
Computers and Fluids 158 (2017) 157–166 

Contents lists available at ScienceDirect 

Computers and Fluids 

journal homepage: www.elsevier.com/locate/compfluid 

Free-surface flow modeling and simulation of horizontal-axis 

tidal-stream turbines 

J. Yan, X. Deng, A. Korobenko, Y. Bazilevs ∗

Department of Structural Engineering, University of California, San Diego, 9500 Gilman Drive, Mail Code 0085, La Jolla, CA 92093, USA 

a r t i c l e i n f o 

Article history: 

Received 20 April 2016 

Revised 15 June 2016 

Accepted 17 June 2016 

Available online 23 June 2016 

Keywords: 

Free-surface flow 

Tidal energy 

ALE–VMS 

Horizontal-axis tidal-stream turbines 

(HATTs) 

Level-set redistancing 

a b s t r a c t 

A computational free-surface flow framework that enables 3D, time-dependent simulation of horizontal- 

axis tidal-stream turbines (HATTs) is presented and deployed using a complex-geometry HATT. Free- 

surface flow simulations using the proposed framework, without any empiricism, are able to accurately 

capture the effect of the free surface on the hydrodynamic performance of the turbine, as demonstrated 

through excellent agreement with the experimental data. To carry out the free-surface computations, we 

have developed a novel level-set redistancing procedure compatible with the sliding-interface technique 

used for handling the rotor-stator interaction in the HATT full-machine simulations. To illustrate the ver- 

satility of the proposed approach, additional computations are carried out where the HATT is subjected 

to wave action. 

© 2016 Elsevier Ltd. All rights reserved. 
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. Introduction 

Renewable energy technologies based on wind and solar energy

eavily rely on the weather, which, depending on the geographi-

al location, may exhibit high degree of unpredictability or tempo-

al variation. In contrast, tidal currents present a more predictable

esource of renewable energy, and, in recent years, a number of

echnologies have been developed in the academic and commercial

ectors that enable conversion of the energy available within tidal

urrents into electrical power [38,41,49,50,56,63] . Among them,

orizontal-axis tidal-stream turbines (HATTs) present the most ma-

ure and promising technology. Examples of HATTs include a twin-

otor SeaGen turbine from Marine Current Turbine that is currently

ndergoing testing near the coast of Northern Ireland [1] , and a

ingle-rotor turbine from Verdant Power that has been operating

uccessfully in the East River near New York City [2,36,40,53] . 

Current research on HATTs is mostly focused on improving

heir power-generation efficiency. As a result, numerous com-

utational and experimental approaches have been proposed

nd explored to accurately predict and improve their hydro-

ynamic performance [9,10,12–14] . Although HATTs make use

f the same mechanical principles as the horizontal-axis wind

urbines (HAWTs), there are a number of fundamental differences

etween the two, especially when it comes to modeling and sim-

lation challenges involved. In particular, HATTs are subjected to
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ydrodynamic loading (in contrast to HAWTs that are subjected to

erodynamic loading), the effect of free surface becomes important

or the cases of shallow-tip immersion, and cavitation may occur

or the cases of higher flow and rotor speeds. 

Traditionally, reduced-order numerical techniques such as 

he vortex-element and blade-element-momentum methods have

een used to predict the performance of tidal stream tur-

ines [11,54,55,57,58] . Although results from these numerical sim-

lations were occasionally shown to be in good agreement with

xperimental measurements, the aforementioned methods rely on

mpirical correlations and may not be suitable for a wide range of

perating conditions. Furthermore, due to the computational chal-

enges involved, only a few of the numerical studies considered the

ree-surface effect, which, as shown in the experimental studies

f [7,8] , can significantly affect the performance of HATTs. Finally,

he analyses presented focused on the rotor only, without taking

nto account the other turbine components, such as the tower and

acelle. 

In this paper, we present our computational free-surface flow

ramework that enables 3D, time-dependent simulation of HATTs.

n addition, we make use of the framework to investigate how

he presence of the free surface affects the HATT hydrodynamic

erformance. The level-set method [3–5,48,60,61] is adopted to

rack the evolution of the free surface, which is treated as an

ir-water interface. The aerodynamics and hydrodynamics are

overned by the Navier–Stokes equations of incompressible, two-

uid flows, in which the fluid density and viscosity are defined

y means of the level-set function. The finite-element-based

http://dx.doi.org/10.1016/j.compfluid.2016.06.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compfluid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compfluid.2016.06.016&domain=pdf
mailto:yuri@ucsd.edu
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158 J. Yan et al. / Computers and Fluids 158 (2017) 157–166 

