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Abstract: This paper presents computational fluid dynamics (CFD) simulations of the flow around
a horizontal axis hydrokinetic turbine (HAHT) found in the literature. The volume of fluid (VOF)
model implemented in a commercial CFD package (ANSYS-Fluent) is used to track the air-water
interface. The URANS SST k-ω and the four-equation Transition SST turbulence models are employed
to compute the unsteady three-dimensional flow field. The sliding mesh technique is used to rotate
the subdomain that includes the turbine rotor. The effect of grid resolution, time-step size, and
turbulence model on the computed performance coefficients is analyzed in detail, and the results
are compared against experimental data at various tip speed ratios (TSRs). Simulation results at the
analyzed rotor immersions confirm that the power and thrust coefficients decrease when the rotor
is closer to the free surface. The combined effect of rotor and support structure on the free surface
evolution and downstream velocities is also studied. The results show that a maximum velocity
deficit is found in the near wake region above the rotor centerline. A slow wake recovery is also
observed at the shallow rotor immersion due to the free-surface proximity, which in turn reduces the
power extraction.

Keywords: computational fluid dynamics; volume of fluid; transition SST k-ω turbulence model;
sliding mesh; wake

1. Introduction

Hydraulic energy sources around the world are primarily used on large hydroelectric
plants which provide electricity to densely populated areas. Colombia is rich in water
resources with large hydropower schemes covering roughly 79% of the energy generation
(54,532 GWh, data of 2019), while the remaining 21% mainly comes from coal and gas
sources which both come at a high environmental cost [1]. The hydropower schemes are
generally conventional hydroelectric dams which use a reservoir and dam set-up, and also
run-of-the-river hydroelectricity which have no reservoir, similar to the world-renowned
Hoover dam on the border between the states of Nevada and Arizona, USA [2]. The
construction of conventional hydropower schemes poses a risk to the environment and
nearby communities. The under-construction 2.4 GW Ituango hydroelectric project will be
the largest hydropower plant in Colombia. One of Ituango’s auxiliary diversion tunnels
collapsed in 2018; the water had to be diverted to prevent the overflow of the dam and
spillway. The resulting high-speed flow in the adduction tunnels produced rock instabilities
that compromised the integrity of the whole structure [3]. The population of Colombia
is expected to grow by 12% in 2050 [4], which will further increase the challenges in
supplying sustainable renewable energy to the entire country and in reducing greenhouse
gas emissions.
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In Colombia, energy supply issues predominately affect isolated regions located away
from the main electricity supply network. Alternative methods of energy generation
from renewable resources offer a promising solution to tackle social inequality as well as
reducing environmental impacts, such as air and water pollution and climate change due to
the carbon emissions, and they would also reduce the local dependency on fossil fuels. The
full potential of all types of renewable resources needs to be fully explored and integrated
with novel solutions, such as hydrokinetic turbines. This technology does not require
the use of large areas of land, contrary to conventional hydropower, while also being a
significantly cheaper alternative due to the portability of hydrokinetic turbines as single
assembled units, which facilitates deployment and maintenance [5]. To date, horizontal
axis turbines have been preferred for large rivers due to their mature development owing to
the wind industry. However, these devices are restricted to high-velocity regions and deep
waters which are not always available in a riverine environment. It is therefore necessary to
study the effect of rotor depth on the overall performance of horizontal-axis hydrokinetic
turbines (HAHT), both experimentally and computationally. The work presented in this
paper investigates the free-surface-turbine-wake interaction using computational fluid
dynamics (CFD).

The most common numerical approaches to predict the rotor performance of HAHTs
are borrowed from wind energy engineering. The BEM (blade-element momentum) theory,
also referred to as strip theory, combines the balance of linear and angular momentum with
the aerodynamic forces exerted on a blade section. BEM theory requires the knowledge of
aerodynamic coefficients and the calculations of the axial and angular induction factors
at the blade section. This information is used to integrate the balance equations along the
blade length to estimate the total power from the rotor at the specified angular and flow
velocities [6,7]. BEM theory can be used to estimate the performance of a HAHT when
the rotor is well submerged into the water, so the rotor and free surface interaction can be
neglected. Batten et al. [8] compared BEM results of thrust and power coefficients at various
tip-speed ratios (TSR) with the experimental data of a laboratory-scale horizontal axis tidal
turbine tested in a cavitation tunnel. Simulation results showed good agreement for power
coefficient in the TSR range from 3 to 7; BEM underpredicted the thrust coefficient for
the analyzed pitch angles. Similarly, Danao et al. [9] performed calculations with the
open-source blade element momentum solver Qblade; and a good agreement was found
for the power coefficient.

