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Abstract: In this paper, the quantitative investigation of the
free-surface effect on tidal turbine performance by using a
multi-phase flow formulation is presented. The computational
formulation is briefly introduced. The free-surface effect is
rigorously studied by the simulations performed for a single
turbine and two back-to-back turbines using different inflow
conditions and immersion depths. The thrust and power
coefficients of the tidal turbines in free-surface flows are
quantified. It is found that the presence of free-surface has a
significantly negative effect on tidal turbine performance by
decreasing the thrust and power coefficients in idealized
inflow conditions, such as uniform inflow and Airy wave
inflow conditions. The comparison with pure hydrodynamics
simulation results shows that pure hydrodynamics simulations
are unable to provide accurate predictions and the free-surface
effect must be taken into account in the modeling and
simulations of tidal turbines, especially for shallow immersion
depth.
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I. INTRODUCTION

Tidal energy is a more predictable renewable energy source,
compared with wind and tidal energy, which heavily rely on
the weather. Tidal turbine has been proved to be an effective
energy harvesting device that can extract electricity from
waves and tides [1]. In the design and optimization of tidal
turbines, computational fluid dynamics (CFD) simulations
have been playing an important role in quantifying the
hydrodynamics loads on the tidal turbines and complicated
flow-turbine interaction. Nowadays, a lot of numerical
simulations can be in the literature, and most of them utilized
the single-phase CFD techniques that are commonly used in
wind energy. Although these techniques can be directly
applied to tidal turbine simulations by changing the fluid
property, none of these simulations considered the free-
surface effect [2-7], which has been proved by several
experiments in [8,9] to be non-negligible. Thus, the paper
presents a rigorous quantitative investigation of the free-
surface effect on tidal turbine performance by using a novel
multi-phase flow solver. The focus is placed on the thrust and
power coefficients, which are the most engineering quantities
for tidal turbine performance. Both single turbine and two
back-to-back turbines are simulated by using both pure
hydrodynamics and free-surface simulations. For the single

turbine configuration, the simulations are performed by using
both uniform inflow conditions and Airy wave inflow
conditions with different immersion depths. For two back-to-
back turbine simulations, the wake effect on the downstream
turbine is also quantified.

II. NUMERICAL METHODS

The level set method [10-14] is utilized to model the free-
surface flows around tidal turbines. In level set method, the
air-water interface (free-surface) is distinguished by a level
set field, ¢, which is governed by the following convection
equation

dp  —

P Ve =0 (D
where U is the fluid velocity vector. The motion of the free-

surface flow is governed by the following unified two-phase
Navier-Stokes equation of incompressible flows,
p(@) (5 +1i-Vii— ) +Vp—2u(p)Vii = 0 (2)
V-u=0 3)
where p is the fluid pressure, the fluid density p and
viscosity p are interpolated by the density and viscosity of air
and water, namely,
p(@) = pa[l—H(p)] + py, H(p)
u(@) = pall = H(@)] + py, H(p)
where H(¢) is a Heaviside function based on the level set
field.

The coupled partial differential equations (PDEs) in Eq. (1)-
(3), together with appropriate initial and boundary conditions,
describe free-surface flow at the continuous level. In the
present work, an arbitrary Lagrangian-Eulerian variational
multi-scale formulation (ALE-VMS) [15-17], which acts as a
large eddy simulation model (LES), and weak enforcement
of essential boundary condition (Weak BC) [18-20], which
acts a wall model, are utilized to solve the coupled PDEs in a
fully coupled fashion. A re-initialization based on Eikonal
equation and mass balancing level set technique is also
incorporated into the computational framework. To enable
the “full machine” simulation, where both the rotor and tower
are included, the sliding interface technique is adopted to
handle the relative motion between the spinning rotor and
stationary tower [21-23]. This computational framework has
been validated in our previous work. It has been successfully
applied to the fluid-structure interaction analysis of offshore
floating wind turbines [24]. More details about numerical



methods, including time integration and linear solvers, can be
found in [25].

III. SINGLE TURBINE SIMULATIONS USING UNIFORM INFLOW
CONDITION

In this section, a single tidal turbine is simulated by using a
uniform inflow condition. The turbine simulated here are
taken from [9], which has three blades with a diameter D =
0.8 m and a pitch angle of 20°. A CAD model of the turbine
rotor is shown in Fig. 1.

The problem setup is depicted in Fig. 2. Two immersion
depths are considered, which have also been experimentally
studied in [9]. Fig. 3 and Fig. 4 shows the flow structure
colored by the velocity magnitude in the fully developed
stage from pure hydrodynamics and free-surface simulations.
After the flow hits the tower, the free-surface undergoes large
deformation, and a large amount of the tip vortex is generated
due to the rotation of the turbine rotor.