Fig. 1. Illustration of the problem spatial domain separated by the free surface into 

air and water subdomains. 
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A  
Arbitrary Lagrangian–Eulerian Variational Multiscale (ALE–VMS)

[21,30,31,33,66–68] formulation enhanced with weakly enforced of

essential boundary conditions [15,22,28] is employed to discretize

the free-surface flow equations. The sliding-interface formulation

[23] is employed to account for the presence of tower and nacelle,

thus enabling the so-called “full machine” simulation [43] . The

sliding-interface formulation is augmented to include level-set re-

distancing. This augmentation of the sliding-interface formulation

is reported for the first time, and presents a stable and robust

technology that allows the air-water interface to cross the sliding

interface. The overall method is in the framework of the Mixed

Interface-Tracking/Interface-Capturing Technique (MITICT) [86,88] ,

which was primarily introduced for fluid–object interaction with

multiple fluids [73,74] . 

In Section 2 we introduce the governing free-surface-flow equa-

tions at the continuous level, summarize the key ingredients of

the discrete free-surface-flow formulation, and present the sliding-

interface level-set formulation with redistancing. In Section 3 we

describe the HATT design employed in the present work, and

present simulation results corresponding to different inflow condi-

tions and tip-immersion depths. In Section 4 we draw conclusions.

2. Free-surface flow modeling and simulation 

2.1. Governing equations of free-surface incompressible flows 

We summarize the governing differential equations of free-

surface flow posed on a moving domain. Let �t ∈ R 

d , d = 2 , 3 de-

note the combined air-water domain at time t and let �t de-

note its boundary. The domain �t is decomposed into the water

and air subdomains denoted by �w 

t and �a 
t , respectively, while

�aw 

t denotes the interface between them. (See Fig. 1 for an illus-

tration.) We utilize the level-set method for incompressible two-

fluid flows [3–5,48,60,61] , and introduce a scalar level-set function

φ : �t → R , which divides the spatial domain into the air and wa-

ter subdomains and their interface as follows: 

�a 
t = { x | φ(x , t) < 0 , ∀ x ∈ �t } , (1)

�w 

t = { x | φ(x , t) > 0 , ∀ x ∈ �t } , (2)

�aw 

t = { x | φ(x , t) = 0 , ∀ x ∈ �t } . (3)

The Navier–Stokes equations of incompressible two-fluid flows

on a moving domain may be stated using the ALE descrip-

tion [46] as 

ρ

(
∂u 

∂t 

∣∣∣
ˆ x 

+ (u − ˆ u ) · ∇ 

∇ ∇ u − f 

)
−∇ 

∇ ∇ ·σσσ = 0 in �t , (4)

 

 ∇ · u = 0 in �t , (5)

e  
here f is the body force per unit fluid mass, ˆ u is the velocity

f the fluid domain, ∇ 

∇ ∇ 

s is the symmetric gradient operator, σσσ is

he Cauchy stress defined by σσσ (u , p) = −pI + 2 μ∇ 

∇ ∇ 

s u , and u and p

re the fluid velocity and pressure, respectively. The fluid density

and dynamic viscosity μ of each spatial point are assigned as

ollows: 

= ρw 

H(φ) + ρa (1 − H(φ)) , (6)

= μw 

H(φ) + μa (1 − H(φ)) , (7)

here H ( φ) is the Heaviside function defined by 

 ( φ) = 

⎧ ⎨ 

⎩ 

0 if φ < 0 , 

1 / 2 if φ = 0 , 

1 if φ > 0 , 

(8)

nd where the subscripts a and w refer to the quantities defined

or the air and water subdomain, respectively. 

The air-water interface is assumed to move with the fluid mate-

ial particles, which is modeled by means of a convection equation

or the level-set function φ, also posed on a moving domain in the

LE description and written as 

∂φ

∂t 

∣∣∣
ˆ x 

+ (u − ˆ u ) · ∇ 

∇ ∇ φ = 0 in �t . (9)

n the above differential equations, the partial time derivatives are

aken holding the referential coordinates ˆ x fixed. The space deriva-

ives are taken holding the current-configuration spatial coordi-

ates x fixed. Provided the appropriate initial and boundary con-

itions are set, and the motion of the fluid mechanics domain is

rescribed, the above equations constitute a complete mathemati-

al model of the free-surface flow on a moving domain at the con-

inuous level. 

