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The wake interference within the offshore wind farms, especially with the tandem arrangement scenario, affects
the designed total power output. Also, the six degrees of freedom motions of the platforms not only can change
the aerodynamics of the offshore floating wind turbines, but also may influence the wake interference between
them. In the present study, the effect of the platform pitch motion on the wake interference between two tandem
offshore floating vertical-axis wind turbines (VAWTS) is characterized using the improved delayed detached-
eddy simulation (IDDES). First, the power performance of the downstream turbine (VAWT II) at different sep-
aration distances, 2D < Lg < 10D, and tip speed ratios, 0.4 < TSR < 1.5, are analyzed, assuming that the up-
stream turbine (VAWT 1) is bottom-fixed and operates at an optimal TSR of 1.2. Then, the effects of the pitch
amplitude, 5° < Ap! < 15°, and pitch period, 2T ! < Tp' < 8T, on the wake interference are characterized by
assuming that the platform pitch motion of VAWT I follows a prescribed simple harmonic law. The results show
that locating VAWT II in the medium wake region of VAWT [, e.g., Ls = 6D, can appropriately balance the power
performance and space cost of the bottom-fixed turbine array. Also, the platform pitch motion can reduce the
mean velocity deficit in the core wake region of VAWT I. The mean wake deficit reduction increases the averaged
power coefficient of VAWT II, e.g., up to 22.67% when Lg = 6D, TSRY = 1.2, Ap' = 15°, and Tp! = 4T L. In
addition, relatively larger pitch amplitudes and smaller pitch periods will further alleviate the negative effect of
the wake interference. This study may serve as a reference for designing offshore floating wind farms.

Nevertheless, the VAWTs have the potential to catch up with the fore-
runners because of their unique advantages, including omnidirection-

1. Introduction

The increasing concerns about climate change and environmental
pollution have made the exploitation of clean energy an important issue
worldwide [1,2]. Wind energy is a highly attractive option due to the
abundant wind resources in the vast ocean [3]. The offshore wind tur-
bines play a crucial role in harvesting the ocean wind energy, which can
be classified into two categories based on the rotation axis direction, i.e.,
horizontal-axis wind turbines (HAWTSs) and vertical-axis wind turbines
(VAWTS) [4]. The HAWTs have been remarkably developed in the past
few decades, and now they dominate the global commercial market [5].

ality, design simplicity, and low installation and maintenance costs
[6,7].

The scalability and high space efficiency make the VAWTSs a prom-
ising option for building wind farms [3,6]. However, the strong wake
interference between the wind turbines may negatively affect the
aerodynamics of the downstream wind turbines, thereby reducing the
total power output of the wind farms [8]. In Horns Rev offshore wind
farm, for example, the power output of the second row of the wind
turbines can only reach 60% of the power output of the first row under
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Fig. 1. Schematic of the two tandem offshore floating VAWTs. (Not to scale, floating platform and mooring lines are for illustration and are not considered in the

simulations).

Table 1

Geometric features of the selected VAWT.
Feature Symbol Value
Airfoil - NACA0018
Blade number n 3
Span length H 0.800 m
Chord length c 0.200 m
Rotor diameter D 0.800 m
Shaft diameter d 0.050 m

specific wind directions. Note that the power output can be lower in
compact wind farms [9,10]. Therefore, investigating the wake inter-
ference within the turbine array is of great importance in the layout
design of offshore wind farms. The wake of isolated wind turbines was
extensively studied experimentally and numerically. Tescione et al. [11]
employed particle image velocimetry (PIV) to investigate the flow

structures in the near wake region of a typical VAWT. They analyzed the
wake velocity distribution and the evolution of the blade tip vortices. Li
et al. [12] conducted a series of field tests and measured the wake ve-
locity of a two-straight-bladed VAWT. The results showed that the wake
recovery of the VAWT was asymmetric, and the peak wake deficit
decreased with the increase of the inflow velocity. Rolin et al. [13] used
PIV and explored the wake characteristics of a small-scale VAWT
immersed in the boundary layer flow. They found that two counter-
rotating vortex pairs were formed in the downstream region of the
VAWT, which would result in the cross-wind motion and reintroduce the
streamwise momentum into the turbine wake.

