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Abstract: The aerodynamic performance of the floating offshore wind turbine (FOWT) is obviously
affected by the motion of the platform, and becomes much more complicated considering the effect
of tower shadow. In view of this, this paper aims at investigating the aerodynamic performance of
the floating offshore wind turbine with and without a tower under the three most influential motions
(surge, pitch and yaw) by computational fluid dynamic (CFD). The results show that the power
of the wind turbine is reduced by 1.58% to 2.47% due to the tower shadow effect under the three
motions, and the pressure difference distribution is most obviously interfered by the tower shadow
effect under yaw motion and concentrates at the root and tip of the blade. In addition, the degree of
interference of the tower shadow effect on the wake flow field is different under the three motions,
resulting in a more complex wake structure. These conclusions can provide a theoretical basis and
technical reference for the optimal design of floating offshore wind turbines.

Keywords: floating offshore wind turbine; tower shadow effect; computational fluid dynamic;
aerodynamic performance; surge; pitch; yaw

1. Introduction

With the consumption of traditional fossil fuels and serious environmental pollution,
more and more countries in the world begin to attach importance to the development of
renewable energy. As a kind of green, pollution-free and abundant renewable energy, wind
energy has great potential for development [1]. Originally, wind turbines were mainly
built on land, but due to the large noise of onshore wind turbines and relatively few wind
and land resources, the wind power industry gradually developed to the sea [2]. From a
worldwide point of view, the sea wind is rich in resources, and the wind is stable, which has
become the irresistible general trend [3]. With the large-scale capacity of the offshore wind
turbine, the size of the wind turbine and the height of the tower are increasing, resulting in
a more obvious tower shadow effect [4]. Therefore, it is particularly important to study the
unsteady aerodynamics under the tower shadow effect of FOWT.

Offshore wind power generation has obvious advantages over onshore wind power
generation; however, FOWTs produce six degrees-of-freedom (6-DOF) [5] motions under
the combined action of wind, waves and currents, resulting in more complex aerodynamics
compared with onshore and offshore fixed wind turbines. In recent years, many scholars
have studied the aerodynamic performance and structural characteristics of FOWTs from
the aspects of experiments, models, research methods, etc. The blade element momentum
(BEM) theory with two widely used engineering dynamic inflow models was used by
Vaal [6] to investigate the effect of a periodic surge on the wind turbine. Ma [7] investigated
the effects of the control system of the wind turbine and the motion of the floating platform
on the blade aerodynamic performance during the representative typhoon time history.
However, the BEM methods used to research aerodynamics lack the characteristics of
capturing the physical details of the flow field, which the reasonability and accuracy
are suspectable. Farrugia [8] used the results from the free-wake vortex simulations to
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analyze the wake characteristics of the wind turbine under floating conditions. Complex
wake phenomena under the influence of extreme wave conditions were observed. Wen
et al. [9,10] also used the FVM method for numerical simulation and found that the power
coefficient overshoot is caused by the time lag between the output power and the wind farm
power. The time lag and the resultant power coefficient overshoot increase as the platform
surge frequency increases. In pitch motion, with the increase of the reduced frequency,
the mean power output decreases at a low tip speed ratio and increases at a high tip
speed ratio. Salehyar [11] investigated the dynamic response of a spar-buoy-based floating
wind turbine to non-periodic disturbances through a coupled aero-hydro-elastic numerical
model, observing the ability of the wind turbine to recover to the balanced position after
being disturbed. Lin [12] investigated the aerodynamic characteristics in system pitch and
surge motions and the asymmetric and complicated wake was observed. Tran et al. [13–16]
performed the CFD simulation based on the dynamic mesh technique and an advanced
overset moving grid method, respectively, to accurately consider the aerodynamic loads
of a three-dimensional wind turbine. Results summarized the comparisons of different
aerodynamic analyses under periodic surge, pitch and yaw motions to show the potential
differences between the applied numerical methods. Chen [17] proposed a model of a
spar-buoy and a semi-submersible floating wind turbine to compare with the experimental
results of the two. Nguyen [18] studied the fully coupled motion of FOWT and applied
the six degrees-of-freedom solid motion solver to multi-motion coupling to study the
coupling of the surge, pitch and yaw motions. Huang [19] discussed the dynamic response
of the local relative wind speed and local angle of attack of the blade section and the wind–
wave force acting on the floating platform to reveal the interaction mechanism between
the aerodynamic load and the motion of the platform with different degrees of freedom.
Fang [20,21] applied a 1:50 model FOWT to explore the aerodynamics and characteristics
of its wake under surge and pitch motions. Chen [22,23] investigated the aerodynamic
characteristics of the wind turbine under surge–pitch coupling and pitch–yaw coupling by
the combination of dynamic mesh and sliding mesh. The results show that the fluctuation
of the overall aerodynamic performance of the wind turbine dramatically with the increase
of amplitude and frequency. Sivalingam [24] examined the predictions of numerical codes
by comparing them with experimental data of a scaled floating wind turbine.

