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Abstract: This study aims to investigate the wake characteristics of a horizontal axis tidal stream
turbine supported by a monopile using a numerical approach. Computational fluid dynamics
(CFD) simulations based on the open source software OpenFOAM have been performed to enhance
understanding of a turbine’s wake. The numerical simulations adopt both the actuator line
method and the full rotor geometry method. The numerical results are found to be consistent
with experimental data, although some discrepancies are observed at a distance of one rotor diameter
downstream. Comparison of numerical results from both methods is performed. The results show
that both methods can obtain important flow features and provide similar simulation in the wake
of the turbine model. The actuator line method is able to give a better prediction in stream-wise
velocity distribution, although it underestimates the turbulence intensity, circumferential velocity
and vorticity magnitude slightly, compared with the full rotor geometry method. It is also found that
the wake of the monopile and the rotor interact strongly in the downstream field, especially in the
region immediately behind the structure. A strong interaction occurs within approximately two rotor
diameters downstream.

Keywords: OpenFOAM; tidal stream turbine; actuator line method; full rotor geometry simulation;
wake field

1. Introduction

There is an increasing demand for sustainable and environmentally-friendly energy resources
throughout the world due to environmental pollution caused by continuous consumption of fossil
fuel [1,2]. Tidal stream energy has been considered as one of the most promising clean energy resources.
Compared with other kinds of renewable energy, such as wind energy and wave energy, tidal stream
energy has the benefit of being highly predictable [3–5]. Tidal stream turbines (TSTs) are devices used
to extract energy from a tidal stream, among which the horizontal-axis-type TSTs are mostly widely
employed [6,7].

In order to make the best use of sea sites that are suitable for energy capture from tidal streams,
multiple TSTs are commonly placed together as an array or a tidal farm [8]. If the array layout is
well designed, much more energy could be extracted from a tidal stream [9–14]. For determination
of each position of turbines in the array, the interaction between turbines in an array must be well
considered. The performance of downstream turbines will decline if they are subjected to wake of
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upstream turbines [15]. Besides, a deeper insight into wake characteristics of a TST helps to better
estimate its hydro-environmental effects, such as on water quality or sediment transportation [16,17].

In past decades, a number of studies have been carried out to understand the wake characteristics
of a horizontal axis-type TST using both physical experiments and numerical simulations. In terms of
physical experiments, Myers et al. [15] studied the early generation of marine stream energy converter
arrays using multiple actuator disks to simulate TSTs. Their research highlighted an optimal lateral
spacing between devices where, under certain conditions, flow could be accelerated between a pair
of rotor disks. This enhanced flow speed gave rise to the counterintuitive notion of a downstream
row of devices producing more power than the upstream row. Mycek et al. [18,19] investigated the
ambient turbulence intensity (TI) effects on one single turbine and two in-line positioned turbines
using the physical method. Their results showed that the wake properties were significantly affected
by the upstream flow TI. The wake remained pronounced until 10 diameters downstream of the
turbine with a TI of 3%. However, the wake dissipated much faster and the upstream conditions,
including velocity, TI and shear stress, were almost fully recovered at six diameters downstream
with a TI of 15%. A higher TI reduced the wake effects between turbines, and thus allowed a better
comprise between inter-device spacing and individual performance. Chamorro et al. [20] performed
laboratory experiments to study the dynamically strong interaction of a turbulent open channel flow
with a bed-mounted axial-flow hydrokinetic turbine. They found that the flow velocity deficit increased
monotonically with tip-speed ratio beyond four diameters downstream, and a complex non-monotonic
behavior was observed in the vicinity of the turbine. The dominant effects of tip vortices within the
first three rotor diameters at the turbine top-tip height were also demonstrated in [20]. Tedds et al. [21]
conducted a detailed experimental investigation into the near wake of a model TST in a large-scale
water channel facility. The results obtained by using the Reynolds-stress anisotropy tensor revealed the
strongly anisotropic nature of the near-wake dynamics. Stallard et al. [22] investigated experimentally
the mean wake of a TST in a wide flume. They found that the shear layers originating from the rotor tip
circumference showed classic linear expansion downstream, and the shear layers expanded vertically
in a rate 1.5 times of that horizontally. These shear layers merged by around two and half diameters
downstream with a virtual origin at two diameters downstream of the rotor plane. Chen et al. [23]
experimentally investigated the wake propagation behind a horizontal axis TST with three blades.
The results indicated that the velocity reduction in the wake was caused by both the kinetic energy
extraction and the blockage effects of the rotor and stanchion. The wake zone was found to shift
towards the water surface, as a result of wake merging between turbine rotor and stanchion.