The computational fluid dynamics (CFD) method is widely adopted
for numerical simulations because of its capability to obtain critical flow
information, e.g., wake pattern and vortical structures [14]. Abkar et al.
[15] explored the wake structures of a three-straight-bladed VAWT
using the large-eddy simulation (LES). They observed that the wake
profile of the VAWT was self-similar and followed a Gaussian-like
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Fig. 2. Snapshot of the instantaneous flow pattern around the selected VAWT in the X-Y plane.
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Fig. 3. Schematic of the computational domain: (a) overall view; (b) plan layout (not to scale).

distribution. Rezaeiha et al. [6] employed the unsteady Reynolds-
Averaged Navier-Stokes (URANS) method to characterize the impact
of the turbulence intensity (TI) on the near wake of a two-straight-
bladed VAWT. The results showed that a higher TI could suppress the
expansion of the turbine wake and reduce the velocity deficit. Posa [16]
evaluated the influence of the tip speed ratio (TSR) on the wake devel-
opment of a scaled VAWT using the LES. It was found that the turbine
wake was highly dependent on TSR, in which the increased TSR would
enlarge the momentum deficit and promote the wake recovery. In
addition to the operational parameters, the correlation between the
wake characteristics and the turbine geometry (e.g., solidity [17] and
aspect ratio [18]) has also been extensively examined.

As numerous studies shed light on the wake of the isolated VAWTs
and laid a solid foundation, the investigation of the wake interference
within the turbine array reaches a fairly comprehensive level. Similar to
HAWTSs, some researchers focused on the mutual interaction between
VAWTs in the conventional layout, e.g., tandem arrangement with a
moderate to large separation distance. Zuo et al. [19] investigated the
wake effect acting on a downstream VAWT located at 5 — 17 times the
rotor diameter from the upstream one using the two-dimensional CFD
simulations. The results showed that the power performance of the
downstream VAWT improved linearly as the separation distance
increased, and the wake effect could be neglected when this distance
reached 15 times the rotor diameter. Kuang et al. [20] confirmed these
results using the three-dimensional improved delayed detached-eddy
simulation (IDDES) and further indicated that a higher TI could
reduce the wake interference within the turbine array. Also, inspired by
the pioneering studies of Dabiri [21] and Kinzel et al. [22], the potential
performance improvement obtained from utilizing the blockage effect
induced by the wake interference between the closely spaced VAWTSs
has received much attention. Zanforlin et al. [23] numerically analyzed
the wake patterns of two VAWTs in a series of compact arrangements.
They found that the key reasons for the corresponding performance
improvement are the lateral flow velocity variation, wake contraction,
and wind acceleration. On this basis, Sahebzadeh et al. [24] performed
extensive CFD simulations to identify the optimal layout of two single-
straight-bladed VAWTs. Some typical operational and geometric pa-
rameters of the VAWTs, e.g., wind direction [25], rotational direction
[26], solidity [27], and blade pitch angle [28], were also included for
further optimization. Besides, the wind tunnel tests conducted by
Ahmadi-Baloutaki et al. [29], Lam et al. [30], and Su et al. [31] verified
the influence of the array configuration on the wake interference and
provided several useful suggestions for the layout design.

The offshore wind farms are gradually moving to the deep waters to
further exploit the untapped ocean wind energy [32,33]. The offshore
floating wind turbines, which are suitable for areas with a water depth
greater than 50 m, have broad application prospects [32]. The six de-
grees of freedom motions of the platforms are one of the iconic features

of floating wind turbines and are proven to have a great impact on the
aerodynamics of the isolated ones [34,35]. It is therefore fascinating to
see how these motion characteristics can influence the design of offshore
wind farms with multiple floating rotors. However, the literature reveals
that at the present state of the art, the bottom-fixed VAWTs are the main
research objects. In contrast, the wake of the isolated floating VAWTs
and the wake interference within the floating turbine array has been less
focused on. Lei et al. [36] applied the SST k-w IDDES to investigate the
wake characteristics of a scaled offshore floating VAWT. They found that
the platform pitch motion would significantly alter the wake pattern of
the VAWT, thereby creating challenges for the analytical modeling of
the turbine wake. To the best of the authors’ knowledge, there have been
no studies regarding the wake interference between the offshore floating
VAWTSs. Thus, this physical phenomenon is still unclear. Specifically, the
inflow to the downstream turbine has multiple sources of unsteadiness,
including the relative motion of the rotors and the dynamic wake of the
oscillating upstream turbine [37]. This feature is expected to make the
layout design principle of the floating turbine array different from that
of the bottom-fixed one. Note that a few relevant experiments and nu-
merical simulations were performed on HAWTs to support the design of
the offshore floating wind farms [37,38,39]. Therefore, it is necessary to
conduct the same research on VAWTSs.