In addition to the research on changes in wind turbine performance caused by platform
motions, a series of studies have also focused on the tower shadow effect of the wind
turbine. Kim [25] and Quallen [26] found that the diameter of the tower has a greater
effect on the wind turbine than the gap between the tower and the blade, and the root
of the blade is more affected by the tower. Ke [27] proposed an effective method for
calculating the aerodynamic load and aeroelastic response of a large wind turbine tower
blade coupling structure under the yaw condition, taking full account of wind shear,
tower shadow, aerodynamic interaction and rotation effect. Noyes [28] used unsteady
aerodynamic experiments to analyze the influence of tower shadow effect on aerodynamic
loads and blade-bending moments of downwind two-blade wind turbines. Zhang [29]
found that the maximum displacement and Mises stress increase with the increase of the
average wind speed under the tower shadow effect. Li [30] investigated the aeroelastic
coupling effect under periodic unsteady inflows, indicating that the tower shadow effect
causes dramatic changes in the tilting moment, thrust force and output power when the
blade rotates in front of the tower. Wu [31] investigated the unsteady flow characteristics
in the tip region of the blade, observing the static pressure distribution of different blades
near the leading edge of the tip is very different due to the influence of turbulence intensity
and tower shadow effect.

According to the above literature review, the influence of the six degrees-of-freedom
motions of the platform on the FOWTs has been studied to a certain extent, and the
investigations on the tower shadow effect are mostly focused on the land-based fixed wind
turbine. Nevertheless, the effect of platform motions combined with the tower shadow
effect is rarely mentioned. This paper aims to investigate the unsteady aerodynamic
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characteristics of FOWTs under surge, pitch and yaw motions based on the tower shadow
effect. The unsteady dynamic numerical simulation of the aerodynamic characteristics
of the full-size wind turbine model in the rotating process was carried out using a UDF
(user-defined function) and embedded sliding mesh, and the unsteady Reynolds-Averaged
Navier–Stokes equations (RANS) and SST k-ω turbulence model are adopted. Considering
the effect of the tower shadow effect, the power, thrust and the pressure distribution of
blade sections under surge, pitch and yaw motions are compared and analyzed, and the
near wake and far wake flow fields of the wind turbine are analyzed.

2. Model and Numerical Methods
2.1. Governing Equations and Turbulent Model

The three laws of mass conservation equation, momentum conservation equation and
energy conservation equation need to be followed in fluid mechanics. For incompressible
fluids, the continuity equation and the momentum equation (Navier–Stokes equation)
can be used to describe the law of conservation of mass and momentum of the fluid.
Regodeseves [32] and Burmester [33] validated the accuracy of the model in simulating the
aerodynamic characteristics of FOWTs by comparing the simulation results of the model
with the experimental data.

The definition of the continuity equation, Reynolds equation and scalar Φ time-
averaged transport equation expressed in the tensor form are expressed as follows:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0, (1)
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τij = −ρu′ lu′ j, (4)

where ρ is the air density, t is the time, ui and uj represent the Reynolds mean velocity
components of fluid, p is the pressure, µ denotes the coefficient of dynamic viscosity, S is
the generalized source term (i, j = 1, 2, 3) and Γ represents the diffusivity. τij corresponds to
six different Reynolds stress terms, which is defined as Reynolds stress.

The SST k-w model combines the advantages of the k-w model in the near-wall region
and the far-field calculation of the k-ε model, further modifies the turbulent viscosity and
adds an orthogonal diffusion term, which can well predict the separation of the fluid under
the negative pressure gradient. For the aerodynamic analysis of the wind turbine in this
paper, the SST k-w model has obvious advantages, which is used in the later simulation.

The transport equation expression of SST k-w is as follows:
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where Gk is the turbulent energy caused by the average velocity gradient, Gw is the
turbulent dissipation rate, Γk and Γw represent the effective diffusivity of k and w caused
by turbulence, respectively, Yk and Yw are the dissipation of k and ω, Dw is the orthogonal
divergence, both Sk and Sw represent user-defined source items.
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2.2. Floating Foundation

The floating foundation wind turbine is affected by wind, waves and currents in the
marine environment, which produces 6-DOF motions. As shown in Figure 1, the motion of
the platform includes three rotational components (pitch about X, roll about Y and yaw
about Z) and three translational components (sway in X, surge in Y and heave in Z). This
paper chooses a Spar floating wind turbine foundation for its larger draft, small vertical
excitation force and heave motion [34].

Figure 1. 6-DOF motions of a wind turbine floating foundation.

2.3. Wind Turbine Model

The NREL 5 MW wind turbine was selected as the research object, which is a three-
bladed, upwind wind turbine and the power control adopts variable speed and variable
pitch method. The diameter of the wind turbine is 126 m, and the hub height is 90 m. From
root to tip, DU series airfoils of different thicknesses are used, and NACA series airfoils are
used in the tip part. This study considers the existence of the tower, the bottom diameter of
the tower is 6 m, and the top diameter is 3.87 m. The numerical simulation of the wind
turbine is carried out under the rated operating conditions; the incoming wind speed is
11.4 m/s with the rotational speed of 12.1 r/min.