.2. Discretization methods 

To discretize the free-surface equations, the ALE-VMS method

21,66] and weak enforcement of essential boundary condi-

ions [19,22,28,29,42] , which have been applied to a variety of

hallenging fluid mechanics and fluid–structure interaction prob-

ems in [6,25–27,30,31,33,34,91,92] , are employed in the present

ork. 

In order to simulate the full tidal-stream turbine configura-

ion, which includes the spinning rotor and stationary nacelle and

ower, the sliding-interface method is employed. The approach uti-

izes a moving subdomain, which encloses the spinning rotor, and

 stationary subdomain, which contains the rest of the tidal tur-

ine (See Fig. 2 ). The two domains are in relative motion and

hare a sliding cylindrical interface. Because the meshes on each

ide of the interface are nonmatching due to relative motion of

he subdomains, the kinematic, level-set, and traction compatibil-

ty conditions are enforced in the weak sense. The sliding-interface

echnique was originally developed in [23] in the context of Iso-

eometric Analysis (IGA) [39,45] , and successfully applied to sim-

late offshore wind turbines in [24,43,51,52] , hydraulic arresting

ears in [90] , and kayak propulsion in [91] . The sliding-interface

ormulation was recently extended to the space–time (ST) VMS

ethod [70,72,75–78,80] , and the extension is called the “ST Slip

nterface (ST-SI)” method [79,82,84,85] . 

In the present work, the spatial discretization makes use of

inear finite elements, and the generalized- α method [16,37,47] is

mployed to advance the solution in time. A two-stage predictor-

ulticorrector algorithm based on Newton’s method is used to

olve the nonlinear equations arising in the level-set formulation.

t each Newton iteration a flexible GMRES algorithm [64,65] is

mployed to solve the coupled linear-equation systems. GMRES
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Fig. 2. Illustration of the problem spatial domain and sliding interface. 
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n  

n  

d  
s preconditioned using iterative solution of individual, linearized

uid-mechanics and level-set problems, as proposed in [92] . 

.3. Level-set redistancing in the presence of sliding interfaces 

In discrete setting, instead of using Eq. (8) to distribute the den-

ity and viscosity properties to the two-fluid medium, we employ

he following regularized version of the Heaviside function: 

 ε (φ) = 

{ 

0 if φ < −ε, 
1 
2 

(
1 + 

φ
ε + 

1 
π sin 

(
φπ
ε

))
if | φ| ≤ ε, 

1 if φ > ε. 

(10) 

ere ε is assumed to scale with the local mesh size, and defines

he interface width between the air and water subdomains. As the

esh is refined, ε → 0, and H ε approaches its “sharp” counterpart

iven by Eq. (8) . 

Regularizing the Heaviside function leads to a smooth transi-

ion of the material properties between the air and water subdo-

ain, which is numerically more advantageous than a sharp dis-

ontinuity in the material parameters. However, this regularization

equires that the level-set function φ satisfies the signed-distance

roperty, at least in the interface layer between the two fluids.

o enforce the signed-distance property, we define an additional

evel-set field φd that satisfies the Eikonal partial differential equa-

ion, 

∣∣∇ 

∇ ∇ φd 

∣∣∣∣ = 1 in �t , (11) 

ogether with the interior constraint, 

d = φ = 0 on �aw 

t . (12) 

n order to satisfy Eqs. (11) and (12) , we introduce a pseudo-time
ariable ˜ t , and make use of the following semi-discrete form of the

ikonal equation: Given φh , find φh 
d 
, such that ∀ ηh , 

∫ 
�t 

ηh 

(
∂ φh 

d 

∂ ̃  t 
+ a h · ∇ 

∇ ∇ φh 
d − S ε (φ

h 
d ) 

)
d�

+ 

∫ 
�t 

τa h · ∇ 

∇ ∇ ηh 

(
∂ φh 

d 

∂ ̃  t 
+ a h · ∇ 

∇ ∇ φh 
d − S ε (φ

h 
d ) 

)
d�

+ 

∫ 
�t 

ηh λpen 
d H ε

d φ
(φh 

d − φh ) d�

−
∫ 

(�t ) SI 

ηh 
s 

[
a h s · n s 

]
−(φh 

d,s − φh 
d,m 

) d�

−
∫ 

(�t ) SI 

ηh 
m 

[
a h m 

· n m 

]
−(φh 

d,m 

− φh 
d,s ) d� = 0 , (13) 

here a h = S ε (φh 
d 
) ∇ 

∇ ∇ φh 
d 

/ ∣∣∣∣∇ 

∇ ∇ φh 
d 

∣∣∣∣ is the effective “convective” ve-

ocity and S ε (φh 
d 
) = 2 H ε (φh 

d 
) − 1 is the regularized sign function.