In recent years, computational fluid dynamics (CFD) simulations have gained increasing attention
due to the rapid development of computer technology. Harrison et al. [24] used actuator discs (AD) in
CFD models to predict the far wake of a horizontal axis TST. The results showed that the CFD model
gave reasonable agreement with experimental results. However, the numerical simulation failed to
reproduce precisely the turbulence level in the experiments. The AD method was further developed
and used in [25,26]. Thiebot et al. [25] represented individual turbines in shallow water equation
solvers based on the concept of AD. The simulation approach gave similar results to the bed friction
method. Shives et al. [26] improved the AD method using adapted two-equation turbulence closures
for the simulation of turbine wakes. Their improved model reduced the wake error and gave better
prediction of power production of a turbine array, compared with the standard k–εmodel.

The blade element momentum (BEM) method can be considered as an enhanced AD method.
Batten et al. [27] compared the results of the BEM simulation to experimental data measured in the
wake of a scaled turbine. The comparison showed that the model was accurate and able to predict
up to 94% of the variation in the experimental velocity data measured on the centerline of the wake.
Edmunds et al. [28] revised the BEM method by modifying the angle of attack. The revised BEM
method showed a significant improvement when predicting the performance of turbine as well as the
TI in the wake region.
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Compared with the full rotor geometry (FRG) method, in which the rotor blade shape is fully
presented in the model, the AD and BEM method cannot predict the detailed flow features caused by
the finite number of blades [29]. The FRG method can also more accurately predict the hydrodynamic
loads acting on a TST and its wake properties [30]. Nuernberg et al. [31] used the FRG method to
investigate the wake field in a tidal array with four turbines, and their results showed a good agreement
between simulations and experiments. Further insight into the flow field within an array was also
provided. Chen et al. [32] investigated flow field between a TST and the seabed. They found that the
axial flow velocity between the downward facing blade and seabed was accelerated, and the seabed
boundary layer profile was therefor changed. However, in order to use the FRG method, a large
number of mesh elements were necessary to describe the turbine rotor shape precisely. In addition,
the FRG method needs to handle a moving grid in order to account for the movement of rotor in the
computational domain. The grid elements inside the rotating zone are moving together with the rotor
to represent the actual rotation effect. Liu et al. [30] calculated the wake of a TST with 32 cores on the
high-performance computing (HPC) cluster with 32 GB random access memory (RAM) per server
using the FRG method, and it cost approximately one week. Therefore, the implementation of the FRG
method is computationally expensive.

The actuator line (AL) method can be considered as a combination of the BEM and FRG methods.
It adds forces induced by turbine blades to the flow field as sink terms like the BEM method, and the
sink terms also rotate against time like rotor rotation in the FRG method. Baba-Ahmadi et al. [33]
studied the wake of a laboratory-scale TST using the AL method in combination with the large
eddy simulation (LES) technique, which cost 6200 cpu-hours in a HPC cluster. The results showed
a reasonable agreement with experimental data. However, some discrepancies occurred due to failure
in the simulation of the turbulence generated in the boundary layer and from the blade vibration.
Baratchi et al. [34] also used the AL method coupled with LES to simulate a TST in straight and
yawed flows. Their results showed that the AL method was capable of capturing wake unsteadiness
and tip and root vortices in the wake. The advantage of the AL method over the BEM method
was also highlighted in [34]. Compared with the FRG method, Bachant [35] found that the AL
method could provide four orders of magnitude reduction in computational expense when using the
Reynolds-averaged Navier–Stokes (RANS) with turbulence model.

This study presents the investigation into wake characteristics of a TST supported by a monopile
using both the AL method and FRG methods. The numerical simulation is conducted using the
open source software OpenFOAM [36,37]. A k–ω shear stress transport (SST) turbulent model [31] is
adopted in this study. Validations against experimental results are performed to ensure the accuracy
and independence of the numerical results. Then, differences of these two methods in simulating mean
wake characteristics of the TST are analyzed, including mean velocity distribution, TI and vorticity.
The interaction between wakes of the monopile and turbine rotor are also analyzed. The study explores
the capability of the AL method and FRG method to simulate the wake features with a monopile.