2.4. Flow Field and Boundary Conditions

As shown in Figure 2, the flow field calculation domain is divided into the external
static domain and internal rotation domain. The rotational domain is used to define the
rotation of the wind turbine relative to the external domain under the action of the inflow
wind. The origin of the coordinate system is located in the center of the hub. The rotational
domain is a cylinder with a diameter of 140 m and a height of 8 m. Considering the
vastness of the sea area, the calculation domain should be divided large enough to reduce
the influence of the boundary on the calculation accuracy [35]. The external flow field is a
combination of a hemisphere with a diameter of 6.3 R (R is 63 m radius of the wind turbine
rotor) and a cuboid with a width of 90 m. The inlet distance is 3.2 R from the rotation
domain, and the outlet distance is 8 R from the rotation domain.
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Figure 2. Computational domain of wind turbine flow field: (a) external domain; (b) rotational domain.

Due to the nested motion in the blade rotation domain, it is necessary to use the
embedded sliding mesh to define its rotation. The area where the inner and outer domains
are in contact with each other is set as the interface. There is a relative slip between the
interfaces and the flow field information is transmitted. The inlet and outlet of the external
flow field are set as velocity inlet and pressure outlet, respectively. Additionally, the
surface of the blade and the surrounding boundary of the external flow field are set as
non-slip walls.

2.5. Computational Mesh

The internal and external flow field of the wind turbine is divided into unstructured
grids by using MESH software. Figure 3 presents the grid generation in the overall
computational domain. As the blade structure of the wind turbine model is complex and
the tip position of the blade is too sharp, the grid size of the rotation region close to the
blade needs to be set smaller, and the surface grid of the blade is further refined, which
meets the requirements of the SST k-w turbulence model. As shown in Figure 3a, there are
a total of 8.27 million grids in the whole flow field, of which the internal flow field grid is
6.21 million and the external field grid is 2.06 million.

2.6. Computational Methods

The flow field of the wind turbine is simulated in ANSYS Fluent software, and the
unsteady Reynolds-Averaged Navier–Stokes equations (RANS) is solved by using the SST
k-w turbulence model considering the transition effects on the blade surface. The sliding
grid method is used to simulate the rotation of the wind turbine, which is set as a transient
calculation. The pressure-based solver is used, the SIMPLEC algorithm is selected for
pressure-velocity coupling, in which the second-order upwind scheme is used for pressure
term, convection term, turbulent kinetic energy equation and turbulent dissipation rate.
Based on the steady calculation results, the unsteady calculation for 20 s is carried out,
the additional calculation for 40 s is carried out in the case of platform motion, and the
last platform motion period after convergence is taken as the analysis result. The residual
of the continuity equation is reduced by at least four orders of magnitude in the process
of calculation.

Figure 1 has defined the form of platform motions, including surge, pitch and yaw,
which are the main factors affecting the aerodynamic performance of FOWTs. According
to the situation of the literature [36], the suitable amplitude and frequency parameters of
the floating foundation are selected, and the main motion parameters are shown in Table 1.
In order to realize the above platform motions, the additional speed change is compiled by
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the DEFINE_PFORILE macro of UDF. It is assumed that the motion of the FOWT floating
foundation is harmonic; its expression can be written as:

βi(t) = Ai sin(εit), (7)

where βi(t), Ai and εi (i = surge, pitch, yaw) denote the angle/displacement, amplitude and
frequency of the platform motion.

Figure 3. Computational mesh; (a) External domain; (b) Internal domain; (c) Hub surface mesh;
(d) Blade surface mesh.

Table 1. Floating foundation motion conditions.

Conditions Motion Displacement Amplitude Frequency

1 surge −5–5 m / 0.05 Hz
2 pitch / −5–5◦ 0.05 Hz
3 yaw / −15–15◦ 0.05 Hz

The motion of the floating foundation is described by the matrix between coordinate
systems [37]. The incoming wind speed is set to V = [Vx, Vy, Vz]T, where Vx, Vy, Vz
represents the partial velocity in the direction of X, Y and Z, respectively. the relative inflow
velocity of the platform during surge motion is converted into VS, which can be written as

VS = V(t) +

 0
β′surge(t)

0

 =

 0
Vy + εsurge Asurge cos(εsurget)

0

, (8)

where β′surge(t) denotes the velocity of surge motion at each moment.
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The pitch motion corresponds to the rotation βpitch of the floating platform around
the x-axis, and the incoming flow velocity is converted to the relative velocity VP, which
can be presented as

VP =

 1 0 0
0 cos βpitch sin βpitch
0 − sin βpitch cos βpitch

V =

 0
Vy cos(Apitch sin(εpitcht))
−Vy sin(Apitch sin(εpitcht))

 (9)

The yaw motion corresponds to the rotation βyaw of the floating platform around the
z-axis, and the incoming flow velocity is converted to the relative velocity VY, which can be
presented as

VY =

 cos βyaw sin βyaw 0
− sin βyaw cos βyaw 0

0 0 1

V =

 Vy sin(Ayaw sin(εyawt))
Vy cos(Ayaw sin(εyawt))

0

 (10)

3. Numerical Model Verification
3.1. Model Grid Independence Verification

Table 2 exhibits the numerical value of the wind turbine torque under different mesh-
ing precision, which are refined along the circumference of wind turbine blades. The
number of simulated grids is as follows: 2.86 million, 4.77 million, 6.71 million, 8.50 million
and 10.08 million.

Table 2. Torque of different gird sizes.