he first three terms on the left hand side of the above semi-

iscrete formulation correspond to the SUPG formulation [35] of

he pseudo-time-dependent Eikonal equation with the interior

onstraint handled through a penalty technique, as proposed in

arlier references [3–5] . In these terms, τ is the usual stabi-

ization parameter [44,62,81,83,87,89] and λpen is the mesh-size-

ndependent penalty constant. The last two terms on the left hand

ide of Eq. (13) weakly enforce the continuity of φh 
d 

across the slid-

ng interface denoted by ( �t ) SI . In these terms subscripts s and m

enote stationary and moving parts of the sliding interface, respec-

ively, [ ·] − gives the negative part of the bracketed quantity, and n

s the unit outward normal vector. 

At the end of each physical time step, the level-set field is re-

istanced, that is, Eq. (13) is integrated in pseudo-time using the

ackward Euler method, which gives a new level set field φh 
d 

with

he signed-distance property and zero level set coincident with

hat of φh . 

. Numerical results 

We first describe the HATT geometry employed in this work.

e then present uniform-inflow simulations to assess the accuracy

erformance of the proposed free-surface flow framework through

xperimental validation. Finally, we report additional simulations

o show how the HATT responds to wave action. 

.1. HATT geometry 

The tidal turbine rotor used in the present simulations is taken

rom [8] , which is a three-blade design with a 20 ° hub-pitch an-

le. This rotor is widely used for validation of numerical methods

or tidal energy, largely because of the availability of experimen-

al data characterizing its hydrodynamic performance in the pres-

nce of the free surface [7,8] . The rotor diameter D = 0.8 m, and

he blade geometry is comprised of NACA 63-812, NACA 63-815,

ACA 63-818, NACA 63-821 and NACA 63-824 airfoil cross-section

hapes. The 3D rotor blades are constructed by stacking the appro-

riately scaled, offset, and twisted 2D cross-sections, much like is

one in the case of wind-turbine blades [18,20,69,71,83] . The re-

ulting rotor surface model is shown in Fig. 3 . 

.2. Uniform-inflow simulations 

For uniform inflow conditions, we perform both pure hydrody-

amics and free-surface simulations. In the case of pure hydrody-

amics simulation the tidal turbine is fully immersed in the water

omain, and the free-surface effect is neglected. The computational
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Fig. 3. HATT surface model employed in the present work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Mesh statistics for the pure hydrodynamics 

simulation. 

Number of nodes Number of elements 

709 ,143 3 ,660,467 

Table 2 

Element sizes employed for the pure hydrodynamics simulation 

(in m). 

Outer boundary Wake refinement box Rotor boundary layer 

0 .5 0 .02 0 .0 0 05 

Table 3 

Mesh statistics for free-surface simulations. 

Number of nodes Number of elements 

1 ,339,891 7 ,389,215 

b  

e  

r

 

f  

v  

t  

b  

t  

w  

w  

w  

s  

c  

a  

h  

a  
domain for the pure hydrodynamics simulation is a box with di-

mensions 4.35 m × 2.8 m × 2.64 m. A refined cylinder with length

of 2 m and radius of 0.5 m is added to capture the turbulent wake

generated by the turbine. As shown in Fig. 4 , the domain is di-

vided into two subdomains separated by a cylindrical sliding inter-

face. The volume mesh makes use of the triangular prisms in the

rotor boundary layers and tetrahedra elsewhere. The planar cut of

the 3D mesh is shown in Fig. 4 . The mesh statistics and element

lengths employed in the pure hydrodynamics simulation case are

summarized in Tables 1 and 2 . 

The computational domain of the free-surface simulations is a

box with dimensions 6.6 m × 2.8 m × 4.14 m. The sliding inter-

face and refined cylinder for capturing the wake are the same as

in the pure hydrodynamics simulation. In addition, as shown in

Fig. 5 , another refined box is built around the still water level to
Fig. 4. 2D cut of the computational domain and mesh used in the pure hydrodynamics 

the tidal stream turbine and its wake. 
etter capture the free-surface evolution. The mesh statistics and

lement lengths employed in free-surface simulations are summa-

ized in Tables 3 and 4 . 

