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Abstract- The high turbulence level of the incoming flow on
a turbine has a significant impact on its performances,
leading to a decrease in the electrical power output.
Therefore, perturbations carried in the wake of an upstream
turbine may also have a significant impact on the
downstream one. This problematic has already been
addressed but with simplified approaches such as the Blade
Element Momentum theory giving interesting results
regarding power extraction but lacking some precision
regarding definition of the structure of the wake and its
effect on load variation on the turbine blades. To get a better
understanding of the effect of unsteady asymmetric flow on
a downstream turbine, fully transient simulations designed
to study the effect of the wake of an upstream turbine on a
downstream one were performed with a RANS k-ω SST
turbulence model using ANSYS-CFX. Three different
configurations were considered, namely the downstream
turbine aligned with the upstream one, offset by 0.5D, and
offset of 1D. A 10D clearance between both turbines was
used. A horizontal axis tidal turbine (HATT) was used for
the study. Results show that when fully in-line, the
downstream turbine sees reduction in power coefficient by
more than 69%, and temporal variation of this coefficient
having a relative amplitude of more than 30%.

Therefore, two or more turbines will necessarily be installed
in close proximity on the seabed. This confinement will
lead to unavoidable interaction between upstream turbines’
wakes and downstream turbines [4]. The velocity deficit in
in the wake, in conjunction with the increase in flow
turbulence, will have an effect on the performance of the
downstream turbine. Moreover, for a situation when the
downstream turbine is only partially in the wake of the
upstream one, it would be expected that the asymmetric flow
seen by the turbine will induced asymmetric and varying
load on the turbine blades.
It has been shown experimentally that the high turbulence
level in the wake flow incoming on a downstream turbine
has a significant impact on performance, leading to a
decrease of up to 63% in the turbine performance (spacing
between the in-line turbines from 2D and 6D) [5]. This
figure highlights the fact that perturbation carried in the
wake of the upstream turbine can have a significant impact
on the downstream one.

(HATT),

This problematic has already been addressed numerically
using simplified approaches such as the blade element
momentum theory (BEMT) often coupled with a RANS
CFD approach [6, 7]. These studies provide interesting
results regarding power extraction, but as expressed in
Leroux et al. [8], lack some precision regarding the physical
modeling of the structure of the wake and its effect on
overall turbine performance and localized load variation on
turbine blades.

As technologies for harnessing energy from the tides
become mainstream, like wind turbine, solar panels and
nuclear/thermal plants today, those tidal turbines will more
than likely be installed in arrays to capture the maximum
amount of tidal energy in those areas where the tidal energy
is the densest [1]. Installing turbines closer together would
offer other advantages such as reduction in required power
cable lengths, potentially sharing modules between multiple
turbines and smallest overall footprint (impact on wildlife
and fisheries [2] restricted to a smaller area in consequence).
Ultimately, all of this having a direct impact on the
economics, and the operation and maintenance of tidal
turbines and tidal energy [3].

To get a better understanding of the effect of unsteady
asymmetric wake flow on a downstream turbine, fully
transient simulation with RANS turbulence physics were run
using ANSYS-CFX. Because of the proven relevance of the
results obtained in earlier works [8-10], turbulent closure
k- SST model has been used. The model of turbine
considered for this study is a horizontal axis tidal turbine
(HATT), used by Doman et al. [11] and tested in the towing
tank at the Kelvin hydrodynamics basin at Strathclyde
University. In the numerical study, two of those turbines are
position at a distance 10D form one another.
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I.

INTRODUCTION
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This paper will present the implementation of this model
and the results of the numerical study. The question of
upstream to downstream turbine interactions, including the
predicted turbine performances for the configurations
studied will be discussed.

II.

NUMERICAL MODEL AND MODELING

A. Turbine Geometry
The turbine considered in this study is the one used by
Doman et al. [11] and tested at Strathclyde University. The
general dimensions of the turbine are given in Table 1 with a
CAD rendering of it presented in Fig. 1. The blades are
based on an NREL S814 profile, and for this study, blade
roots were simplified to facilitate the meshing process. A
much more detailed description of the blade geometry can
be found in [9, 11] and will not be repeated here. Regarding
the nacelle dimension, they were estimated from those
papers.

Figure 1: Turbine CAD rendering.

B. Fluid Domain and Boundary Conditions

Three configurations are considered: a first one where the
turbine is perfectly aligned in-line with the upstream one, a
second one where the downstream turbine is offset by 0.5D
in the x direction, and a third one with an offset of 1D.

Two numerical domains were considered, both sharing the
same depth and width of 2.5 m and 4.6 m respectively. The
length varied between the domains. The first numerical
domain contains only one turbine and has a total length of
12D. The turbine is positioned a distance 2D from the inlet,
leaving 10D for the wake to developed and be observed.