We report the thrust coefficient C and power coefficient Cp.
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The definition of C; and Cp are defined as C; = m
4TQ .
and C p = W’ where F and T are the hydrodynarnlc

thrust force and torque, respectively, U is the incoming water
speed. Here U = 1.5 m/s is used. Fig. 3 shows the time history
of thrust coefficient C; and power coefficient C, predicted by
both free-surface and pure hydrodynamics simulations. The
experimental data obtained from [9] is also plotted for the
comparison. The C; and Cp, predicted by free-surface
simulations are in good agreement with experimental data for
both shallow and deep immersion cases. One notable trend is
that the C; and Cp are higher in deep immersion case, which
can be seen from both free-surface simulations and the
experiments. It can be also seen that the C; and Cp predicted
by pure hydrodynamics simulation is very similar to the deep
immersion case, which indicates that free-surface effect is not
important in the deep immersion case but non-negligible in
the shallow immersion case.
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Fig. 1. Tidal turbine surface model employed in the present work.
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Fig. 2. Problem setup of single turbine simulations.

Fig. 3. Pure hydrodynamics simulation. Left: Velocity (in m/s) on a planar
cut. Right: Vorticity colored by velocity magnitude (in m/s).
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Fig. 4. Free-surface deformation and vorticity colored by velocity magnitude
(in m/s) of single turbine simulation using uniform inflow condition.
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Fig. 5. Time history of Cr and C,, of single turbine simulations using uniform
inflow condition.



IV. SINGLE TURBINE SIMULATION USING AN ARIY WAVE
INFLOW CONDITION

To further investigate the free-surface effect, a single turbine
is simulated by using an Airy wave inflow. The wave height
and wavelength are set to 0.085 m and 2.4 m, respectively. In
addition to the previous shallow and deep cases, an
intermediate immersion case is simulated. The free-surface
and tip vorticity colored by velocity magnitude for the three
cases is shown in Fig. 6. More complicated flow behavior and
interaction between free-surface and tip vorticity are
observed in the simulations. Fig. 4 shows the time history of
Cr and Cp. The averaged values in the fully developed stage
are summarized in Table 1. Large fluctuations of C; and Cp
are observed in the presence of waves. However, the
averaged values still show that as the turbine is placed closer
to the free-surface, both C; and Cp decrease, which indicates
the presence of free-surface has a negative effect on the tidal
turbine performance. It is also seen that the averaged C; and
Cp between the medium immersion and deep immersion
cases are very similar, suggesting the existence of a minimum
depth at which the tidal turbine will operate to their full
potential.
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Fig. 6. Free-surface deformation and vorticity colored by velocity magnitude
(in m/s) of single turbine simulations using an Airy wave inflow condition.
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Fig. 7. Time history of Cr and C,, of single turbine simulations using an Airy
wave inflow condition.

TABLE I. PREDICTED AVERAGED Cy AND Cp OF SINGLE TURBINE
SIMULATION USING AIRY WAVE INFLOW CONDITION.

Cases Cr Cp
Shallow immersion 0.8513 0.3919
Intermediate immersion 0.8741 0.4141
Deep immersion 0.8794 0.4144

V. TwWO BACK-TO-BACK SIMULATIONS

In the previous section, it is proved that free-surface has a
negative effect on the tidal turbine performance, but the effect
is negligible in the deep immersion case. In this section, two
back-to-back turbines are simulated by using the deep
immersion in the previous section with a uniform inflow
condition. The goal is trying to answer the following two
questions: 1. How much is the efficiency drop of the
downstream turbine? 2. Is free-surface effect significant for
this two back-to-back turbine configuration, given the fact
that the free-surface effect is not important for a single turbine
with this immersion depth?

The problem setup is shown in Fig. 8, where the distance
between the upstream turbine and downstream turbine is L =

3.5 m. Both free-surface simulation and pure hydrodynamics
simulation are performed to quantify the free-surface effect.
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Fig. 8. Problem setup of two back-to-back turbine simulations.

The time history of C; and Cp is showed in Fig. 9. The thrust
and power coefficients of the upstream turbine still stay at the
same level as the single turbine configuration. Higher-
amplitude fluctuations of thrust and power coefficients for the
downstream turbine are observed due to the turbulent wake
generated by the upstream turbine. The comparison of C; and
Cp Dbetween free-surface and pure hydrodynamics
simulations is shown in Fig. 10. It shows that the free-surface
effect is still negligible for the upstream turbine. Free-surface
and pure hydrodynamics simulations produce quite similar
predictions for C; and Cp for the upstream turbine. However,
the pure hydrodynamics simulation predicts much higher C;.
and Cp than the free-surface simulation for the downstream
turbine.
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Fig. 9. Time history of Cr and C, of two back-to-back turbines simulations.
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Fig. 10. Time history of C; and Cp of two back-to-back turbines
simulations.