Cells Number (Million) 2.86 4.77 6.71 8.50 10.08 Reference Value

Torque (N m) 3.54 × 106 3.82 × 106 3.90 × 106 3.98 × 106 4.03 × 106 4.01 × 106

Relative error (%) 11.72 4.74 2.74 0.75 0.50

It can be found that with the refinement of the mesh, the error value of torque decreases
constantly, and the decrease becomes smaller and smaller. The mesh of 8.50 million is se-
lected for in-depth research due to the consideration of calculation accuracy and efficiency.

3.2. Model Power Verification

Due to the lack of feasible experimental data, the experimental results of Jonkman [38]
were selected for verifying the accuracy of the simulation. The cut-in wind speed of the
NREL 5 MW wind turbine is 3 m/s. When the wind speed reaches more than 3 m/s, the
wind turbine starts to operate. The rated wind speed is 11.4 m/s, and the rated speed is
12.1 rpm. When the wind speed exceeds the rated wind speed, the constant power control
is realized by changing the pitch angle and reducing the lift-drag ratio.

Figure 4 illustrates the comparison of stable power between numerical simulation and
experimental data under different incoming wind speeds. All of the results exhibited a
high consistency before the incoming wind speed reached 11.4 m/s, indicating that the
current simulation method has good accuracy and reasonable results.

3.3. Validation Considering the Tower under the Unsteady Condition

It should be noted that the change of additional wind speed caused by the motion of
the platform is synchronously added to the inlet velocity. The numerical model is verified
with and without tower under unsteady calculation, respectively. A sufficient degree of
steady condition calculation is carried out for the numerical model under rated conditions
first, and the results of the steady calculation are taken as the initial flow field under
unsteady wind speed conditions.
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Figure 4. Power comparison of different wind speeds.

The uniform wind speed is 11.4 m/s, which is set at the inlet of the flow field. The
speed of the wind turbine is 12.1 rpm. The time-step corresponding to 10◦ azimuth
increment with 40 pseudo-time sub-iterations is 0.137741 s. The rotation time of the wind
turbine for 4 cycles is calculated under unsteady conditions. Figure 5 shows the power
fluctuation with and without the tower and it indicated that the power of the wind turbine
tends to be stable after the wind turbine rotates for three cycles. Furthermore, a periodic
rotation variation of the wind turbine in stable operation was observed locally. Compared
with the non-tower, the existence of the tower makes the power decrease dramatically with
an azimuth of 120◦ apart. This phenomenon is consistent with Wen [39]’s research, which
verifies the influence of the tower shadow effect on the wind turbine.

Figure 5. Power variation under unsteady rated condition.

4. Results and Discussion

Due to the obstruction of the tower to the airflow, the interference effect of the tower
on the blades is different when the blades rotate to different azimuth angles. This paper
takes the blades rotating to the azimuth directly above the tower as the starting point. The
schematic diagram of the azimuth angle of the wind turbine blades is shown in Figure 6. θ
is the angle between the two blades, γ is the influence area of the tower shadow effect and
the wind turbine rotates counterclockwise.
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Figure 6. Schematic diagram of wind turbine blade-rotation phase angle.

4.1. Unsteady Aerodynamic Analysis under Surge Motion
4.1.1. Total Performance Analysis

Figure 7 illustrates the total power and thrust comparison with and without the tower
under surge motion. It can be observed that the fluctuation period of power and thrust is
consistent with the harmonic surge. The equilibrium position divides the power and thrust
curve into rising and falling parts, mainly because the power and thrust are proportional
to the relative wind speed. For f = 0.05 Hz, As = 5 m, as shown in Figure 7b, the maximum
power of the wind turbine without the tower is 6.98 MW, while the wind turbine with the
tower is 6.85 MW. Both of these were larger than the rated power, while the existence of
the tower reduced the maximum wind turbine power by 1.86%. The minimum power was
3.37 MW and 3.24 MW, respectively, and the power of the wind turbine with the tower was
reduced by 3.86%. The average power generation was 5.12 MW and 5.01 MW, respectively;
the latter was reduced by 2.15%. Further, the power fluctuated at a frequency thrice that
of the rotation frequency under the combination of surge and tower shadow, while the
surge motion played a leading role in the influence of power fluctuation. As shown in
Figure 7c,d, the trend of the axial thrust fluctuation was similar to the power. The peak
value of thrust without the tower was 888.3 KN; the wind turbine with the tower was
881.4 KN. Additionally, the valley value of thrust was 772.7 KN and 764.7 KN, respectively.
It can be seen that the peak and valley values of thrust were basically the same with or
without the tower. In addition, the average thrust was 772.7 KN and 764.7 KN, separately;
the latter was reduced by 1.04%. It can be concluded that the influence of the tower shadow
effect on thrust was less than that on power under the same condition of surge motion.