The actuator disk method (ADM) and the actuator line method (ALM) are two novel
simulation techniques commonly used to simulate horizontal axis wind turbine rotors.
In the ADM, the rotor is substituted by a non-rotating disk with the same area swept by
the blades. A body-force term in the disk region is defined to account for the extraction
of fluid momentum by the rotor [10]. Contrary to ALM, ADM is not able to reproduce
root and tip vortices. i.e. the actuator disk just accounts for large-scale effects on the flow.
Silva dos Santos et al. [11] used the ADM implemented in the commercial CFD software
ANSYS-Fluent to simulate the wake characteristics of a hydrokinetic farm on a portion of
the Brazilian Amazon river. In ALM, the complex geometry of rotor blades is simplified to
a set of rotating lines. Distributed point forces are defined along those lines (actuator lines)
to iteratively compute the loadings using BEM and available airfoil data with submodels
for dynamic stall situations [12,13]. Next, the forces are projected onto the computational
domain to account for the effect of rotating blades on the flow field. ALM avoids the
computation of the blade boundary layer and the implementation of rotating meshes. The
ALM technique has been successfully used to estimate the rotor performance and the wake
behind wind turbines [14]. ALM combined with LES (large-eddy simulation) was used by
Baba-Ahmadi and Dong [15] to simulate the flow through a horizontal axis tidal stream
turbine. Axial velocity and turbulence intensity profiles behind the turbine at the rotor axis
height showed good agreement with experimental results, although the velocity deficit
was slightly overpredicted in the far wake. This study did not consider free-surface effects,
i.e., it was a single-phase flow computation.
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The number of investigations seeking to clarify the effects of the free surface on
HAHT performance and wake dynamics is still limited. A complete CFD model of HAHT
must include a fully resolved blade geometry and the definition of a rotating region that
encloses the rotor in the computational domain. Tracking the interface requires the use of a
multiphase framework, which further increases the computational cost. Disregarding the
free surface in a computational approach can lead to significant differences in the predicted
turbine performance. For a Darrieus turbine, Hocine et al. [16] reported an increment of
42.4% in power output and a 26.6% higher thrust when the free surface was neglected.

Previous computational and experimental studies have shown a decrease in thrust
and power output by bringing the turbine closer to the free surface. Bahaj et al. [17]
experimentally reported a reduction in power and thrust of approximately 8.8% and 4.5%,
respectively, by taking the rotor to a blade tip immersion from 0.55D to 0.19D (D is the
rotor diameter). Yan et al. [18] implemented a computational free-surface flow framework,
with a novel level-set re-distancing technique and sliding interface, to perform three-
dimensional, time-dependent simulations of a horizontal-axis tidal turbine. A turbulence
model was not incorporated in their numerical approach. Results of power of thrust
coefficients suggested the existence of a minimum immersion depth for optimal turbine
operation. Conversely, Kolekar et al. [19] reported an increase in the power coefficient by
reducing the rotor immersion, indicating a favorable depth region for the performance
near a 0.27D immersion of the blade tip; they also observed significant changes in the
wake dynamics, especially at shallow immersions in which the wake becomes asymmetric.
Nishi et al. [20] showed an unusual increase in performance of up to 2.8 times when
implementing a multiphase approach (water-air), compared to single-phase flow results
(water only); the turbine output from the multiphase flow simulation is approximately 5%
higher than the experimental data. Bai et al. [21] used the immersed boundary method
and free surface method implemented in an in-house CFD code to simulate the turbine
rotor of Bahaj et al. [17]. The computed power coefficient lay below the experimental data;
a finer grid was shown to reduce the discrepancy at the TSR for maximum power output.
Adamski [22] reported the appearance of large ripples (deformations) on the free surface
when the distance to the rotor is decreased; the vertical deformation is approximately twice
as much when the blade tip immersion is reduced from 1D to 0.75D.