Given the above research gap, the present study aims to provide
fundamental insight into the wake interference between the offshore
floating VAWTs. The objective is to characterize the effect of the plat-
form pitch motion on the power performance and flow structures of the
turbine array. As one of the most basic and representative layouts, the
scenario of two VAWTs in the tandem arrangement will be numerically
analyzed. The upstream turbine is under the platform pitch motion and
the downstream turbine is set to bottom-fixed. Note that the case in
which both VAWTs are set to bottom-fixed will also be included for
comparison. However, since the pitch characteristics of the downstream
turbine are complicated to be determined, the case in which both
VAWTSs are under the platform pitch motion is not included. The main
objectives of the present study are as follows:

e Exploring the basic layout pattern of the bottom-fixed turbine array.
For this purpose, the power performance of the downstream turbine
at different separation distances and the wake profile of the upstream
turbine will be analyzed to provide a balanced solution for arranging
the tandem bottom-fixed VAWTs.

Elucidating the wake interference within the floating turbine array
under the platform pitch motion. Thus, the power performance and
aerodynamic load of the downstream turbine experiencing the wake
interference from the pitching upstream turbine will be quantified.
Also, a systematic comparison of the turbine aerodynamics will be
conducted for the bottom-fixed and pitching cases. The flow
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Fig. 4. Schematic of the mesh topology: (a) overall view; (b) mesh around the turbine.
structures around the VAWTs will be visualized to obtain the un-

derlying physical mechanism.
e Evaluating the effects of varied pitch characteristics on wake inter-

Table 2 ference. For this purpose, the effects of the pitch amplitude and pitch
Solver settings. period on the wake interference will be parametrically analyzed.
Fluid flow modeling Segregated flow model Al’so, the power performance and wake pattern of the turbine array
approach will be compared.
Discretization scheme z:n;f’ecﬁon gg?gg;’:fi’:f;;;ﬁ;‘}izm ded The contributions of the present study can be summarized in two
central-differencing aspects: (1) The wake interference between the offshore floating VAWTs
Pressure-velocity coupling SIMPLE is investigated for the first time. It should be noted that the systematic
algorithm characterization of the effect of the platform pitch motion on the wake
Physical time-step T/180 (T denotes the period of one interference adds new knowledge to the design of offshore floating wind

turbine revolution) . .
Maximum inner iteration 20 farms. (2) The detailed analysis of the power performance and wake

pattern of the turbine array reveals the physical mechanism behind the
effects of varied pitch characteristics on the wake interference, which
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Fig. 5. Schematic of the offshore floating VAWT under the platform pitch
motion. (Not to scale, floating platform and mooring lines are for illustration
and are not considered in the simulations).
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paves the way for future investigations of more complex scenarios.

The outline of the present study is as follows: Section 2 describes the
geometric model of the offshore floating VAWTSs. Section 3 details the
employed numerical method. Section 4 characterizes the effect of the
platform pitch motion on the wake interference within the turbine array.
Section 5 provides the conclusions derived from the results and discus-
sion. Section 6 points out the present limitations and gives a perspective
for the future study.

2. Geometric model

Fig. 1 presents a schematic of the two tandem offshore floating
VAWTS. The separation distance between the upstream turbine (VAWT
I) and the downstream turbine (VAWT II) is denoted by Ls. Note that, in
the present study, the aerodynamics and hydrodynamics of the VAWT
system are uncoupled, and the floating platform and mooring lines are
not considered in the simulations. The platform pitch motion is simpli-
fied to a series of prescribed sinusoidal functions, which is a common
practice in the study of offshore floating wind turbines [34,40,41,42].
Also, a scaled land-based VAWT proposed by Elkhoury et al. [43] is
selected for modeling the upper rotor. Table 1 lists the corresponding
geometric features. It is noteworthy that the struts of the VAWT are
neglected during the modeling process because they have a negligible
impact on the turbine aerodynamics [44,45].

As the main operational parameter of the VAWTs, the TSR is defined
as:

wD
TSR = 2, @
where w and Uy are the angular and inflow velocities, respectively.