Boundary conditions in the computations are specified as

ollows. For the pure hydrodynamics simulation, uniform inflow

elocity is imposed strongly at the inlet; The outlet is open to

he hydrostatic-pressure boundary conditions; No-penetration

oundary condition is applied on the remaining outer surfaces of

he computational domain. For the free-surface simulations, zero

ind velocity is applied strongly on the air portion of the inlet,

hile the desired uniform flow velocity is applied strongly on the

ater portion of the inlet; the level-set field is also prescribed

trongly on the inlet boundary as a linear function of the vertical

oordinate. The zero of this function defines the location of the

ir-water interface; The top and outlet surfaces are open to the

ydrostatic-pressure boundary conditions; No-penetration bound-

ry condition is applied on the lateral and bottom outer surfaces
simulation. The mesh is refined in the inner region for better flow resolution near 



J. Yan et al. / Computers and Fluids 158 (2017) 157–166 161 

Fig. 5. 2D cut of the computational domain and mesh used in free-surface simulations. Compared to the pure hydrodynamics case, the mesh is also refined to better capture 

the free surface behavior. 

Fig. 6. Problem setup. 

Table 4 

Element sizes employed for free-surface simulations (in m). 

Outer boundary Wake refinement box Free-surface refinement box Rotor boundary layer 

0 .5 0 .02 0 .03 0 .0 0 05 
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Fig. 7. Time history of the thrust and power coefficients for uniform inflow conditions. Experimental data from [8] is plotted for comparison. 

Fig. 8. Pure hydrodynamics simulation. Left: Velocity (in m/s) on a planar cut. Right: Vorticity isosurfaces colored by velocity magnitude (in m/s). 
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of the computational domain. Backflow stabilization [17,59] is

employed on all surfaces where normal velocity is left unspecified.

The rotor speed is set to � = 28 . 1250 rad/s, and water speed is

set to U 0 = 1 . 5 m/s. We perform one pure hydrodynamics simula-

tion, and two free-surface simulations with deep-tip immersion of

0.55 D and shallow-tip immersion of 0.19 D . All the simulations are

carried out using the time step of 1 × 10 −4 s. The problem setup

illustrated in Fig. 6 . 

We report the computed thrust coefficient C T and power coeffi-

cient C P , which are defined as 

 T = 

4 F 

0 . 5 ρw 

πD 

2 U 0 
2 
, (14)

and 

 P = 

4 T �

0 . 5 ρw 

πD 

2 U 0 
3 
, (15)

where F and T are the hydrodynamic thrust force and torque, re-

spectively. The time histories of C T and C P are compared with ex-

perimental data from [8] and shown in Fig. 7 . The predicted C 
T 
nd C P from the free-surface simulations are in excellent agree-

ent with the experimental data both for shallow- and deep-tip

mmersion cases. One important trend observed in the experi-

ents [8] and reproduced in the computations is that both coeffi-

ients are higher in the deep-tip immersion case. We can also see

he C T and C P values produced by the pure hydrodynamics sim-

lation are very similar to the deep-tip immersion case, suggest-

ng that at that level of immersion the free surface effect is not as

mportant. The results also indicate that the free-surface effect is

on-negligible for the shallow-tip immersion case. 

Fig. 8 (left) shows velocity magnitude on a planar cut for the

ure hydrodynamics simulation, while Fig. 8 (right) shows vortic-

ty isosurfaces colored by velocity magnitude for the same simu-

ation. The solution fields appear to be continuous across the slid-

ng interface, which indicates that the sliding-interface technique

s successful for the present application. 

Fig. 9 shows the vorticity isosurfaces and free surface colored

y the velocity magnitude for both deep- and shallow-tip immer-

ion simulations. In both cases, the air-water interface experiences
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Fig. 9. Snapshots of air-water interface and underwater vorticity colored by velocity magnitude (in m/s) for the free-surfac e simulation. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Structure of the Airy waves where the velocity orbitals, which may be 

thought of as fluctuations around a uniform profile, have higher amplitude closer 

to the free surface and gradually decay with depth. 

s  

s  

a  

s
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w  

s  

e  

e  

fl  

w  

t  

W

trong topological changes after the flow impacts the tower. The

hallow-tip immersion results in larger overall deformation of the
Fig. 11. Time history of the thrust and power co
ir-water interface, which explains the more pronounced free-

urface effect on the thrust and power coefficients in that case. 