2. Methods

2.1. Experimental Setup

The experiment is carried out in a recirculating flume with a length of 50 m and a width of 1.2 m.
Water flows through a honeycomb straightener to damp the rotational flow component induced in the
inlet. A uniform flow is obtained before the flow reaches the turbine rotor. The device is placed in the
middle of the flume with 25 m downstream away from the inlet (See Figure 1). An acoustic doppler
velocimeter (ADV, Nortek AS, Rud, Norway) is used to measure the flow field with a sampling rate
of 100 Hz. Throughout the measurements, the signal to noise ratio (SNR) is maintained above 18.
The collected data are filtered by removing spikes using the phase-space thresholding method [38]
when data are with low correlation (<70%).
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Figure 1. The position of the model turbine in the flume. 

The turbine rotor used in the experiment has a diameter of 0.27 m (D). The length of nacelle 
connected to the rotor is about 0.216 m (≈ 0.8D) and the supporting pile has a diameter of 0.027 m. 
The foil of rotor blades is chosen from those foil shapes designed by the National Advisory 
Committee for Aeronautics (NACA), as detailed in Table 1. The blades are constructed of aluminum 
and fixed to a hub with a diameter of 0.04 m. 

Table 1. Blade geometry. 

r/R c/R Twist (deg) r/R c/R Twist (deg) 
0.05 0.33 47.94 0.55 0.61 27.79 
0.10 0.33 47.94 0.60 0.61 26.05 
0.15 0.33 45.81 0.65 0.61 24.36 
0.20 0.36 43.68 0.70 0.60 22.69 
0.25 0.43 40.78 0.75 0.58 21.01 
0.30 0.51 37.25 0.80 0.57 19.29 
0.35 0.55 35.26 0.85 0.53 17.47 
0.40 0.58 33.31 0.90 0.49 15.43 
0.45 0.60 31.41 0.95 0.42 12.91 
0.50 0.61 29.57 1.00 0.16 9.50 

Note: R is the rotor radius, r is radial location of local blade cross-sections, c is chord length of local 
blade cross-sections. 

Throughout the experiment, the mean approach velocity is maintained at 0.35 m/s and the water 
depth (h) remains as 0.54 m (= 2D). The distance between the flume bottom and the hub center is 0.27 
m (= 1D). The turbine rotor rotates at a speed of 90 rpm, which gives a tip speed ratio (TSR) of 3.64. 
Flow field within the downstream distance of 1D~8D is measured using the ADV, as shown in Figure 
2. 

 

Figure 1. The position of the model turbine in the flume.

The turbine rotor used in the experiment has a diameter of 0.27 m (D). The length of nacelle
connected to the rotor is about 0.216 m (≈ 0.8D) and the supporting pile has a diameter of 0.027 m.
The foil of rotor blades is chosen from those foil shapes designed by the National Advisory Committee
for Aeronautics (NACA), as detailed in Table 1. The blades are constructed of aluminum and fixed to
a hub with a diameter of 0.04 m.

Table 1. Blade geometry.

r/R c/R Twist (deg) r/R c/R Twist (deg)

0.05 0.33 47.94 0.55 0.61 27.79
0.10 0.33 47.94 0.60 0.61 26.05
0.15 0.33 45.81 0.65 0.61 24.36
0.20 0.36 43.68 0.70 0.60 22.69
0.25 0.43 40.78 0.75 0.58 21.01
0.30 0.51 37.25 0.80 0.57 19.29
0.35 0.55 35.26 0.85 0.53 17.47
0.40 0.58 33.31 0.90 0.49 15.43
0.45 0.60 31.41 0.95 0.42 12.91
0.50 0.61 29.57 1.00 0.16 9.50

Note: R is the rotor radius, r is radial location of local blade cross-sections, c is chord length of local
blade cross-sections.

Throughout the experiment, the mean approach velocity is maintained at 0.35 m/s and the water
depth (h) remains as 0.54 m (= 2D). The distance between the flume bottom and the hub center is
0.27 m (= 1D). The turbine rotor rotates at a speed of 90 rpm, which gives a tip speed ratio (TSR) of 3.64.
Flow field within the downstream distance of 1D–8D is measured using the ADV, as shown in Figure 2.
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2.2. The Actuator Line (AL) Model

The AL method is based on the blade element theory combined with a Navier–Stokes description
of the flow field. The method is implemented using an extension library, turbinesFoam [35], which is
developed in OpenFOAM (v6.0) (the OpenFOAM Foundaiton, London, UK). A brief introduction is
given here for completeness.