The typical aerodynamic parameters of the VAWTS, i.e., power co-
efficient Cp, torque coefficient Cq, and thrust coefficient Cr, are
computed as follows:

Qw

Cp=—rn— 2

P pUSCHD /2 @
Qo

Co=—s—r 3

C " YULHD? /4 )
Fr

Cr=—at— 4

" pUCHD)2 “)

where p, Q, and Fr are the air density, torque, and thrust,
respectively.

3. Numerical method
3.1. Turbulence modeling approach

In the present study, the SST k-w IDDES is used for turbulence
modeling in the commercial CFD software STAR-CCM+ 13.04. The SST
k-w IDDES combines the properties of the SST k- turbulence model in
the boundary layers with the LES (Smagorinsky subgrid-scale model) in
the unsteady separated regions [46]. According to the STAR-CCM+ User
Guide [46] and the study of Shur et al. [47], the specific dissipation rate
® in the transport equations of the SST k- turbulence model is replaced
by @, which is defined as:

Wk

o= .
lhybﬂ .ﬂj'
where * is equal to 0.09 and f;- is the free-shear modification factor.

Also, Inyp, denotes the length-scale of the SST k-w IDDES, and is expressed
as:

)

Inyy = Fo(1 +£)lrans + (1 —ﬁ)lLEs (6)
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where the blending function fg and the elevating function f, provide
some capabilities of the wall-modeled LES (WMLES) to resolve the log-
layer mismatch in detached-eddy simulation (DES). Also, d,, is the wall
distance and hpax is the maximum local grid spacing. ¥ is the low-
Reynolds number correction function and Cg4, C;, and C; are equal to
20, 1.87, and 5, respectively. In addition, v is the kinematic viscosity, u,
is the turbulent eddy viscosity, and « is the von Karman constant, which
is equal to 0.41. Igans and [ s are the length-scales of the RANS method
and LES, respectively. The SST k-w IDDES adopts a new version of the
subgrid length-scale A for ljgs, which relies on both wall distance and
grid spacing. Note that A is computed as:

(16)

A = min(max(0.15d,,, 0.15Amax, Mun ), inax) a7

where hy,p, is the grid spacing in the wall-normal direction.

The above modifications make the SST k- IDDES a powerful and
balanced hybrid RANS/LES method for the complex turbulent flows at
high Reynolds numbers, and has proven to be advantageous in pre-
dicting the aerodynamics and aeroacoustics of the wind turbines
[48,49].

Fig. 2 presents a snapshot of the instantaneous flow pattern around
the selected VAWT to visualize the RANS and LES regions. The DES
upwind blending factor is employed to distinguish the computational
regions. This factor is equal to one in attached shear layers and irrota-
tional freestream flow regions, while it approaches zero in regions where
LES is required, such as large-scale separated regions [46]. It can be seen
that the DES upwind blending factor is equal to one in the thin boundary
layer around the blade and in the irrotational flow region around the
VAWT (RANS), and is close to zero in the unsteady separated region
around the blade and in the core wake region (LES).

3.2. Computational domain

Fig. 3 presents a schematic of the computational domain employed in
the present study. The domain consists of a fixed cuboid background
region and two tandem cylindrical overset regions. The multi degrees of
freedom motions of the VAWTs located in the overset regions are
implemented by the overset mesh technique, in which the motion rules
are prescribed using the user field function (UFF). The linear interpo-
lation method is adopted to couple the solutions in the background re-
gion and the overset regions. Following the studies of Kuang et al. [20]
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and Su et al. [50], the height E, width W, and length L of the domain are
set to 5H, 10D, and 20D + Lg, respectively. Also, the height and diameter
of the overset regions are set to 1.5H and 1.5D, respectively.

A uniform flow velocity of Uy = 8.0 m/s is set at the inlet of the
computational domain and a constant pressure of Py = 0.0 Pa is specified
at the outlet. The corresponding turbulent velocity scale, turbulent
viscosity ratio, and turbulence intensity are set to 1 m/s, 10, and 0.8%,
respectively. It should be noted that the turbulence intensity is used to
match the inflow condition of the wind tunnel tests [43], which is lower
than that of the actual ocean environment. However, since the present
study focuses on the physical mechanism behind the effect of the plat-
form pitch motion, the main conclusions are still applicable. The effect
of the turbulence intensity on the power and wake of the VAWTs has
been investigated in the authors’ previous study [20]. The other four
boundaries of the domain are considered as the symmetry planes to
avoid the boundary reflections [51]. The no-slip walls and overset in-
terfaces are assigned to the VAWTS and overset regions, respectively.