Rodriguez et al. [23] performed two-phase flow simulations of the HAHT rotor de-
scribed in Bahaj et al. [17], for two blade tip immersions and three TSRs. The computational
approach incorporated a transition four-equation turbulence model, the Volume of Fluid
(VOF) method for interface tracking, and the sliding-mesh technique to account for blade
rotation. There was a good qualitative agreement between the simulation results of torque
and thrust coefficients and the experimental data taken from Bahaj et al., at the analyzed
TSRs. Their conclusions highlighted, however, the need to further assess the impact of
model parameters such as mesh resolution and domain size, and the incorporation of the
turbine’s support structure.

The present study aims to extend the current understanding of the interaction between
the free surface and a HAHT, including the rotor and support structure. The numerical
approach adopts the four equation Transition SST turbulence model and the Volume of
Fluid (VOF) method to compute the unsteady three-dimensional flow field. This paper
analyzes the combined effect of rotor and support structure on the performance, the free
surface evolution, and wake dynamics for deep and shallow rotor immersions.

The rest of the paper is organized as follows. Section 2 provides details about the
HAHT computational model and its implementation, a description of the numerical ap-
proach, and the simulations performed. The simulation results are presented in Section 3
along with an analysis on their agreement with performance coefficients reported in the
literature; the combined effects of the rotor and support structure on the performance and
flow field are thoroughly discussed. Finally, Section 4 concludes the paper.
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2. Methods
2.1. Governing Equations

The water flow around a HAHT is modeled using RANS (Reynolds-Averaged Navier-
Stokes) equations for viscous, isothermal, unsteady, turbulent, three-dimensional, and
incompressible fluid flow in rectangular coordinates. In addition, the well-established
multiphase flow model known as VOF is used to track the air-water interface. VOF
introduces an additional conservation property in the RANS equations, known as volume
fraction, α. This conservation property represents how much of a computational cell is
occupied by each phase [24]. In the case of a two-phase flow,

αw + αa = 1 (1)

where the subscript w and a stand for water and air, respectively. In this work, water is
arbitrarily chosen as the primary phase.

ANSYS-Fluent 19.0 uses the finite volume method to solve the fluid flow equation set.
The continuity and momentum equations written in tensor notation are, respectively

∂

∂t
(αw) +

∂

∂xj

(
αwvj

)
= 0, (2)

∂
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(ρvi) +

∂

∂xj

(
ρvivj

)
=

∂P
∂xi

+
∂

∂xj

[
µ

(
∂vi
∂xj

+
∂vj

∂xi

)
− ρv′iv

′
j

]
+ ρgi, (3)

where v denotes the mean velocity shared by both phases, P is the mean pressure, and g is
the gravitational acceleration. The Reynolds stresses ρv′iv

′
j are computed by means of the

Boussinesq assumption for isotropic turbulence. More details on the turbulence model are
given below. The viscosity µ and density ρ in Equation (3) are given by,

µ = αwµw + αaµa, (4)

ρ = αwρw + αaρa. (5)

The well-established shear stress transport k-ω (SST) turbulence model [25] was
initially adopted to approximate the turbulent flow. This two-equation eddy viscosity
model combines the accuracy and robustness of the k-ω model in the near-wall region and
the free-stream insensitivity of the k-ε model. The switch between turbulence models is
accomplished by a blending function. The k-ω SST model is appropriate to compute flows
with adverse pressure gradients and boundary layer separation which are flow phenomena
commonly found in turbomachinery applications. Contreras et al. [26] showed that the k-ω
SST turbulence model performs better than the k-ε model to predict the power coefficient of
hydrokinetic turbines. Hocine et al. [16] used the k-ω SST and VOF approach to estimate the
performance of a Darrieus hydrokinetic turbine; the computed power coefficient showed
the highest discrepancy with experimental data (13%) near its maximum value. In the
present work, the k-ω SST turbulence model is used to (i) compute the flow field in the
absence of a free surface; (ii) initialize the flow field for the rotor and full turbine (with the
support structure) simulation cases.