In the AL method, the governing equations are the conservation of mass and momentum and
these are discretized using the finite volume method. The time-averaged forms of these equations are:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj

∂xj
= −1

ρ

∂p
∂xi

+ υ
∂2ui

∂x2
j
+ υt

∂τij

∂xj
+ fi (2)

where fi is the source term in the i direction due to the blades’ forces.
In the AL method, these source terms are calculated based on the blade element theory, with the

turbine blade being divided into several blade elements. In each element, the tabulated 2-D airfoil
characteristics are used to determine loads on the rotor blades. Figure 3 shows a cross-sectional airfoil
element at radius r in the (Z, θ) plane.
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As shown in Figure 3, the axial and rotational forces by the flow on each section are calculated by,

dFZ = 1/2ρV2
velcdr(cl cos φ + cd sin φ) (3)

dFθ = 1/2ρV2
velcdr(cl sin φ − cd cos φ) (4)

in which ρ is the water density, Vvel is the relative velocity, dr is the width of blade element, cl and cd
are the lift coefficient and drag coefficient, respectively, dependent on sectional Reynolds number Re

and local angle of attack α.
The relative velocity Vvel is calculated by,

Vvel =
√

V2
Z + (ωr − Vθ)

2 (5)

in which VZ, Vθ are the flow velocity in the Z and θ direction, respectively. ω is the blade’s
rotation speed.

Flow angle φ in Equations (3) and (4) is calculated by,

tan φ =
VZ

ωr − Vθ
(6)
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The angle of attack α necessary for cl and cd is calculated from = φ − γ, where γ is the blade
element’s twist angle.

Then the calculated force at each AL element is smoothly projected to the surrounding region
in order to avoid instability due to steep gradients. For this purpose, the 3-D Gaussian projection
function has been implemented. The width of this projection η is controlled by a single parameter ε,
which is then multiplied by the AL element force and imparted on a cell with distance

∣∣∣⇀r ∣∣∣ from the
AL element quarter chord location. For further details, please refer to [35].

Figure 4 shows the distribution of source terms obtained from the AL method using the 3-D
projection. As can be seen, the distribution of the source terms in the AL method resembles the actual
geometry of a rotor. The asymmetrical distribution of source terms is induced by the bottom boundary
layer. When the blade is facing upward, it is exposed to larger approach velocity and resultantly,
larger source terms are added to the governing equations.
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Figure 4. Source terms implemented in the actuator line (AL) method.

Figure 5 shows the computational domain for the AL method. The geometry model includes the
nacelle and mono-pile foundation. The size of the computational domain is about 8.1 × 1.2 × 0.54 m.
It had an inner domain having the disc located at the coordinate system’s origin with radius R equal to
the model turbine. The computational domain also had an outer domain which represented the flow
field in the tank with dimensions of 5D in the upstream direction and 25D in the downstream direction.
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For boundary conditions, the vertical profile of u is determined from the measured vertical profile
of u (see Figure 6) at the inlet. The profile of u is assumed in the form of 1/7th law, as follows,

u(z) = U(z/(0.19h))1/7, z < 0.22 m
u(z) = U, z > 0.22m

(7)

where U is the mean approach velocity and estimated as 0.35 m/s. At the inlet, The TI level is set as
5% based on measurement results in Figure 6. Zero gradient boundary is specified at the outlet and no
slip conditions are imposed at both the bottom and lateral walls. In order to save computational cost,
a symmetry condition is applied at the top to ignore the free surface.
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2.3. The Full Rotor Geometry (FRG) Method

The governing equation for the FRG method is the same with Equations (1) and (2) but
with the source term fi omitted. The sliding-interface technique is used for its implementation
in OpenFOAM [39]. Figure 7 shows the mesh around the turbine. The whole computational domain is
divided into the static zone and the rotational zone. In the simulation, the rotational region rotates
constantly to account for the movement of the three-bladed tidal turbine at constant TSR, here set
as 3.67 as measured in the experiment. The momentum exchange between the rotational zone and
the static zone is achieved by using the arbitrary mesh interface (AMI). The data calculated along the
interface are transferred by interpolation of the flux on the adjacent cell elements. In the rotational
zone, an unstructured mesh with prisms is used so that the geometry of the rotor could be accurately
captured to improve accuracy of the numerical results. However, the static zone is discretized using
a structured mesh to reduce the number of mesh elements. No slip wall conditions are imposed at the
pile and nacelle, and a rotating wall condition is applied to blade surfaces. In addition, standard wall
functions for turbulence models are used to bridge the blade walls and fully turbulence region to save
computation time and resources. For non-dimensional wall distance y+ of grid cells adjacent to blades,
y+ of the first layer prism is within the range of 30 < y+ < 300 to accurately capture the turbulent
flow near the blade surfaces. Other set-up details for the FRG method are the same as those in the
AL method.
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2.4. Mesh Refinement Study