3.3. Mesh topology and solver settings

Fig. 4 presents a schematic of the mesh topology employed in the

Energy Conversion and Management 265 (2022) 115769

present study. The computational domain is predominantly distributed
with hexahedral grids. The mesh in the wake region and around the
turbine is refined at different levels. High-resolution prismatic grids are
generated near the blades and shaft to ensure accurate simulations of the
boundary flows. In the case of the blades, for example, since the chord-
based Reynolds number varies between 1.53 x 10° and 2.74 x 10°
during the simulations, the growth rate, total thickness, and number of
layers of the prismatic grid layers are set to 1.2, 7.2 x 10> m, and 27,
respectively, to satisfy the requirement of y© < 1 for the SST k-w IDDES
[48]. The streamwise and spanwise grid spacings within the prismatic
grid layers vary in the range of 6.25 x 10* m — 1.25 x 10> m. There-
fore, the values of Ax" and Az" are around 60 to 120, which match the
IDDES tests of Shur et al. [47] and meet the simulation requirements of
the hybrid RANS/LES method [52]. The validity of the mesh topology is
thoroughly examined before the simulations and the report shows that
100% of the grids have a face validity of 1.0. Also, only 0.22% of the
grids present a volume change of lower than 0.1, and the maximum
skewness angle is 87.36°. The independence test of the mesh topology
can be found in Supplementary reference S.1.

Table 2 lists the solver settings employed in the present study. These
settings are based on the guidelines for transient analysis in the STAR-
CCM+ User Guide [46], which have been proven to perform well in
predicting the aerodynamics of the VAWTs [20,45]. The sensitivity test
of the physical time-step and the solution validation of the numerical
method can be found in Supplementary reference S.2 and S.3, respec-
tively. The aerodynamic parameters of the VAWTs are sampled over one
pitch period. When the changes in the averaged values of the parameters
between two successive pitch periods drop below 0.2%, the computa-
tional convergence is considered to be achieved. Note that this conver-
gence criterion is in agreement with the guidelines for CFD simulations
of the VAWTs [53].

3.4. Prescribed platform pitch motion

In the present study, the platform pitch motion is assumed to follow a
prescribed simple harmonic law with the given amplitudes Ap and pe-
riods Tp. Fig. 5 presents a schematic of the offshore floating VAWT under
the platform pitch motion. The pitch angle fp and the corresponding
angular velocity wp are expressed as follows:

2
By = Apsin(-2 1) 8
Tp
21 21
wp —APT—Pcos(T—Pt) )

where t denotes the physical time. Note that the sequence of the
platform pitch motion is defined as 1 — 2 — 3, i.e., starting from the
original position (OP) to the maximum downstream position (MDP),
then pitching to the maximum upstream position (MUP) and returning
to the OP. The rotation axis through the metacenter is in parallel with
the Y-axis and is situated at the bottom of the overset region, i.e., Z =
-0.75H.

4. Results and discussion
4.1. Wake interference between bottom-fixed turbines

In this subsection, the wake interference between the two tandem
VAWTSs, which are set to bottom-fixed, is investigated. The main purpose
is, on the one hand, to explore the basic layout pattern of the bottom-
fixed turbine array and, on the other hand, to provide a baseline for
characterizing the effect of the platform pitch motion in the floating
turbine array. The power performance of the downstream turbine
(VAWT II, see Fig. 1) is the key object to be analyzed.

Fig. 6 shows the averaged power coefficients Cp'' of VAWT II at
different separation distances Ls and TSR's. The upstream turbine
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Ls = 10D. (TSR = TSRY = 1.2, Ap' = 15°, Tp! = 4T Y.