Laminar separation, transition to turbulence, flow reattachment, and turbulent separa-
tion are likely to occur along a hydrokinetic turbine blade. Such unsteady flow phenomena
strongly depend on the local Reynolds number so they are not properly accounted for by
the standard k-ω SST model. The four equation Transition SST (TSST) turbulence model
couples two additional transport equations with the k-ω SST model to predict the laminar-
turbulent boundary layer transition [27]; the first equation computes the intermittency
(it triggers transition locally) and the second one makes use of the momentum thickness
Reynolds number to determine the onset of transition (non-local effects).

The TSST turbulence model has shown its capability to predict the natural, separation-
induced, and bypass transitions in wall-bounded flows [28]. Rezaeiha et al. [29] performed
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detailed CFD simulations of vertical axis wind turbines with seven different RANS turbu-
lence models. They found that the TSST led to the lowest deviation of the computed power
coefficient (18.6%) from the experimental data. Simulations of a Darrieus type vertical
axis wind turbine showed that the calculated torque coefficient using the TSST turbulence
model was in better agreement with experimental data [30]. The dynamic stall on vertical
axis wind turbine blades was also investigated with the standard and transition k-ω SST
models [31]. The drag coefficient computed with the standard k-ω SST and four-equation
TSST turbulence models were significantly different; laminar separation bubbles were only
observed when the TSST was used, and the TSST predicted the dynamic stall earlier than
the k-ω SST. Contreras et al. [26] highlighted the transitional behavior of the boundary
layer over a blade section resolved by the TSST turbulence model; a laminar flow envelope
around the profile was also observed. Regarding vertical axis water turbines, the standard
and transition versions of the k-ω SST model have been applied, among others by [32,33].
In order to properly capture the laminar-turbulent transition in the boundary layer of the
hydrokinetic turbine blades, the four-equation TSST turbulence model is employed in the
present investigation.

The performance of a HAHT is governed by a set of non-dimensional parameters.
The tip-speed-ratio (λ) relates the rotor angular velocity (Ω) with the incoming flow
velocity (Vin),

λ =
ΩD
2Vin

, (6)

where D is the rotor diameter. Three TSR values are analyzed in this work, namely λ = 4,
6 and 8.

The power coefficient (CP) is the ratio between the power produced by the rotor (W)
and the power from the fluid flow,

CP =
W

1
2 ρw AV3

in
, (7)

where A is the area swept by the rotor. The normal component (Fn) of the hydrodynamic
force acting on the turbine (rotor and support structure) is used to compute the thrust
coefficient (CT) defined as,

CT =
Fn

1
2 ρw AV2

in
. (8)

Previous investigations highlight the effect of the turbine’s support structure on
the near wake flow field [34]. The HAHT wake recovery can be defined in terms of
velocity deficit,

Vd = 1− Vx

Vin
, (9)

where Vx stands for the streamwise velocity component in the wake.

2.2. Geometry and Computational Domain

The HAHT geometry is taken from Bahaj et al. [17]. The turbine consists of a three-
blade rotor with a diameter of 0.8 m. The blade geometry is based on the airfoil series
NACA 63-8XX; the software DesignFOIL R6.46 is used to generate the profiles along the
blade span. Chord and twist distributions are taken from [17]. The reconstructed turbine
geometry is shown in Figure 1. The blades are split into three sub-surfaces to ease the mesh
generation, and the tower (vertical part of the structure) is divided into various surfaces
to adjust the turbine immersion in the computational domain. The simulated scenarios
reported in this work are summarized in Table 1.
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(a) (b)

Figure 1. HAHT geometry (a) rotor (blades and hub) and (b) support structure.

Table 1. Summary of HAHT simulations.

Case Modeling Approach Geometry Blade-Tip Immersion

1 Single-phase flow Rotor only -
2 Two-phase flow Rotor only 0.19D and 0.55D
3 Two-phase flow Rotor and support structure 0.19D and 0.55D

The dimensions of the computational domain are given in terms of the rotor diameter
(box of 3.5D × 3.5D × 10D) as is shown in Figure 2. The rotor is located at a distance
of 3D relative to the inlet boundary. The computational domain is divided into two
subdomains, namely, an inner rotating subdomain, which encloses the rotor, and an outer
stationary subdomain available to the fluid flow. The rotating and stationary subdomains
share cylindrical sliding non-conformal interfaces which account for flux continuity and
transient interaction effects between the two subdomains.The sliding-mesh technique
implemented in the commercial CFD software ANSYS-Fluent 19.0 is used to account for the
relative motion between subdomains. As a result, all cells and boundaries in the rotating
subdomain revolve at the prescribed angular velocity, Ω.