To further explore the variation mechanism of the aerodynamic load of the wind
turbine under platform motion, the airfoil-induced velocity distribution under surge
motion was analyzed, as shown in Figure 8. The surge motion of the platform produces an
additional induced speed Vind to the wind turbine, which is obtained by superposing the
surge speed with the free flow wind speed. When the platform moves forward, the Vind is
opposite to the incoming wind speed, and the relative wind speed increases. When the
platform moves backward, the Vind is in the same direction as the incoming wind speed,
and the relative wind speed decreases. Vind can be decomposed into chord velocity Vc and
radial velocity Vr on the rotating plane, the magnitude and direction of the relative velocity
Vrel acting on the rotating plane of the airfoil changes and the angle of attack changes
accordingly. This theoretically expounds the essence of the fluctuation of the aerodynamic
performance of the wind turbine under surge motion.
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Figure 7. Total aerodynamic comparison of surge motion; (a) power versus azimuth angle; (b) ex-
treme and average values of power; (c) thrust versus azimuth angle; (d) extreme and average values
of thrust.

Figure 8. Schematic diagram of airfoil-induced velocity under surge motion.
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4.1.2. Distribution of Pressure on the Blade Surface

Figure 9 shows the surge amplitude of the platform motion with reference to time.
The second period of stable surge motion of the wind turbine is selected as the research
object. Two typical positions were selected to analyze the pressure distribution on the
blade surface.

Figure 9. The two typical positions during surge motion.

The most fundamental influence of the tower shadow effect on the aerodynamic
performance of the wind turbine is the interference of the tower on the blade; the blade
surface pressure is the basic parameter to characterize the aerodynamic performance of
the blade. This section selects two typical positions in which the blade rotates to the front
of the tower under surge motion, and analyzes the pressure distribution under the root
(r/R = 0.32), middle (r/R = 0.63) and tip (r/R = 0.94) sections of the blade. The abscissa
is dimensionless as x/c (the abscissas of different points on the section/chord length of
the section).

Figure 10 shows the distribution of pressure in each section of the blade with and
without the tower at two typical positions in a surge cycle. It can be found that the pressure
difference distribution at position 1 at the corresponding section is greater than that at
position 2. It can be explained that the Vrel at each blade section reaches larger values due
to the forward surge velocity of the platform, while the Vrel decreases when the platform
surges backward. From the numerical point of view, the maximum pressure difference
of the wind turbine without the tower at 0.32 R, 0.63 R, 0.94 R section is 1952 Pa, 4240 Pa
and 7910 Pa, respectively. It can be seen that the closer to the tip of the blade, the greater
the pressure difference on the blade surface. In addition, the tower shadow effect mainly
affects the negative pressure value of the suction leading edge and the absolute value of
the maximum negative pressure difference in each section is reduced by 10.56%, 7.61% and
5.36%, respectively. It can be inferred that the closer to the tip of the blade, the less obvious
the interference of the tower shadow effect on the negative pressure of the suction surface.

4.1.3. Near Flow Field of Each Section of Blade

Figure 11 shows the interaction between the different blade sections and the tower
when the blade rotates to the shadow area of the tower under surge motion. Position
1 was selected for further analysis. For the convenience of analysis, the variation of
pressure fields near the blade surface and the distribution of absolute velocity streamline
are discussed, respectively.
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Figure 10. Distribution of pressure in each section of blade at position 1 and position 2.

By comparing the pressure field of the wind turbine with and without the tower at
the same cross-section, it is seen that there is an obvious negative pressure field behind
the suction surface of the blades. On the root and middle section of the blade, it can be
observed that the suction leading edge negative pressure field of the wind turbine without
the tower is larger and the negative pressure value is lower, while the pressure surface
is basically the same, and the interference of the tower on the pressure field in the tip
section is relatively small. These phenomena are in good agreement with the blade surface
pressure distribution results described in the previous section. In addition, the whole
negative pressure field at the root and middle section of the blade is obviously compressed
due to the interference of the tower, which leads to a decrease in the pressure difference
between the pressure surface and suction surface of the blade, thus reducing the overall
work capacity of the blade. This further explains that the average power of the wind
turbine decreases due to the influence of the tower shadow effect in the above results.
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Figure 11. Streamline and pressure contours on different blade sections under surge motion.

Meanwhile, the streamline change of the wind turbine with the tower is not obvious
compared with the wind turbine without the tower under surge motion, and the main
change is concentrated in the wake of the tower. In the 0.32 R section, the streamline behind
the tower shifts greatly, and the tower shadow effect is the most obvious in the interference
of the flow field. In the 0.63 R section, the streamline on both sides of the tower shifts, and
the flow field in this section is affected by both the tower shadow effect and the enhanced
blade rotation effect. In the 0.94 R section, there is an obvious stall separation in the flow
field behind the tower, and the separation point shifts to the direction of blade rotation.
The area near the root of the blade is the main area affected by the tower shadow effect
under surge motion, and the effect of the tower shadow effect weakens on the near wake
flow field with the increase of blade height.
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4.1.4. Wake Field behind the Wind Turbine

The main load source of the wind turbine is axial flow; the wake flow characteristics
are particularly important for the analysis of wind turbine aerodynamics. By comparing
the wake field with or without the tower, this section further illustrates the influence of
platform motion on the aerodynamics of the wind turbine.

Figure 12 shows the velocity distribution of the wake field under platform surge mo-
tion. The symmetry of the wake field is disturbed and the flow field is slightly compressed.
When the wind turbine moves forward, the average velocity of the wake field is greater
than that of the backward motion. Considering the effect of the tower shadow, the influence
range of the high-speed wake behind the hub expands, but it has little influence on the
tip vortex, and the rear of the tower is accompanied by a large vortex shedding range and
obvious vortex motion.