Table I summarizes the averaged C; and Cp for both free-
surface and pure hydrodynamics simulations for the upstream
and downstream turbines. The averaged thrust and power
coefficients of the upstream turbine predicted by the pure
hydrodynamics and the free-surface flow simulations are
quite similar, still agreeing with experimental data [9] based
on a single turbine. The thrust and the power coefficients of
the downstream turbine are only 30% and 62.3% of that of
the upstream turbine, respectively. Besides, the pure
hydrodynamics simulation predicts higher coefficients than
the free-surface flow simulation does for the downstream
turbine. The discrepancy between the pure hydrodynamics
simulation and the free-surface flow simulation is 7% for
thrust coefficient and 15% for power coefficient.

TABLE II. PREDICTED AVERAGED C AND Cp OF TWO BACK-TO-BACK
TURBINES SIMULATIONS.

Cases Cr Cp
Free-surface (upstream) 0.8894 0.4216
Hydrodynamics (upstream) 0.8902 0.4263
Free-surface (downstream) 0.2698 0.2886
Hydrodynamics (downstream) | 0.2886 0.3308

The water speed between the two turbines averaged over 10
rotor revolutions are plotted in Fig. 11 at different locations
as a function of the radial coordinate. A short distance past
the upstream turbine the profile appears distorted from a
uniform profile. As going to downstream, the average water
speed at a specified radial coordinate decreases. It is also
observed that the averaged water speed at a specified radial
coordinate is lower in the free-surface flow simulation, which
explains why smaller thrust and power coefficients are
predicted by the free-surface flow simulation. These findings
indicate that the free-surface does not affect the upstream
tidal turbine too much but significantly change the
performance of the downstream turbine in the current turbine
arrangement.
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Fig. 11. Water speed between the two turbines averaged over 10 rotor
revolutions plotted at different locations as a function of the radial
coordinate.
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Fig. 12. Velocity magnitude (in m/s) on a planar cut and vorticity colored by
velocity magnitude (in m/s) of pure hydrodynamics simulation of two back-
to-back turbines.

Fig. 12 shows the vorticity isosurfaces colored velocity
magnitude from pure hydrodynamics simulation. Fig. 13
shows the free-surface and tip vorticity colored by the
velocity magnitude. As going downstream, it is observed that
the interaction between tip vortex and free-surface becomes
more and more pronounced, resulting in substantial the air-
water interface deformation, which produces more
pronounced free-surface effect on the thrust and power
coefficients of the downstream turbine partially because
some amount of kinetic energy goes to excite the free-surface
motion.
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Fig. 13. Free-surface deformation and tip vorticity colored by velocity
magnitude (in m/s) of two back-to-back turbines simulation using a uniform
inflow condition.

VI. CONCLUSION

A computational multi-phase flow framework is used to
investigate the free-surface effect on tidal turbine
performance. The simulations are carried out at full-scale and
with the full complexity of tidal turbine component geometry.
Without any empiricism, the simulations can accurately
capture hydrodynamic loading on the tidal turbine and the
free-surface effect on the tidal turbine performance under
different inflow conditions.

For single turbine simulations, both a uniform inflow
condition and an Airy wave inflow conditions are considered.
It was found the free-surface has a negative effect on the tidal
turbine performance under these idealized inflow conditions.
The thrust and power coefficients are higher in the deep
immersion case. These computations also revealed the
presence of a minimum immersion depth for optimal
operation of the tidal turbine.

Two back-to-back turbines are further simulated by using the
deep-immersion operating conditions. It was found that a
drop in thrust coefficient of 70% and a drop of power
coefficient of 38.7% between the upstream and downstream
turbines are predicted by the free-surface simulations. By
comparing the results of the pure hydrodynamics simulation

and free-surface simulation, it is found that the free-surface
does not affect the upstream turbine but significantly change
the performance of the downstream turbine. The discrepancy
between the pure hydrodynamics simulation and the free-
surface flow simulation is 7% for thrust coefficient and 15%
for power coefficient for the downstream. All of these
findings indicate that accurate simulations are only possible
if the free-surface effect is properly modeled.

This work is a first step in using full-scale free-surface flow
simulations of tidal turbines with full geometry details. We
also plan to extend the current methodology to simulate tidal
farm arranged in arrays. Fluid-structure interaction (FSI)
effect and cavitation will be considered in future research.
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