For the AL method, a structured hexahedral mesh is generated. Figure 8 shows the cut plane of
the mesh across the rotor center. The mesh is refined around the disc domain, specifically in the radial
direction within the disc. Besides, a relatively high mesh resolution is used near the disc just upstream
and downstream the disc. For the FRG method, it has a rotational inner zone with an unstructured
tetrahedral mesh adapted to the rotor blade geometry and a stationary outer zone with a structured
hexahedral mesh. Three cases with coarse, medium and fine meshes are also conducted. Table 2 shows
the three mesh densities for both the AL method and the FRG method. Their results are compared with
the measured velocity distribution from physical experiments, as shown in Figure 9. The comparisons
between different mesh densities are shown in Table 3. For both methods, cases with a higher mesh
density obtain better simulation results, as expected. However, the difference between medium and
fine meshes is negligible. Therefore, medium meshes are then used for both methods. The AL method
has a total number of 2.39 million elements with the finest cell size nearly R/30 in the disc domain
and the FRG method has a total number of 5.04 million elements with 1.35 million elements inside
the rotational inner zone. The maximum size for surface mesh on the blade surfaces is specified as
0.001 m for the FRG method. Both the simulations are computed on a workstation with 16 Intel® Xeon®

processors and 32 GB RAM (Microsoft, Redmond, WA, US). The calculation duration is chosen to be
30 s so that the approaching flow can go through the whole computational domain. The AL method
takes about 2 days to finish the simulation while the FRG simulation takes about one week. The FRG
method requires much more computing time mainly for the following reasons: (1) it has a much larger
size of mesh, (2) it needs to handle a dynamic mesh, which accounts for the rotation of rotor blades,
and (3) it needs to calculate the flux exchange between the rotational zone and stationary zone.
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Table 2. Mesh size for the AL method and FRG method (million).

Mesh Density AL Method FRG Method

Coarse 1.51 2.45
Medium 2.39 5.04

Fine 4.26 8.21
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Figure 9. Stream-wise velocity distribution along the rotational axis with various mesh density.
(a) Mesh refinement study for the AL method. (b) Mesh refinement study for the FRG method.

Table 3. Maximum variation of stream-wise velocity along rotational axis.

Mesh Density AL Method FRG Method

Coarse 5.1% 4.4%
Medium 0.2% 1.3%

Fine - -

For both the AL and FRG method, time integration is carried out by the Euler scheme and
the equation set is solved using the Pressure-Implicit with Splitting of Operators (PISO) algorithm.
The maximum time step is set as 0.002 s and the Courant–Friedrichs–Lewy (CFL) condition is
determined by setting the maximum Courant number less than 1 during computation.

3. Results

3.1. Velocity Distribution

3.1.1. Mean Velocity Distribution

Figure 10 shows velocity recovery along the rotational axis using both the AL method and FRG
method. Both methods give a similar trend with the experimental results, although some discrepancies
occur in the near region from x = 1D to 2.5D, which could be due to the free surface treatment.
Flow velocity recovers to around 0.72U by 2D downstream and, afterwards, the recovery rate slows
down remarkably, reaching about 0.80U until 10D downstream. The difference between these two
methods occurs at x = 4D, after which the FRG method results in a slightly faster recovery rate.
This difference may be due to the higher turbulence level in the downstream field obtained in the FRG
method, which is shown in Section 3.2. The higher turbulence level intensifies momentum exchange
between the wake field and the ambient free stream, therefore resulting in a faster wake recovery [19].
Because of this, the FRG method tends to overestimate the flow recovery after x = 4D. The AL method
has a better agreement with experimental data with a root mean square error (RMSE) (∼ 0.018) slightly
lower than that of the FRG method (∼ 0.021).
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Figure 11 shows the stream-wise velocity distribution in the transverse direction in the
downstream field from x = 1D to 8D. The plots show a reasonable agreement with experimental
data for the numerical results obtained by both methods, especially in the far wake region beyond
x = 5D, where Gaussian distribution applies [40]. In the near wake region from x = 1D to 4D, there are
some discrepancies around the wake center. These discrepancies may be due to the following reasons:
(1) the free surface is ignored in this study, and (2) the end of nacelle is approximately described
as a hemispheroid in numerical simulation, which is an ellipsoid in reality. It can also be seen that
velocity distribution is asymmetry in the wake. This feature is reflected to some extent in the FRG
method. However, the stream-wise velocity is totally symmetrical in the across direction obtained by
the AL method.
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The RMSE of normalized stream-wise velocity (u/U) along the transverse direction for both
methods is estimated at various distances downstream, as shown in Figure 12. This shows that the
AL method generally gives a better prediction of velocity distribution, especially from x = 2D to 6D.
After x = 6D, these two methods show the same performance in predicting velocity distribution along
the transverse direction overall.
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3.1.2. Instantaneous Velocity Distribution