Boundary conditions for the second and third simulated cases are shown in Figure 2a,b,
respectively. At the boundary named velocity inlet, a constant velocity (Vin = 1.5 m/s) is
specified on the water portion of the inlet while zero velocity is applied elsewhere. Zero
gauge pressure is set at the pressure-outlet boundary; the bottom boundary is set as a
stationary non-slip wall. Surfaces of the support structure are also specified as non-slip
walls when the full turbine is simulated. The top and side borders are defined as zero
shear slip-walls which is accomplished by a symmetry type boundary condition. Because
the turbulence quantities at the inlet boundary are not known, it was decided to prescribe
a moderate turbulence intensity equal to 5%. When the free surface was not considered
(the first simulated case) the top, bottom, and side boundaries of the domain were set as
zero shear walls moving with the same velocity as that prescribed at the inlet boundary.
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The rotating subdomain is a cylinder of diameter 1.15D; as it can be seen in Figure 2, the
cylinder’s length is slightly increased from 0.3D to 0.4D when the support is included. The
shaded areas in Figure 2 indicate mesh refinement regions. In particular, a thin region of
width 0.25D is refined to better capture the free surface evolution.

Figure 2. Computational domain and boundary conditions considering (a) the rotor only and (b) the
full turbine. Shaded areas represent mesh refinement regions.

2.3. Spatial and Temporal Discretization

The SIMPLE segregated solver is used together with second-order discretization
schemes. The least-squares cell-based method is employed for spatial discretization of
gradients. The transient formulation is set to second-order implicit. The HRIC scheme is
used to discretize the convective term in Equation (2). The HRIC formulation works with
an explicit upwind difference scheme to satisfy the convective boundedness criterion, so
the scheme introduces some numerical diffusion due to its first-order accuracy [35].

The computational domain meshed in ANSYS-Meshing 19.0 consists primarily of
tetrahedral cells. A planar cut of the three-dimensional mesh is shown in Figure 3a, it
corresponds to the mesh used for the second case (see Table 1). Details of the mesh around
the blade are shown in Figure 3b; twenty prismatic layers are set around each blade to
guarantee that the non-dimensional wall-normal coordinate lies in the viscous sublayer
(y+ < 1) and the boundary layer development is properly determined. A tetrahedral grid of
a similar aspect ratio grows just outside the prismatic layer; about 85% of the computational
cells are found in the rotating subdomain. A finer grid resolution is used downstream of the
rotor to better capture the wake evolution. Figure 3c shows a close-up of the computational
mesh around the rotor hub and support structure (case 3, Table 1). Prismatic layers are also
used to capture the boundary layer effects on all structural components of the turbine.

A second-order implicit scheme is used for temporal discretization. The time step
is chosen so that it corresponds to a blade rotation of approximately 1°; this choice is a
compromise between computational cost and accuracy. The choice of time-step size is
based on a sensitivity analysis performed for case one (single-phase flow). In all cases, the
calculations start with the steady MRF model to obtain a preliminary flow field, which
is used as an initial condition. When the transient computation is started, first-order
schemes are employed during a few time-steps before switching to second-order schemes.
A maximum of 50 iterations per time step is necessary to lower the residuals below 10−6.
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(a)

(b)

(c)

Figure 3. Two-dimensional cut of the mesh used in (a) case 2; (b) mesh distribution around the
blades; (c) details of the mesh around the support structure (case 3).

3. Results and Discussion
3.1. Single-Phase Flow Simulations

Single-phase flow simulations were performed to assess the sensitivity to grid resolu-
tion, time-step size, and turbulence models. Simulation results presented in this section
correspond to case 1 in Table 1.