For both fluid domains, non-slip boundary conditions have
been applied to the turbines and nacelles wall. For the sake
of simplicity, free-slip conditions have been applied to the
tank walls, those also mimic movement of the turbine
assembly in a two tank better. These conditions are summed
up in Table 2.

The second numerical domain contains two turbines and has
a total length of 17D. The upstream turbine is still
positioned at a distance 2D from the inlet and is located at
the origin 0 of the domain. The downstream turbine is
position at a distance 10D behind the upstream turbine (in
the flow direction - the 𝑧 axis). It is positioned at the same
height as the upstream turbine, but its position varies in the x
direction depending on the configuration considered.

C. Turbulence Model
The turbulence model chosen for these Reynolds Average
Navier-Stokes (RANS) equations-based simulations is the
Shear Stress Transport (SST) k-ω model. This two-equation
eddy-viscosity model has been shown to properly account
for turbulence in the free stream down to the viscous
sublayer level close to the turbine walls [10, 12, 13]. This
versatility is interesting since both turbine performances,
which depends on the modelling of the boundary layers on
the walls, and wake behaviour in the free stream are of
interest for this study.

Table 1: Turbine Dimensions

Parameter
Turbine diameter (D)
Hub diameter
Rotor depth
Nacelle length

Dimension
0.762 m
0.15 m
1.25 m
1.70 m

D. Computational Mesh

Table 2: Boundaries Conditions

Boundary
Inlet
Outlet
Tank walls
Turbine walls
Nacelle walls

Condition
Steady normal flow: 𝑈0 = 1 m/s
Turbulence Intensity = 5%
Relative pressure 𝑃𝑟𝑒𝑙 = 0 Pa
Free slip, velocity at wall = 𝑈0
No slip
No slip

The computational domain is divided in two sub-domains. A
rotating sub-domain, which encloses the rotating part of the
tidal turbines and a stationary sub-domain which encloses
the rotating sub-domains and the nacelles (see Fig. 2). Both
domains are meshed separately using the ANSYS meshing
tool. An unstructured meshing method using tetrahedral
element is used. To ensure the continuity between both
domains, the general grid interface (GGI) method is applied
on all their shared boundaries.
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rotation rate. Looking specifically at the downstream
turbine in this study, transient effect could occur when the
turbine interacts with the non-uniform wake flow. Strong
fluctuation in the flow may have a significant impact on the
turbine dynamic by inducing torque variation; therefore, the
rotation rate of the turbine could vary according to the
inertia of the total system. Additional feedback loop to
account for this fluid-structure aspect of the physics would
be required, demanding additional computational resources.
Such physical considerations were not accounted for in the
simulations.
Finally, the transient simulations where performed using a
time step of 0.01 s for a total duration of 15 s (one turbine)
and 20 s (two turbine).

Figure 2: Meshed fluid domain.
Table 3: Mesh Information
Global meshing parameter
Number of elements
23,785,687
Min element size
2.75 ×10-4 m
Max face size
0.15 m
Curvature Normal angle
7.5°
Max Wake cell size
4.5 ×10-2 m
Boundary layer meshing parameter
Number of layers
30
Max thickness Blades
1.5 ×10-2 m
Max thickness Blades roots
1.5 ×10-2 m
Max thickness Hub
3 ×10-2 m
Max thickness Nacelle
5 ×10-2 m

III.

SINGLE TURBINE VALIDATION/RESULTS

The metrics considered for the validation are the power and
thrust coefficients, 𝐶𝑃 and 𝐶𝑇 respectively. They are given in
Eqs. (1) and (2).
𝐶𝑝 =

𝜔𝑄

1⁄ 𝜌 𝐴𝑈 3
2 𝑤 0
𝑇
𝐶𝑇 =
1⁄ 𝜌 𝐴𝑈 2
2 𝑤 0

To achieve an accurate modelling of the wake, a cylindrical
domain of refinement is added in the wake of the turbine,
starting right after the hub. This cylindrical domain has a
diameter of 1.5D centered on the hub of the front turbine.

(1)
(2)

where Q and T are the turbine torque and thrust respectively,
𝜌𝑤 is the fresh water density taken at 995 kg/m3, 𝜔 is the
rotational rate in rad/s. and 𝐴 is the swept area of the turbine
in m2 given by Eq. (3). Is it important to note that both
coefficients are evaluated for both turbines using the freestream constant inlet velocity, even if the downstream
turbine will see a disturbed flow having an average, and a
local velocity, that will differ from the inlet value of U0.