Figure 13 shows instantaneous velocity distribution in the horizontal plane across the hub center.
The effect of the swirl induced by the turbine blade rotation can be observed clearly using both
methods, in particular within 1D downstream. It can also be seen that wake of the nacelle interacts
strongly with the turbine’s wake until 2D downstream. This interaction might interfere with the swirl
motion of the turbine’s wake, thereby affecting its flow structures. As shown in Figure 13, the turbine’s
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wake has a slightly larger velocity magnitude in the AL simulation, compared with that in the FRG
simulation. This could be due to the fact that in the FRG simulation, flow stops when meeting the rotor
blades, but in the AL simulation it passes through the space directly where rotor blades shall occupy.
Correspondingly, the FRG method has a larger velocity prediction around the blade tips as a result of
mass conservation (see the rectangular region in Figure 13b).Water 2019, 11 FOR PEER REVIEW  12 
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Figure 13. Instantaneous velocity distribution in the horizontal plane across the hub center. (a) The AL
method. (b) The FRG method.

Figure 14 shows instantaneous velocity distribution in the vertical plane across the hub
center. The swirl motion can be observed clearly above the hub height within 1D downstream.
However, the swirl disappears beneath the hub due to the presence of the monopile. Instead, a low
velocity region occurs behind the monopile with a larger range simulated by the AL method. This might
be due to the higher turbulence level predicted by the FRG method, which will be shown in Section 3.2.



Water 2019, 11, 560 13 of 21

Water 2019, 11 FOR PEER REVIEW  12 

 

 
(a) 

 
(b) 

Figure 13. Instantaneous velocity distribution in the horizontal plane across the hub center. (a) The 
AL method. (b) The FRG method. 

Figure 14 shows instantaneous velocity distribution in the vertical plane across the hub center. 
The swirl motion can be observed clearly above the hub height within 1D downstream. However, the 
swirl disappears beneath the hub due to the presence of the monopile. Instead, a low velocity region 
occurs behind the monopile with a larger range simulated by the AL method. This might be due to 
the higher turbulence level predicted by the FRG method, which will be shown in Section 3.2. 

 
(a) 

Water 2019, 11 FOR PEER REVIEW  13 

 

 
(b) 

Figure 14. Instantaneous velocity distribution in the vertical plane across the hub center. (a) The AL 
method. (b) The FRG method. 

Circumferential velocity distribution at multiple distances downstream obtained using both 
methods is shown in Figure 15. The two methods share a similar pattern in simulating the 
circumferential velocity. Large anticlockwise circumferential velocity due to the effect of the swirl 
induced by the rotation of the turbine’s blades can be observed at x = 1D, which corresponds to the 
clockwise rotation of the blades as a result of momentum conservation. Its magnitude drops quickly 
from x = 1D to 4D. The largest circumferential velocity is found near the wake center at different 
distances downstream. Within the swept area, there is a region with relatively lower stream-wise 
velocities due to the shadow effects of the supporting nacelle and monopile. Compared with the FRG 
method, the AL method has a lower estimation of circumferential velocity. It is still remarkable until 
x = 4D is observed from the FRG method, however, it is negligible at x = 4D in the AL method. The 
difference is due to the fact that the relative motion of rotor geometry and flow field is not fully 
resolved by the AL method. 

  
(a) (d) 

Figure 14. Instantaneous velocity distribution in the vertical plane across the hub center. (a) The AL
method. (b) The FRG method.