The average power coefficient obtained with the standard SST k-ω and the four-
equation TSST models at λ = 6 is presented in Figure 4a. The SST k-ω turbulence model
predicts a lower CP than the four-equation TSST model even when the grid is refined.
When the domain is discretized with 8.5 million cells or more, the CP calculated with the
TSST turbulence model remains approximately 5% higher than the result obtained with
the SST k-ω model. The difference can be attributed to the ability of the TSST model to
capture boundary layer transition effects which are directly related to the hydrodynamic
forces acting on the rotor blades [32]. Predictions of CP obtained with the four-equation
TSST turbulence model are compared with experimental data at various TSRs in Figure 4b.
Simulation results are based on a grid resolution of 8.8 million cells and a time step
of 5 × 10−4 s. As it can be noticed, the numerical results slightly underestimate the
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experimental points and also, the simulated CP curve shows a small displacement toward
the right regarding the measurements. However, in the range of tip speed ratios between 5
and 8, the maximum difference between the numerical and experimental points is about
6%, which at this moment constitutes a good enough agreement.

(a) (b)

Figure 4. Average power coefficient obtained from single-phase flow simulations. (a) Sensitivity to
turbulence model at λ = 6; (b) CP calculated with the TSST model for various TSRs.

Table 2. Effect of time-step size on CP at λ = 8.

Time Step (s) Blade Rotation (°) CP

1× 10−3 1.72 0.3982
5× 10−4 0.83 0.4015

2.5× 10−4 0.34 0.4034

The effect of time-step size on the predicted power coefficient is investigated at λ = 8.
The instantaneous values of CP in time can be seen in Figure 5 whereas Table 2 shows
the relationship between time-step, blade rotation, and the average CP. It is found that
reducing the time-step size in half results in a CP increment of just 0.5%. Therefore, a
time step of 5× 10−4 s has been chosen as a compromise between accuracy of results and
simulation time; this time step corresponds to a rotation angle of 0.83° which is below the
value of 1° recommended previously as a rule of thumb [26,36].

3.2. Effect of Free Surface and Support Structure on Performance

This section describes the results obtained when free surface effects and the support
structure are included in the computational model. Although the support consists of a
simple geometry, it increases the number of cells in the stationary subdomain by 11%.
Simulation results presented in this section were computed with the four-equation TSST
turbulence model.
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Figure 5. Effect of time-step size on the computed CP at λ = 8.

It is a fact that the presence of the free surface and its dynamics affects the perfor-
mance of the turbine as well as wake development and its recovery [36]. For instance,
in Kolekar et al. [19] it is concluded that the free surface compresses the wake and that it
produces a blocking effect which increases for larger rotational velocities and lower tip
immersions. Figures 6 and 7 show the time histories of CP and CT , respectively, experi-
enced by the blades for both, shallow and deep tip immersion cases at a TSR of 6. They
are compared with the results without a support structure. In first place, it is seen that
power and thrust coefficients are smaller in the shallow immersion than in the deeper
configuration, a result that agrees with the observations of [18,37]. Such reduction of the
coefficients is related with a stronger deformation of the free surface in the case of shallow
immersion as it can be seen in Figures 8 and 9 below. The interaction between this deforma-
tion and the flow behind the HAHT causes a slower wake recovery than in the case of deep
immersion, which is responsible for the reduction of the turbine performance. Additionally,
the presence of the support decreases further both coefficients in a similar percentage for
both turbine immersions (around 3% for CP and 1.6% for CT). Such decrease is attributed
to a small flow velocity reduction caused by the presence of the supporting rod; this effect
is similar to the effect of the tower on CP in case of horizontal wind turbines [38]. In the
configuration of shallow tip immersion, the time evolution of the two coefficients display
clear ripples, either considering or not the supporting structure; such ripples are due to the
periodic blades passage close to the free surface and their frequency equals to that of the
blades rotational frequency. On the other hand, for the deeper immersion conditions the
ripples are still present but with very much attenuated amplitude, reflecting that the turbine
in such configuration is close to free stream conditions. Moreover, a long period undulation
in the values of the CP and CT coefficients can be appreciated in Figures 6 and 7, which
is present for both immersion conditions. This behavior was not seen in Yan et al. [18],
where the coefficients monotonically reached a statistically steady state. The reason behind
this long period coefficient undulation is at the moment not clear and deserves future
investigation.
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Figure 6. Time history of power coefficient for deep and shallow tip immersions, with and without
support structure. Results are for λ = 6.

Figure 7. Time history of thrust coefficient for deep and shallow tip immersions, with and without
support structure. Results are for λ = 6.