Since an extensive mesh convergence study and a validation
of the results has been carried out on this exact turbine by
Currie et al. [9], those meshing parameters were used as a
reference for the present study. Details of the meshes used
for both numerical domains are provided in Table 3. Of
importance, the average y+ values around the upstream and
downstream turbines are 1.673 and 1.600 respectively.
Since the Low-Reynold Number method has been used to
model the near-wall region, these values are satisfactory.
Indeed, for this method the first node of the mesh must be
within the laminar sublayer, which is located at y+ < 11.

𝐷 2
𝐴 = 𝜋( )
2

(3)

Transient simulations were performed for three tip speed
ratio (TSR) values, as defined in Eq. (4):

E. Turbine Operation

𝑇𝑆𝑅 =

For a single turbine in a uniform flow, simulations are
performed at a given tip speed ratio (TSR); the turbine rotate
at a rate that matches the TSR value for the given inlet flow
velocity of 1 m/s in this work. Thus, a constant rotational
speed is considered, and results are taken from the
simulation once steady state, or quasi-steady state is
reached; transient effects during the starting phase of the
turbine while the flow velocity is increasing everywhere in
the flow are not addressed.

𝜔𝐷
2𝑈0

(4)

The values of CP and CT obtained from these simulations are
presented in Fig. 3 along with the results from the
experimental two tank tests performed by Dorman et al. [11]
for comparison/validation.
Figure 3 shows some discrepancies occurring between the
numerical and experimental tow tank results. Even though
numerical and tow tank results follow the same trend,
turbine performances are slightly overestimated. The highest
discrepancy was found at TSR 4.5 for CP value, with a
difference of 15%. The lowest discrepancy is for the CT

For the two turbine simulations in a uniform inlet flow, the
same approach is taken, the identical TSRs of both turbines
are fixed, i.e., both turbines rotate at a constant identical
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value at TSR 4.5 with a difference of 8% compared to the
measurement.

Once a downstream turbine is added behind this one, its
performances will strongly depend on the nature of the
incoming flow in the wake. Figure 4 shows the flow
velocity at cross-sections situated 3D. 7D and 10D in the
wake of the turbine; remembering that the downstream
turbine will sit a distance 10D in the wake of this one. From
Fig. 4, it is clear that the flow is far from having recovered,
with a minimum velocity at 10D of 0.65 m/s which is 65%
of the inlet velocity. It is also observed that there is a
substantial region, extending more than 0.2 m in all
directions around the central point of the turbine hub where
the velocity remains below 0.75 m/s or at level below 75%
of the inlet velocity.

This small difference between numerically predicted and
experimental values can be explained by the simplification
done during the modelling process of the turbine. To that
point, Currie et al. [9] showed that minor changes to the
blade geometry (especially the trailing edge) and slight
difference in boundary layer meshing on the wall of the
blades, could result in significant variation of the predicted
values for both Cp and CT. Additionally, some physical
phenomenon, such as hydromechanical interaction between
the flow and blades, inducing load variation, vibration,
potential rotational speed variation and energy loss, are
neglected. Therefore, the values obtained are considered to
be satisfactory regarding the approximation made on the
turbine geometry and the grid selection made to reduce
computational time.

Regarding the shape of the wake, a strong asymmetry can be
noticed. Figure 5 points to the cause and mechanism behind
this deformation of the wake. The two in-plane components
u and v of the flow velocity are represented by tis vector
field. A strong swirling occurs in the wake with in-plane
velocity going up to 1/10th of the inlet velocity.
Specifically, when it comes to the position of the
downstream turbine at 10D, in this study, the turbine is
placed to the right of the upstream turbine when looking at
the assembly from the front. From Fig. 4, this means the
downstream turbine is placed on the side where the flow has
recovered slightly more, but where the turbine blades will
encounter a flow in the wake with velocities over a greater
range, from 0.65 m/s to 1.1 m/s (the positions of the
downstream turbine central hub in two of the studied
configurations are shown with a green X on Fig. 4).
Outside the wake, the flow velocity sees a significant
increase of 10% compared to the inlet velocity with values
up to 1.1 m/s. This increase is the result of mass
conservation and blockage effect, more so blockage from
the turbine and nacelle, than the walls of the numerical
domain.

IV.

DOWNSTREAM TURBINE PERFORMANCE

Simulations looking at the interaction of the downstream
turbine with the wake generated by the upstream one were
performed at a TSR = 4. This value was selected since it is
within the range of maximum Cp values while happening at
a slower rotation rate which enables greater temporal
resolution without the need for much shorter numerical time
steps.
The downstream turbine power and thrust coefficients Cp
and CT have been evaluated over the last 10 turbine rotations
for all three setups when the system had reach quasi-steady
state (over the simulated time, the turbines had 31 complete
rotations). The time evolution of both coefficients for the
upstream and downstream turbine (for all three offset
positions) is presented in Fig. 6 for one full rotation period.
Figure 3: Numerical Cp and CT as a function of TSR compared to
experimental measurements from [11].
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Figure 4: Wake velocity at cross-sections situated 3D. 7D and 10D in the wake of the turbine.