Figure 12. Velocity contours of wake field under surge motion.

4.2. Unsteady Aerodynamic Analysis under Pitch Motion
4.2.1. Total Performance Analysis

Figure 13 shows the overall power and thrust variation of the wind turbine with and
without the tower. The pitch amplitude corresponds to the fluctuation of power and thrust
values. For f = 0.05 Hz, Ap = 5◦, as shown in Figure 13a, the power of the wind turbine
fluctuates violently due to the existence of the tower, and it decreases sharply three times
in one rotation cycle of the wind turbine. As shown in Figure 13b, the maximum power of
the wind turbine without the tower was 5.16 MW, while the wind turbine with the tower
was 5.11 MW. The minimum power of the former was 5.01 MW, while that of the latter
s 4.70 MW. It can be seen that pitch motion slightly increases the peak and valley values
of power, but the extreme value of the wind turbine decreases due to the existence of the
tower. The average power generation was 5.06 MW and 4.98 MW, respectively; the latter
was reduced by 1.58%. It can be found that the pitch motion of the platform increases the
power of the wind turbine, but under the combination of pitch and tower shadow effect,
the power fluctuation is larger and the increase is smaller. As shown in Figure 13c,d, the
fluctuation trend of axial thrust is similar to that of power. The peak thrust and valley
thrust of the wind turbine without the tower are 780.7 KN and 771.6 KN, and those with
the tower are 777.9 KN and 751.1 KN, respectively. The average thrust was 774.5 KN and
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769.0 KN, separately; the latter was reduced by 0.71%. That is, in terms of numerical values,
the tower shadow effect slightly reduces the average power, while the average thrust is
almost unchanged under pitch motion.

Figure 13. Total aerodynamic comparison of pitch motion; (a) Power versus azimuth angle; (b) Ex-
treme and average values of power; (c) Thrust versus azimuth angle; (d) Extreme and average values
of thrust.

Figure 14 shows the induced velocity distribution of airfoil under pitch motion. The
pitch motion of the platform changes the angle between the incoming wind speed and the
rotating plane of the wind turbine and produces an additional induced velocity Vind. Vind
can be decomposed into chord velocity Vc and radial velocity Vr on the rotating plane, in
which the direction of chord velocity component Vc depends on the positive or negative
angle of pitch motion, which changes the relative velocity and direction of the rotating plane
of the airfoil, and the angle of attack changes correspondingly. It leads to the fluctuation of
the overall aerodynamic performance of the wind turbine under pitch motion.

4.2.2. Distribution of Pressure on the Blade Surface

Figure 15 shows the pitch amplitude and angular velocity of the platform motion with
reference to simulation time. The second period of stable pitch motion of the wind turbine
was selected as the research object, and the two typical positions of the wind turbine
moving forward and backward to the front of the tower were selected for further analysis.

Figure 16 shows the pressure distribution in each section of the blade with and
without the tower at two typical positions in a pitch cycle. In terms of numerical values,
the maximum pressure difference of the wind turbine without the tower at 0.32 R, 0.63 R
and 0.94 R sections is 1711 Pa, 3630 Pa and 7030 Pa, respectively. It can be found that the
pressure difference of each section of the blade under pitch motion is smaller than that
of surge motion. Comparing the pressure difference distributions of different sections
at two typical positions, it can be seen that the pressure difference distributions on the
pressure surface and the suction surface are basically the same. The change of the pressure
difference is not obvious under pitch motion. Besides, affected by the tower shadow effect,
the absolute value of the maximum negative pressure difference at the leading edge of



Processes 2021, 9, 1047 16 of 27

suction in each section of the blade decreases by 9.02%, 7.31% and 4.93%, respectively.
Compared with surge motion, it can be seen that under pitch motion, the interference of
the tower shadow effect on each section of the blade is also mainly concentrated in the root
and tip of the blade, but the degree of interference is less than that of surge motion.

Figure 14. Schematic diagram of airfoil-induced velocity under pitch motion.

Figure 15. The two typical positions during pitch motion.
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Figure 16. Distribution of pressure in each section of blade at position 1 and position 2.

4.2.3. Near Flow Field of Each Section of Blade

Figure 17 shows the interaction between the different blade sections and the tower
when the blade rotates to the shadow area of the tower under pitch motion. The pitch
motion of the platform to the rear and the rotation of the wind turbine to position 1 directly
in front of the tower are selected for further analysis.

Comparing the pressure field on different blade sections with or without the tower
under pitch motion, it can be seen that the pressure difference distribution of the blade
surface is still concentrated on the leading edge of the blade. Under the influence of the
tower shadow effect, the range of the negative pressure field near the suction surface of
0.32 R section and 0.63 R section is reduced, and the absolute value of negative pressure
is smaller, but the negative pressure field of the suction surface of 0.94 R section has no
obvious change. This further shows that the influence of the tower shadow effect on the
pressure field is mainly concentrated in the root and the middle of the blade.
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Figure 17. Streamline and pressure contours on different blade sections under pitch motion.