(a) (b)

Figure 8. Snapshots of air-water interface and vorticity isosurface of 20 Hz at (a) 0.19D and (b) 0.55D
tip immersions.
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Figure 9. Vertical displacement of the free surface at the channel mid plane. Results for λ = 6 and
two immersions.

The individual contribution of each blade to the power coefficient over one revolution
taking into account the effect of the support structure is shown in Figure 10. In that figure,
the azimuthal angle θ is set at 0° when blade 1 (identified by red color) is located upwards
directly pointing towards the free surface. Results correspond to a TSR of 6. The reduction
in the value of CP for the full assembly is noted in comparison to the results when the
support structure is not included in the computational model. Each blade provides the
lowest CP when it is placed vertically upwards, aligned with the vertical bar of the support
structure, and the highest CP when it is located vertically downwards. The difference
between these two extreme values is very much reduced for the deep immersion case,
regarding the shallow configuration, although it is noticeable even when the support
structure is not included in the computation. Moreover, it can be observed for the case of
0.19D immersion without support that the minimum value of CP attained is at the position
where the blade tip is closest to the free surface, a fact that illustrates that the proximity of
the blades to the air-water interface greatly decrease the turbine performance, which in this
case is of the same order than the presence of the supporting structure. Interestingly, the
maximum value of the instantaneous power coefficient, reached when the azimuthal angle
is 180°, happens for the shallow immersion configuration, regardless of the supporting
rod presence.

The fact that the variation of CP along one revolution increases as the blade tip is closer
to the free surface can be understood as follows. In the absence of a support structure, the
flow accelerates by surrounding the blades more or less symmetrically; on the other hand,
the flow through the rotor moves more slowly towards the free surface when the structure
is included. This behavior is more pronounced at the shallow tip immersion. As can be
seen in Figure 10, CP reaches its maximum when blade 1 sweeps the high flow velocity
region at 180°, i.e. the blade tip is farthest from the free surface. Peak values of CP for
blades 2 and 3 are shifted 120° and 240°, respectively. The support structure lowers the
contribution of blade 1 to CP when the blade is pointing upwards (at 0°) and the difference
between the CP curves with and without support structure is the highest. It resembles the
tower shadow effect experienced by horizontal axis wind turbine blades, which is known
to be the main cause of power fluctuation [38].



Processes 2022, 10, 69 13 of 17

3.3. Wake and Free Surface Interactions

Figure 8 shows the vorticity isosurface (20 Hz) and free surface for both deep and
shallow tip immersion simulations in the case which includes the supporting structure.
Significant deformation of the air-water interface can be observed at both tip immersions,
especially in the vicinity of the support rod. Figure 8 shows the wake past the support
structure, revealed by the vorticity isosurface, which could not be detected in the previous
study of Yan et al. [18] but is present in the recent work of [37]. As a comment, blade root
vortices are observed in the results of [18], which can be attributed to the presence of a gap
between the rotor and the support in the employed computational model. That space is
not considered in this work, so the horizontal part of the support hinders the development
of root vortices in the present case.

Figure 10. Blade contribution to the power coefficient along one revolution with and without the
support structure. Results are for λ = 6.

The vertical displacement of the free surface at the domain mid-plane is presented in
Figure 9. The displacement is normalized by the rotor diameter for both the shallow and
deep tip immersions. Time-averaged results were obtained in the last three revolutions
for λ = 6. The configuration without support, solid lines in Figure 9, induces an elevation
of the water level just upstream the rotor and a gentle drop of it downstream. This
effect is of course due to the obstruction generated by the turbine in the flow and it is
more pronounced in the shallow immersion. On the other hand, the inclusion of the
support structure causes a discontinuity immediately downstream of the rotor position; the
surface rapidly elevates in front of the pole (vertical rod) while a sort of dimple forms just
downstream. Two peaks are observed upstream regardless of the presence of the structure.
Moreover, the free surface deformation upstream is increased for both immersions when
the structure is included in the model. For the deep tip immersion, the free surface exhibits
little disturbance downstream from the rotor in the absence of the structure which suggests
that the free surface effect on the rotor performance is marginal when the rotor is well
below it, in agreement with the conclusions of [18,37]. The highest depression downstream
on the free surface occurs for the 0.19D immersion when the structure is present, followed
by a peak that is approximately equal for both deep and shallow immersions with the
support structure. In order to provide a quantitative estimation, the normalized maximum
free-surface displacement (Ym/D) and its location downstream relative to the rotor position
(Xm/D) are summarized in Table 3. The results are compared with interpolated data taken
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from the study of Adamski [22]. Froude number (Fr) is based on the rotor diameter
and dr represents the rotor depth-to-diameter ratio. As it can be seen, the computed
maximum displacement agrees reasonably well with the results reported by [22] for both
tip immersions.