Figure 5: Velocity contour plots for u and v velocity components at 3D in the wake of the turbine.

The average values for each coefficient, and the absolute
and relative amplitude of the fluctuation of each are
presented in Table 4. First about the results, the upstream
turbine performances are identical, within normal numerical
uncertainty, compared to the results obtained for the single
turbine simulations (0.5% difference for Cp; 0.08% for CT).
These observations are in line with what was observed by
Jeffcoate et al. [5].

already having a rotational component and an average
velocity approximately 20 to 25% lower than the flow inlet
velocity of 1 m/s (yet, the coefficients in this case are still
dimensionalized using the constant inlet velocity). This
clearly explains why the predicted Cp is 69% lower. This
reduction goes down to 21% for the 0.5D offset
configuration and a slight increase in Cp is observed (3%)
when the downstream turbine is offset by 1D.

From Fig. 6 and Table 4, the 0D configuration leads to the
lowest performance, followed by the 0.5D and 1D offsets.
This is explained by the fact that with 0D offset, the
downstream turbine essentially sees a highly turbulent flow

For CT, the 0D configuration shows a reduction of 49%
compared to the upstream turbine. The 0.5D configuration
shows only a reduction of 15% while for 1D, CT increases
slightly by 2%.
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The increases observed in the 1D configuration are caused
by the observed increase in wake velocity just outside of the
central wake where a substantial velocity deficit is observed,
as mentioned in the previous section.
Of particular interest from Fig. 6 is the oscillatory nature of
both coefficients for the downstream turbine. The amplitude
of the oscillation also being affected by the position of the
downstream turbine in the wake of upstream one. All the
time series show the same characteristics, with an oscillation
period equal to 1/3rd of the rotation period of the turbine;
although, the oscillation is out of phase for the three
configurations. This is the result of the turbine blades
experiencing the same flow but with a phase shift of ±1/3 rd
of the rotation period from each other. It appears that the
oscillation is solely driven by the turbine rotation. The
intensity of the time varying component of the incoming
flow velocity in the wake is negligible compared to the local
mean flow velocity and has no measurable effect on the
downstream turbine performance.
The strongest amplitude of these oscillation is observed in
the 0D configuration, with amplitudes decreasing with an
increase in the offset of the downstream turbine. In the 0D
configuration, Cp sees fluctuations of its value of over 30%
above and below the average value. These variations in
power extraction are happening rapidly, on a scale equal to
1/3rd of the rotation period, so less then 0.2 s for this
configuration; they can potentially create issues in the
energy producing and converting components of the turbine.
Even more important, from the loading/structural aspect of
the blades, CT sees fluctuations up to 13.6% around the
average loading on the turbine, and its blade; again, also
fluctuating over a short period. Therefore, the turbine
blades will see varying local turbulent flow velocity during
their rotation, which will lead to cyclical, and rapid, load
variations on those blades.
The results from these simulations can be used to determine
the extent of the loads, and fluctuation of those loads, on the
turbine blades of the downstream turbine over time. This
part of this analysis is on-going and will be presented at the
Asian Wave and Tidal Energy Conference (AWTEC) later
this year [14].

Figure 6: Numerical Cp and CT over one rotation period at
TSR = 4 for the upstream and downstream turbine for the three
studied configurations.

Table 4: Upstream and Downstream Turbine Performance

̅𝑪̅̅𝒑̅
Amplitude
Relative
Amplitude
̅̅̅
𝑪𝒕
Amplitude
Relative
Amplitude

Upstream
Turbine
0.3190
-

V.

Downstream Turbine Offset
0D
0.5D
1D
0.1004
0.2507
0.3288
0.0309
0.0230
0.0063

-

30.77%

9.17%

1.91%

0.4890
-

0.2478
0.0339

0.4150
0.0280

0.4975
0.0049

-

13.6%

6.74%

0.98%

CONCLUSION

A fully transient numerical model of two three-bladed
horizontal axis tidal turbines positioned one behind the other
with a separation of 10D has been created and simulated.
For a constant inlet velocity of 1 m/s, the results show that at
a distance 10D behind the turbine, the wake still shows large
areas of velocity deficit, up to 35% in velocity reduction
compared to the inlet free-stream velocity. The wake also
shows a large degree of asymmetry which will impact the
overall performance of a second turbine downstream at this
position.
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When looking at the behavior of a downstream turbine, it
was found that Cp and CT were both reduced, by up to 69
and 49% respectively when the downstream turbine is offset
by less than a full turbine diameter. Both power and thrust
are then subjected to large and rapid fluctuations which will
have an impact on energy harvesting and overall blade
loading leading to fatigue.
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