coefficient determined in each test
case [4] will be used as input data for the velocity
modeling. Furthermore, the free velocity field will be
also considered for the numerical modeling of the axial
velocity (equation 1) which is required for the radial
velocity modeling (6).

Figure 6 presents the mean radial velocity compo-
nent evaluated as given by (2) and (6) superimposed on
the experimental data for the three turbine rotational
configurations. First, Madsen’s model (2) is not suitable
for these particular data. The observed radial velocity
values are significantly higher than the experimental
ones. This can be attributed to the fact that this model
is based on numerical AD results and does not account
for the dependence x.

In contrast, there is close agreement until r/R = 0.6
for TSR3, after which the model (6) underpredicts
experimental results. For r/R < 0.5, the experimental
results match, while the numerical model shows an
increase in Ur.

Furthermore, the present model cannot correctly re-
produce the maximum radial velocity values observed
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Fig. 1. Three-dimensional representation of the mean axial velocity field according to (17). Incoming uniform flow U1 = 0:88 m s�1. From
left to right: Ct = 0:96, Ct = 0:70, and Ct = 0:40.

Fig. 2. Three-dimensional representation of the mean axial velocity field according to (17). Incoming shear velocity profile Cz1=�. Ct = 0:96.
From left to right: � = 3, � = 2, and � = 1.

Fig. 3. Two-dimensional representation of the mean axial velocity
field according to (17). Incoming uniform flow U1 = 0:88 m s�1.
From left to right: Ct = 0:96, Ct = 0:70, and Ct = 0:40.

near the tip of the blade (∼ 0.9R [3], [11]). This result is
directly related to the axial velocity modeling and/or
to the blade geometry. Minor discrepancies emerge at
higher TSR levels. This is likely due to the increased
turbine rotational speeds, which enhance the three-
dimensional flow characteristics, thereby violating the

Fig. 4. Two-dimensional representation (y = 0 plane) of the mean
axial velocity field according to (17). Incoming shear velocity profile
Cz1=�. Ct = 0:96. From left to right: � = 1, � = 2, and � = 3.

axisymmetry assumption. In addition, the self-similar
induction (SSI) model (1) is invalid near the rotor
[5], which introduces uncertainties in the prediction of
radial velocity in this region.
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Fig. 5. Mean free velocity components superimposed to the associ-
ated mean velocities obtained in front of the turbine which operates
at three different TSRs [4].

Fig. 6. Mean radial velocity modeling in presence of an incoming
uniform flow. Comparison with previous published experimental
data [4]. Full and dashed line: radial velocity modeling using equa-
tion (6) and (2) respectively.

b) Incoming shear flow:
In this section, we assess the robustness of the radial
velocity modeling under shear conditions using previ-
ously published experimental data [3] along a vertical
line (x0 = −0.07 × D = −0.05m) upstream of the
rotating turbine. The experimental setup is presented

!
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Fig. 1: Presentation of the wave and current circulating tank of IFREMER in Boulogne-sur-Mer (left) and picture of the
experimental set-up with the wall-mounted cylinder and the PIV laser shooting in case B set-up (right).
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Fig. 2: Schematic representation of the two experimental set-
ups: case A with I = 14% (top) and the case B with I = 1.5%
and the presence of a wall-mounted cylinder (bottom). LDV
measurements for case A, LDV and PIV measurements for
case B.

a time step of 1600 µs. PIV acquisitions are made for 180s,
hence 2700 double images are taken with a fe = 15Hz
acquisition frequency. The data are post processed with
DYNAMIC STUDIO. Particles displacement is calculated using
a Cross-Correlation [Meinhart et al., 1993]. Outliers are
replaced with the Universal Outlier Detection [Westerweel
and Scarano, 2005], example and precisions on that method
can be found in [Ikhennicheu et al., 2019]. Measurements are
performed in a 500pix × 1200pix = 330mm× 814mm plane
with a spatial discretization of 11mm.

The LDV measurements are performed using a 2D
DANTEC FIBERFLOW system with wavelengths of 532 and
488nm. With LDV measurements, the acquisition frequencies
are not constant. They depend on when the particles are
passing through the measurement volume and vary between

[100; 650]Hz. Based on previous works performed in the
tank [Duràn Medina et al., 2015], a re-sampling is performed
using the mean sample rate of the dataset acquired. For
the measurement techniques, uncertainty is estimated to be
around 2% for LDV and 2.6% for PIV [Ikhennicheu et al.,
2019].

In this study, a 3-bladed horizontal axis turbine model
with D = 725mm " 3H diameter, recently developed at
IFREMER [Gaurier et al., 2017], is used. The turbine model is
equipped with 5-components blade root load-cells, measuring
2 forces and 3 moments for the 3 blades, in addition to
torque and thrust transducers for the main rotation axis.
Turbine parameters acquisition is synchronized with the PIV
(or the LDV) measurements, and with a sampling frequency
of 120Hz.

Case Obstacle I∞ Velocimeter Probe fe Duration
[%] position [Hz] [min]

A None 14 LDV x∗ = 15.8 654 6
LDV x∗ = 10.4 612 30

B Cylinder 1.5 PIV x∗ = 15.8 15 3
LDV x∗ = 10.4 208 6

TABLE II: Sum up of the 2 test cases and measurements
performed. For a probe at x∗ = 10.4, measurements are
performed 2D = 5.6H upstream of the turbine and synchro-
nized with it and for probe at x∗ = 15.8, measurements are
performed 0.2H upstream of the turbine position without its
presence.