Circumferential velocity distribution at multiple distances downstream obtained using both
methods is shown in Figure 15. The two methods share a similar pattern in simulating the
circumferential velocity. Large anticlockwise circumferential velocity due to the effect of the swirl
induced by the rotation of the turbine’s blades can be observed at x = 1D, which corresponds to the
clockwise rotation of the blades as a result of momentum conservation. Its magnitude drops quickly
from x = 1D to 4D. The largest circumferential velocity is found near the wake center at different
distances downstream. Within the swept area, there is a region with relatively lower stream-wise
velocities due to the shadow effects of the supporting nacelle and monopile. Compared with the
FRG method, the AL method has a lower estimation of circumferential velocity. It is still remarkable
until x = 4D is observed from the FRG method, however, it is negligible at x = 4D in the AL method.
The difference is due to the fact that the relative motion of rotor geometry and flow field is not fully
resolved by the AL method.
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in the AL method. This means that the AL method ignores tip vortices as well. The two peak values 
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Figure 15. Development of wake rotation in the downstream with the color presenting the stream-wise
velocity and the arrowhead circulation vector. (a–c) The FRG method for x = 1D, 2D, 4D, respectively.
(d–f) The AL method for x = 1D, 2D, 4D, respectively.

3.2. Turbulence Intensity (TI)

Figure 16 shows TI calculated using both methods. These two methods share the same pattern of
the TI in the wake, with larger TI in the center. The largest value is found right behind the nacelle in
the central and it gradually decreases as water flows downstream. Compared with the FRG method,
the AL method obtains a lower TI level. The main reason is that turbulence generated in the blade
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boundary layer and fed to the flow is ignored by the AL method [33]. The other difference is that the
FRG method obtains two peak TI values in downstream along the blade tip, however it is not reflected
in the AL method. This means that the AL method ignores tip vortices as well. The two peak values in
the FRG method decrease from x = 1D and become negligible at x = 2D.
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Figure 16. Turbulence intensity (TI) level calculated using both methods in the transverse direction
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Figure 17 shows TI level from bottom to water surface at multiple distances downstream.
Both methods show large TI level beneath the nacelle from x = 1D to 2D. This high level of turbulence
is induced by the interaction between wakes of the rotor and the monopile. However, the TI level
drops quickly. It is close to 20% at x = 1D and falls to half at x = 1.5D with only fourth of it at x = 2D.
A peak value of TI can be observed at the top blade tip height. However, the prospective peak value at
the down tip height is missing due to wake interaction of the rotor and the pile’s wakes.
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3.3. Vorticity

Normalized vorticity (Ω/2ω, Ω is vorticity and ω is rotation speed of turbine rotor) calculated
from both the AL method and FRG method in the horizontal plane across the hub center is shown
in Figure 18. From the results of both methods, it can be seen that distinct tip vortices are shed with
a longitudinal spacing which persist for some distance downstream. These vortices then merge into
a vortex sheet which dissipates further downstream. This trend is well captured by both numerical
methods. However, the FRG method obtains a higher level in the vorticity magnitude, as shown in
Figure 18b. This is due to the fact that the geometry of the rotor was not fully taken into consideration
in the AL method. As a result, vortices caused by differences between suction side and pressure side
of a blade could not be generated in the AL method.
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Figure 19 presents normalized vorticity distribution in the vertical plane across the hub center
from the AL method and the FRG method. A high vorticity level can be observed behind the pile due
to the shedding vortices from the monopile. The range of this high vorticity is within x = 2D. It is
also found that the FRG method still gains a bit higher value here, compared with the AL method.
Figure 20 shows the iso-surface of vorticity magnitude. It shows a strong interaction between the blade
tip vortices and vortices shed from the pile. This strong interaction results in the asymmetry between
3-D vorticity distribution above and beneath the nacelle.
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4. Discussion

This study carries out a numerical simulation of a pile-supported TST using both the AL method
and the FRG method based on the open-source CFD library OpenFOAM. First, the details in physical
experimental set-up and numerical simulations are described. Then, a mesh refinement study is
conducted to guarantee the accuracy of numerical results. Results in terms of velocity distribution,
TI level and vorticity obtained by the AL method and FRG method are presented and compared.

The trend in velocity distribution in the longitudinal and lateral directions is well captured
by both the methods. The resulting Gaussian distribution of velocity magnitude in the far wake is
consistent with previous studies [21,40]. The AL method gives a better agreement with experimental
data generally. The FRG method results in an asymmetrical stream-wise velocity distribution in the
lateral direction, while the AL method obtains a symmetrical one. In terms of circumferential velocity,
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the AL method obtains a lower magnitude, compared with the FRG method. Underestimation of
circumferential velocity in the AL method is also confirmed in [33]. These differences in velocity
distribution between the AL method and FRG method are mainly due to the nature of the AL
method [33]. As in the AL method, the rotor geometry is not included during the simulation.
Water flows through the space directly where should be occupied by blades.