Observing the streamline distribution shown in Figure 17, the main difference is still
concentrated in the near wake flow field of the tower. It can be seen that the distribution
of the streamline at 0.32 R section and 0.63 R section is similar under surge motion, but
there is an obvious stall separation vortex under the pitch motion at 0.94 R section, because
compared with the surge motion moving only in the horizontal direction, the pitch motion
applies a relative partial velocity in the vertical direction to the wind turbine when the
azimuth of the wind turbine changes. The angle between the direction of the incoming
flow velocity and the rotating plane of the wind turbine is constantly changing, which
makes the flow field more complex.
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4.2.4. Wake Field behind the Wind Turbine

Figure 18 shows the velocity distribution of the wake field under platform pitch
motion. The two moments when the wind turbine is in the balanced position and pitches
forward and backward, respectively, are selected for further analysis. It can be seen
that when the wind turbine without the tower is in the equilibrium position, the mutual
interference between the blade and the wake flow field is small, and the wake is more stable
compared with surge motion. Nevertheless, the symmetry of the flow field behind the same
wind turbine with the tower is affected, and there is an obvious low-speed disturbance
zone behind the tower, which increases the complexity of the wake.

Figure 18. Velocity contours of wake field under pitch motion.

4.3. Unsteady Aerodynamic Analysis under Yaw Motion
4.3.1. Total Performance Analysis

Figure 19 shows the total power and thrust comparison with and without the tower
under yaw motion. Similarly, the yaw amplitude corresponds to the fluctuation of power
and thrust values. For f = 0.05 Hz, Ay = 15◦, as shown in Figure 19a, it can be seen that the
power of the wind turbine with the tower is always lower than that of the wind turbine
without the tower under the same azimuth, and the power rises after three sharp drops
in a wind turbine rotation cycle, which is the result of the combined action of the tower
shadow effect and yaw motion. As shown in Figure 19b, under the effect of tower shadow,
the maximum, average and minimum power of wind turbines are reduced by 1.94%, 2.47%
and 4.16%, respectively. It can be concluded that the tower shadow effect aggravates the
change of power extremum under yaw motion. As shown in Figure 19c,d, the fluctuation
of the axial thrust value is consistent with that of the power value similarly; that is, they
reach their respective extremes at the same azimuth. Under the effect of tower shadow, the
maximum, average and minimum thrust of the wind turbine is reduced by 0.76%, 1.1% and
1.86%, respectively. It can be deduced that under yaw motion, the amplitude of the power
drop is obviously affected by the tower shadow effect, while the thrust decreases slightly.
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Figure 19. Total aerodynamic comparison of yaw motion; (a) Power versus azimuth angle; (b) Ex-
treme and average values of power; (c) Thrust versus azimuth angle; (d) Extreme and average values
of thrust.

Figure 20 shows the induced velocity distribution of airfoil under yaw motion. The
yaw motion of the platform produces an additional induced velocity perpendicular to
the rotation plane, and the direction of the Vind can be determined according to the right-
hand rule. When the platform rotates to the left, the angle between the direction of the
inflow velocity and the direction of Vind is an obtuse angle, and its relative inflow velocity
increases; on the contrary, when the platform rotates to the right, the angle between the
direction of the inflow velocity and the direction of Vind is an acute angle, and its relative
inflow velocity decreases. Vind can also be decomposed into chord velocity Vc and radial
velocity Vr on the rotating plane. Vr changes the rotation effect of the blade, and Vc causes
periodic fluctuations in the angle of attack and the sectional load of the blade.

4.3.2. Distribution of Pressure on the Blade Surface

Figure 21 shows the yaw amplitude and angular velocity of the platform motion with
reference to simulation time. The second period of stable yaw motion of the wind turbine
and two typical positions in front of the tower were selected for further analysis.

Figure 22 shows the pressure distribution in each section of the blade with and without
the tower at two typical positions in a yaw cycle. The azimuth moment of 180◦ and 900◦

rotation of the wind turbine is selected to study when the wind turbine is at a certain
yaw angle to both sides and the wind turbine is directly in front of the tower. In terms of
numerical values, the maximum pressure difference of the wind turbine without the tower
at 0.32 R, 0.63 R, 0.94 R sections is 1620 Pa, 3455 Pa and 6890 Pa, respectively. It can be
found that the pressure difference of each section of the blade under yaw motion is smaller
than that of pitch motion. Comparing the pressure distributions of the two kinds of wind
turbines at two typical positions, it can be found that the distributions are consistent. The
change of pressure difference at the different positions of yaw motion is also not obvious;
however, affected by the tower shadow effect, the absolute value of the maximum negative
pressure difference at the leading edge of suction in each section of the blade decreases
by 11.01%, 8.23% and 5.80%, respectively. It can be inferred that under yaw motion, the



Processes 2021, 9, 1047 21 of 27

interference degree of the tower shadow effect on the negative pressure on the suction
surface of the blade is greater than that of surge motion.

Figure 20. Schematic diagram of airfoil-induced velocity under yaw motion.

Figure 21. The two typical positions during yaw motion.

4.3.3. Near Flow Field of Each Section of Blade

Figure 23 shows the interaction between the different blade sections and the tower
when the blade rotates to the shadow area of the tower under yaw motion. Position 1 was
selected for further analysis.