III. DETAILS OF THE INFLOW CONDITION

A. Spatial description

The upstream flow that impacts the turbine is described
in this section. Velocity profiles are measured in the tank
without the turbine at: x∗ = 15.8 and compared in figure
3. For case A, the velocity profile is relatively uniform
in the vertical direction. Standard deviation is high since
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passing through the measurement volume and vary between

[100; 650]Hz. Based on previous works performed in the
tank [Duràn Medina et al., 2015], a re-sampling is performed
using the mean sample rate of the dataset acquired. For
the measurement techniques, uncertainty is estimated to be
around 2% for LDV and 2.6% for PIV [Ikhennicheu et al.,
2019].

In this study, a 3-bladed horizontal axis turbine model
with D = 725mm " 3H diameter, recently developed at
IFREMER [Gaurier et al., 2017], is used. The turbine model is
equipped with 5-components blade root load-cells, measuring
2 forces and 3 moments for the 3 blades, in addition to
torque and thrust transducers for the main rotation axis.
Turbine parameters acquisition is synchronized with the PIV
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performed. For a probe at x∗ = 10.4, measurements are
performed 2D = 5.6H upstream of the turbine and synchro-
nized with it and for probe at x∗ = 15.8, measurements are
performed 0.2H upstream of the turbine position without its
presence.

III. DETAILS OF THE INFLOW CONDITION

A. Spatial description

The upstream flow that impacts the turbine is described
in this section. Velocity profiles are measured in the tank
without the turbine at: x∗ = 15.8 and compared in figure
3. For case A, the velocity profile is relatively uniform
in the vertical direction. Standard deviation is high since
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Fig. 1: Presentation of the wave and current circulating tank of IFREMER in Boulogne-sur-Mer (left) and picture of the
experimental set-up with the wall-mounted cylinder and the PIV laser shooting in case B set-up (right).
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and the presence of a wall-mounted cylinder (bottom). LDV
measurements for case A, LDV and PIV measurements for
case B.
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tank [Duràn Medina et al., 2015], a re-sampling is performed
using the mean sample rate of the dataset acquired. For
the measurement techniques, uncertainty is estimated to be
around 2% for LDV and 2.6% for PIV [Ikhennicheu et al.,
2019].

In this study, a 3-bladed horizontal axis turbine model
with D = 725mm " 3H diameter, recently developed at
IFREMER [Gaurier et al., 2017], is used. The turbine model is
equipped with 5-components blade root load-cells, measuring
2 forces and 3 moments for the 3 blades, in addition to
torque and thrust transducers for the main rotation axis.
Turbine parameters acquisition is synchronized with the PIV
(or the LDV) measurements, and with a sampling frequency
of 120Hz.

Case Obstacle I∞ Velocimeter Probe fe Duration
[%] position [Hz] [min]

A None 14 LDV x∗ = 15.8 654 6
LDV x∗ = 10.4 612 30

B Cylinder 1.5 PIV x∗ = 15.8 15 3
LDV x∗ = 10.4 208 6

TABLE II: Sum up of the 2 test cases and measurements
performed. For a probe at x∗ = 10.4, measurements are
performed 2D = 5.6H upstream of the turbine and synchro-
nized with it and for probe at x∗ = 15.8, measurements are
performed 0.2H upstream of the turbine position without its
presence.

III. DETAILS OF THE INFLOW CONDITION

A. Spatial description

The upstream flow that impacts the turbine is described
in this section. Velocity profiles are measured in the tank
without the turbine at: x∗ = 15.8 and compared in figure
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Fig. 7. Top: Illustration in the y = 0 symmetrical plane of the
experiments. A tidal turbine was located at x = 23H in the wake of
the wall-mounted cylinder of height H . U1 = 1m/s. The incoming
turbulence intensity was I1 = 1:5%. Bottom: Mean axial velocity
profile at x = 23H without turbine. R, r and z represent the turbine
radius, the radial and vertical directions respectively.

in figure 7 (top graph). To mimic the influence of a
mean shear that impacts the turbine, a wall-mounted
cylinder of dimensions H × 6H × H (H = 0.25m)
was positioned ahead of the turbine. Particle image
velocimetry was performed in front of the rotating
turbine to characterize the mean velocity deficit profile
in the induction area. The mean axial velocity profile
obtained in section x = 23H (the origin is taken
at the wall-mounted cylinder, Figure 7 -top graph),
without turbine, is plotted in Figure 7 (bottom graph).
It satisfies the power law

U(z) = U1

�
z

De

�1/α

(9)

with α = 3 and De the water depth in the experimental
flume tank [3]. Its spatial average over the rotor area
is of 0.88m s�1.

Figure 8 compares the reconstruction as given by (6)
with the measured radial component of the velocity
field. Overall, the model yields satisfactory results
when compared with the experimental database, ac-
curately reproducing the amplitudes, although minor
discrepancies are observable at the bottom of the rotor.

C. Discussion

Regardless of whether the incoming flow is uni-
form or sheared, the modeled and experimental radial
velocity components show excellent agreement. The