.3. Airy-wave inflow conditions 

We investigate the performance of the same HATT, but in Airy-

ave conditions. The simulations presented in this section are out-

ide of the range of experimental data for the tidal turbine consid-

red, and show the versatility of the free-surface flow framework

mployed. The Airy waves, which may be derived using potential-

ow theory, are specified as follows: Given the wave amplitude A ,

ave length L , mean flow speed U 0 , and water depth h , we define

he wavenumber k = 

2 π
L and phase speed ω = 

√ 

gk tanh (kh ) + kU 0 .

ith these definitions, the Airy-wave profile is given by: 

φ = A cos (kx − ωt) + h − z, (16) 

u = 

wA 

sinh (kh ) 
cosh (kz) cos (kx − ωt) + U 0 , (17) 

v = 0 , (18) 
efficients for Airy-wave inflow conditions. 
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Fig. 12. Snapshots of the free surface and underwater vorticity colored by the velocity magnitude (in m/s) for Airy-wave inflow conditions. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 5 

Predicted average values of the thrust and power co- 

efficients, denoted by C T and C P , respectively, from 

the HATT free-surface simulations in Airy-wave con- 

ditions. 

Cases C T C P 

Shallow-tip immersion 0 .8513 0 .3919 

Intermediate-tip immersion 0 .8741 0 .4141 

Deep-tip immersion 0 .8794 0 .4144 
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Fig. 13. Illustration of a scenario in which the free surface crosses the sliding in- 

terface. HATT simulation is carried out wherein rotor blades pierce the water sur- 

face. Free surface and vorticity isosurfaces (restricted to the water domain) colored 

by the flow speed are shown. Free surface exhibits a relatively smooth transition 

across the sliding interface. (For interpretation of the references to color in this fig- 

ure legend, the reader is referred to the web version of this article.) 

t  

f

4

 

3  

t  

m  

s  

t  
w = 

wA 

sinh (kh ) 
sinh (kz) sin (kx − ωt) , (19)

where ( u, v, w ) are the velocity components. The structure of Airy

waves is illustrated in Fig. 10 . In the present simulations, we set

 0 = 1.5 m/s, H = 0.085 m, and L = 2.4 m. The rotor speed is the

same as in the uniform-flow simulations. The wave profile with

the above parameters is strongly imposed at the inlet. The problem

domain, mesh, time-step size, and remaining boundary conditions

are the same as in the previous section. 

Three free-surface simulations with the deep-tip immersion of

0.55 D, shallow-tip immersion of 0.19 D, and intermediate-tip im-

mersion of 0.37 D are performed. The time histories of the thrust

and power coefficients are plotted in Fig. 11 . The experimental re-

sults for the uniform-inflow condition are also plotted for com-

parison. Because the turbine is now subjected to wave action, the

thrust and power coefficients exhibit time-periodic behavior that

is consistent with the wave frequency. Due to the structure of Airy

waves, we observe higher-amplitude fluctuation of C T and C P as the

turbine is placed closer to the water surface. However, the aver-

age values of C T and C P , listed in Table 5 , decrease as the turbine

is placed closer to the free surface, which is consistent with the

uniform-inflow cases considered in the previous section. We also

note that the average values of C T and C P for intermediate-tip and

deep tip immersion cases are very close, which suggests the exis-

tence of a minimum immersion depth at which HATTs will operate

to their full potential. Fig. 12 shows the flow field with vorticity

isosurfaces and the air-water interface colored by velocity magni-

tude for the three immersion cases, illustrating the complexity of
he underlying hydrodynamics and motivating the use of advanced

ree-surface modeling for the present application. 

. Conclusions 

The computational free-surface flow framework that enables

D, time-dependent simulation of HATTs is presented. The rotor-

ower interaction is handled by means of the sliding-interface for-

ulation, while the free-surface modeling makes use of the level-

et technique, which includes a so-called redistancing step. In

he present work we extend the sliding-interface methodology to
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nclude redistancing, which enables the computation of cases

here free surface crosses the sliding interface, as shown in Fig. 13 .

The presented computational free-surface flow framework was

eployed on a complex-geometry HATT with rotor diameter of

.8 m. The framework was validated for the cases of uniform flow.

n particular, the simulations, without any empiricism, were able to

ccurately capture the effect of the free surface on the rotor hydro-

ynamic loading. To illustrate the versatility of the approach, addi-

ional computations were carried out where the HATT was sub-

ected to more realistic Airy wave action. These computations re-

ealed the presence of a minimum immersion depth for optimal

peration. 

fluid-structure interaction (FSI) [32] effects and possible occur-

ence of cavitation were not considered in the present framework,

nd are left for future work. 
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