Table 3. Normalized maximum displacement of the free surface (Ym/D) and its location downstream
the rotor (Xm/D).

Tip Fr dr Xm/D Ym/D Xm/D Ym/D
Immersion Interp. from [22] Interp. from [22]

0.55D 0.536 1.05 0.8745 0.02954 0.8843 0.02265
0.19D 0.536 0.69 0.5901 0.05764 0.7874 0.05126

On the other hand, the study of wake development is of importance to determine
the optimal spacing between HAHTs in a hydrokinetic farm [11,39–41]. Time-averaged
velocity deficit profiles downstream of the simulated HAHT are shown in Figure 11a and
Figure 11b for the deep tip and shallow tip immersions, respectively. The profiles are
taken from the vertical center plane so y/D = 0 corresponds to the rotor centerline. The
dot-dashed horizontal line represents the level of the undisturbed free surface. Profiles
are shown at four positions downstream of the HAHT; a comparison is drawn between
the combined effect of the rotor and support structure on the wake and in the absence of a
support structure (case 2 in Table 1). Significant differences between the profiles can be
appreciated, especially in the near wake region (at a distance less than 4D from the rotor).
At x = 1D, the maximum velocity deficit is found off the centerline both for the deep-tip
and shallow tip immersions when the support structure is included. The corresponding
curves in this case show two unequal peaks instead of the two symmetric maximums
in the case without supporting structure. Simulation results suggest that the support
shifts the maximum velocity deficit towards the free surface line, a fact clearly observed in
Figure 11b for the shallow immersion configuration. It can be also noticed that the combined
effect of rotor and support structure reduces the velocity in the wake above the rotor
centerline for the analyzed positions and tip immersions. Due to the free surface proximity,
the wake recovers somewhat slower when the tip immersion is 0.19D. In this case, the
wake expansion is quickly constrained by the free surface, which in turn reduces the power
and thrust coefficients at shallow tip immersions.

(a) (b)

Figure 11. Comparison of time-averaged velocity deficit profiles at four downstream positions of the
HAHT at λ = 6. (a) Deep tip immersion (0.55D); (b) Shallow tip immersion (0.19D).
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4. Conclusions

A computational study of the influence of the free surface and supporting structure
on the flow around a HAHT was conducted using the VOF method combined with the
sliding mesh technique and RANS turbulence models. The commercial CFD software
ANSYS-Fluent 19.0 was used to implement the computational model. First, the HAHT per-
formance was analyzed in the absence of the free surface and without the support structure.
Computations showed that the four-equation TSST turbulence model led to predictions
of CP which are in better agreement with the experimental results of Bahaj et al. [17] for
TSRs between 4 and 8 than those obtained with the standard SST model. A thorough
sensitivity analysis showed that a mesh with about eight million cells and a time-step
of about 5× 10−4 s are required to estimate the power and thrust coefficients within a
reasonable computing time. Then, the performance was analyzed by taking into account
the free surface in the computational domain. The rotor was placed at two tip immersions
showing that a shallow immersion results in lower power extraction in agreement with
experimental results. In addition, predictions of power and thrust coefficients were found
to be affected by the support structure. Also, the dynamics of the wake behind the turbine
was shown to be affected by both the free surface and the presence of the support structure.
In the shallow immersion case, the development of the wake is constrained by the free
surface and supporting structure leading to a slower wake recovering and to a decrease of
the turbine power coefficient.

Future work will explore the overset mesh technique to replace the sliding non-
conformal interface currently used for the interpolation between stationary and rotating
subdomains. The simulation of very shallow turbine immersions is also planned, where
the blades emerge above the free surface, inclusive of fluid-structure interaction and the
possible appearance of cavitation effects.
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