Comparisons of TI distribution in the lateral and vertical direction within x = 2D are discussed.
The FRG method obtains a higher TI level in this region, similar to [30]. In the AL method, the blade is
replaced with a line and the blade boundary layer is not resolved. Therefore, the turbulence generated
in the boundary layer and fed to the flow in the real case is ignored [33]. Besides, the AL method also
fails to simulate the peak values of TI appearing in the downstream of the blade tips, which means the
tip effects are not fully considered due to the missing rotor geometry in the AL method.

Both the AL method and FRG method reproduce the distribution of vortices in the downstream
well. Vortices shedding from blade tips persist in a certain distance and then merge into a vorticity
sheet in the downstream. This is consistent with previous research [34]. However, the underestimation
of vorticity using the AL method can also be seen, since there is no explicit suction side and pressure
side of a blade as that in the FRG method.

The presence of a monopile foundation has a significant impact on the flow field within x = 2D.
The pile foundation introduces a region right behind it with low velocity, high TI and vorticity level.
These features are similar to the wake behind a single pile [41]. However, flow field in this region
results from interaction of wakes of the monopile and the rotating rotor. The combination of these
wakes is of significance [32,42] in consideration of seabed scour around the monopile.

Overall, the AL method and the FRG method obtain similar patterns of flow features in the
wake of a TST, although the AL method tends to underestimate the circumferential velocity, TI and
vorticity slightly. This underestimation is due to the missing rotor geometry in the AL method.
Nevertheless, the AL method is still an effective method in simulating the wake of a TST. Besides,
further improvements, such as using an advanced turbulence model [26], could be conducted to
minimize this effect. Another future research is to study wake interaction between a turbine rotor and
its foundation, especially their influence on the seabed.

5. Conclusions

We draw the following conclusions from the above numerical simulations of the pile-supported TST:

• Both the AL method and the FRG method are capable of predicting mean stream-wise velocity
distribution in the downstream filed with acceptable accuracy. Compared with the FRG method,
the AL method generally gives a better agreement with experimental data, especially in the range
of x = 2D to 6D.

• The AL method and the FRG method give similar predictions of flow features, including the
circumferential velocity, TI level and vorticity, in the downstream field, although the AL method
tends to underestimate them slightly.

• Considering that the AL method saves much more computing time and can also obtain key
flow features in the wake, the AL method can be regarded as a useful and effective method in
reproducing the wake of a TST.

• The existence of the supporting structure has a significant influence on wake properties of the
TST, especially in the near wake region within 2D downstream. It results in a region behind it
with a low velocity, and high TI and vorticity level.
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Nomenclature

TST tidal stream turbine
TI turbulence intensity
CFD computational fluid dynamics
AD actuator discs
BEM blade element momentum
FRG full rotor geometry
AL actuator line
LES large eddy simulation
HPC High Performance Computing
RAM random access memory
RANS Reynolds-averaged Navier-Stokes
SST shear stress transport
ADV acoustic Doppler velocimeter
SNR signal to noise ratio
PISO Pressure-Implicit with Splitting of Operators
CFL Courant–Friedrichs–Lewy
NACA the National Advisory Committee for Aeronautics
D rotor diameter
R rotor radius
r radial location of local blade cross-sections
c chord length of local blade cross-sections
h water depth
TSR tip speed ratio
fi source term in the i direction due to the blades’ forces
dFZ axial forces imposed on a blade element
dFθ rotational forces imposed on a blade element
ρ water density
dr width of a blade element
Vvel relative velocity
cl lift coefficient
cd drag coefficient
Re sectional Reynolds number
α local angle of attack
ω blade’s rotation speed
γ blade element’s twist angle
φ flow angle
VZ flow velocity in the Z direction
Vθ flow velocity in the Z and θ direction
η projection width
ε parameters
⇀
r projection distance
u local stream-wise flow velocity
U mean approach velocity
Fr Froude number
g acceleration due to gravity
AMI arbitrary mesh interface
y+ non-dimensional wall distance
x longitudinal distance away from the rotor center
y transverse distance away from the rotor center
z vertical distance away from the rotor center
RMSE root mean square error
Ω vorticity
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