Under yaw motion, the distribution trend of the pressure field in each section of the
blade with or without the tower is similar to that of surge and pitch motions; the maximum
negative pressure is still concentrated near the leading edge of the suction of the blade,
and the tower compresses the negative pressure field and reduces the absolute value of
the maximum negative pressure. The main influence range of the tower shadow effect is
in the root and middle of the blade. From a numerical point of view, the blade surface
pressure difference of the same section under yaw motion is lower than that of surge and
pitch motions, which further shows that the work capacity of the wind turbine under yaw
motion is the worst among the three motions.
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Figure 22. Distribution of pressure in each section of blade at position 1 and position 2.

By comparing the streamline of each section of the blade with or without the tower,
the influence area of the tower shadow effect is still mainly concentrated in the wake flow
field of the tower, and the streamline shifts behind the tower toward the trailing edge of
the blade at 0.32 R section, which is mainly the interference of the tower. The streamline at
0.63 R section shifts in the opposite direction on both sides of the tower, which is the result
of the joint action of the tower shadow effect and the enhanced rotation effect. At 0.94 R
section, in addition to the weakening of the tower shadow effect and the enhancement of
the rotation effect, the yaw motion changes the upwind area of the incoming flow and the
rotating plane of the wind turbine, resulting in additional induced tangential velocity. The
streamline behind the tower shifts to a greater extent along the rotation direction of the
wind turbine.
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Figure 23. Streamline and pressure contours on different blade sections under yaw motion.

4.3.4. Wake Field behind the Wind Turbine

Figure 24 shows the velocity distribution of the wake field under platform yaw motion.
The two moments when the wind turbine is in the equilibrium position and begins to yaw
to the left and right side was selected for further analysis. The wake area of the wind
turbine without the tower shows a nearly symmetrical distribution under the balanced
position of yaw motion. Meanwhile, the high-speed wake area near the hub is smaller
than that under pitch motion; it can be concluded that the yaw motion could reduce the
induced velocity behind the hub. Furthermore, under yaw motion, the tower shadow effect
similarly leads to the asymmetric distribution of the wake field.
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Figure 24. Velocity contours of wake field under yaw motion.

5. Conclusions

This paper investigated the aerodynamic performance of NREL 5 MW FOWT with
a rigid blades turbine considering the tower shadow effect under surge, pitch and yaw
motions, respectively. The motion form of the platform is equivalent to the change of rela-
tive velocity of the wind turbine. The dynamic inlet wind speed is compiled for unsteady
numerical simulation using the UDF function. The accuracy of the numerical simulation
was verified by proper computational grids. Three independent platform motions and two
models with or without the tower were considered for calculation. The results illustrate
the wind turbine’s aerodynamics, including power, thrust, pressure distribution and flow
field. The conclusions can be drawn as follows:

(1) The fluctuation frequency of power and thrust is always consistent with the motion
frequency of the platform. The power is more obviously affected by the tower shadow
effect than the thrust, in which the decrease of power is the largest under yaw motion,
second-largest under surge motion, and smallest under pitch motion, with a decreased
range of 1.58–2.47%.

(2) The influence of the tower shadow effect on the pressure difference of the wind
turbine is mainly concentrated at the suction leading edge of the blade under different
platform motions, and the interference ability of the tower from the root to the tip of the
blade weakens along the blade-spreading direction. The pressure difference under yaw
motion is most obviously interfered with by the tower, and the average maximum negative
pressure is reduced by 8.35%, which is not conducive to the output power of FOWTs.

(3) For the pressure field, the tower shadow effect obviously compresses the range of
the negative pressure field of the root and middle sections of the blade, while the negative
pressure field of the tip section is less affected. For the near wake flow field, the wake of
the tower at the root section is the most seriously interfered by the tower; the influence of
the tower shadow effect decreases with the increase of the blade height and the additional
induced velocity produced by yaw and pitch motions makes the near wake flow field of
the tower more complicated.

(4) The wake field changes most violently under surge motion; the wake flow field is
relatively stable under pitch and yaw motions. Besides, the tower shadow effect leads to
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the increase of the velocity gradient near the hub, and the influence range of the high-speed
wake of the tower wind turbine hub is the farthest under surge motion.

In view of these findings, the platform motion and the tower shadow effect have a
great impact on the steady operation of FOWTs, and the combination of the two causes
greater interference to the flow field. However, this paper only considers the aerodynamic
characteristics of FOWTs under single-degree-of-freedom (surge, pitch and yaw) motion,
and future research on factors such as heave, roll, sway and multi-degree-of-freedom
coupling motions are worthy of more in-depth discussion.
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Abbreviations

FOWT Floating Offshore Wind Turbine
CFD Computational Fluid Dynamic
6-DOF Six Degrees-of-Freedom
BEM Blade Element Momentum
FVM Free Vortex Method
UDF User-Defined Function
RANS Reynolds-Averaged Navier–Stokes equations
V Incoming Wind Speed

Nomenclature

VS the relative inflow velocity under surge motion
VP the relative inflow velocity under pitch motion
VY the relative inflow velocity under yaw motion
θ the angle between two blades
γ the influence area of the tower shadow effect
ω the rotational speed of the wind turbine
Vind the induced velocity of platform motion
Vrel the relative velocity
As surge amplitude
Ap pitch amplitude
Ay yaw amplitude
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