(VAWT 1) is operating at an optimal TSR’ of 1.2. The baseline values
refer to Cp of the isolated bottom-fixed VAWTs. It can be seen that due to
the strong wake interference and large velocity deficit in the wake re-
gion of VAWT I, the power performance of VAWT II noticeably de-
teriorates at moderate and high TSR's. When VAWT 1I is located in the
near wake region (Lg = 2D), the peak value of Cp' decreases from 0.1986
to 0.0236, which is 11.88% of the baseline value. As Lg increases, the
power performance of VAWT II gradually picks up and the optimal TSR
rises correspondingly, which is in agreement with the results of Dessoky
et al. [54]. The peak value of Cp' reaches 52.42% of the baseline value
when VAWT 1I is located in the medium wake region, i.e., Ls = 6D.
However, the performance improvement diminishes with the further
increase of Lg, meaning that the absolute increments of Cp' from Lg = 6D
to 8D and from Lg = 8D to 10D are 0.0202 and 0.0096, respectively.
Therefore, it makes little sense to locate VAWT II in the far wake region
(Ls > 8D), where the performance improvement is limited and the space
cost of the turbine array will increase.

To explain the above physical phenomena, Fig. 7 shows the
normalized mean wake velocity distribution of the bottom-fixed VAWT I
along the centerline (Y = 0, Z = 0, see Fig. 1). It can be seen that the
variation of the wake velocity has distinct regional characteristics: In the
near wake region (Lg < 2D), the velocity deficit is relatively large and the
wake recovers rapidly. In the transitional wake region (2D < Lg < 4D),
the wake recovery slows down slightly and the velocity deficit is reduced
to 21.22% at Lg = 4D, which corresponds to the pronounced increment
of Cp! shown in Fig. 6; The wake recovery enters a placid state in the
medium wake region (4D < Lg < 8D) and presents some fluctuations.
These fluctuations can be explained by the inherent developing mech-
anism of the turbine wake [20], in which the small-scale shedding
vortices gradually merge into large-scale vortices, enhancing the ex-
change of the momentum between the ambient air and the turbine wake.
In the far wake region (Ls > 8D), corresponding to the limited perfor-
mance improvement shown in Fig. 6, the wake recovery is quite slow,
with the wake velocities at Lg = 8D and 10D reaching 87.28% and
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Fig. 14. Instantaneous vortical structures around the two VAWTs at Lg = 6D when VAWT I pitches to the MDP. (TSR' = TSR = 1.2, A, = 15°, Tp' = 4T ).

89.07% of the inflow velocity, respectively. In addition, Fig. 8 shows the
normalized mean wake profiles of the bottom-fixed VAWT I at different
downstream distances. Below are the observed phenomena:

e The Magnus effect [55] causes the turbine wake to deviate from the
centerline in the X-Y plane, and this phenomenon gradually di-
minishes as the wake develops.

e As the downstream distance increases, the influence range of the
turbine wake continues to expand, the wake profile becomes
smoother, and the reduction of the velocity deficit decreases.

e When Lg > 6D, the variation of the turbine wake is not pronounced,
especially in the X-Z plane, where the wake profiles are nearly
identical.

The above results and discussion show that locating VAWT II in the
medium wake region of VAWT I can appropriately balance the power
performance and space cost of the bottom-fixed turbine array. It should
be noted that the high-solidity characteristic of the selected VAWT and
the Reynolds number scaling effect (RNSE) [56] may lead to an un-
critical estimation of the wake recovery, thereby giving a rough division
of the wake region. Nevertheless, the present findings are still relevant
for the full-scale VAWTs with low and moderate solidities.

4.2. Wake interference between turbines under platform pitch motion

In this subsection, the wake interference between the pitching VAWT
I and the bottom-fixed VAWT II is investigated. As described in Section
3.4, the platform pitch motion of VAWT I follows a prescribed simple
harmonic law. The pitch amplitude Ap' and pitch period Tp' are set to 15°
and 4T, respectively, in which T!is one revolution period of VAWT I.
The variations of the pitch angle fp' and the corresponding angular
velocity wp' during one pitch period are shown in Fig. 9. The selection of
the values of Ap' and Tp' is based on two principles: The oscillation
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amplitude of the platform should not exceed the safety limit, and the
natural motion frequency (period) of the platform ought to be safely
away from the typical range of the wave frequency (period).

Fig. 10 shows the averaged power coefficients Cp"! of VAWT II and
the averaged power coefficients Cp°"*™!! of the turbine array at different
separation distances Lg. Cp°"*™! is calculated as the arithmetic mean of
Cp and Cp!'. Note that both VAWTS are operating at the same TSR of 1.2.
It can be seen that the power performance of VAWT II is significantly
improved when VAWT I is under the platform pitch motion, e.g., the
relative increment of Cp! at Ls = 6D reaches 22.67%. The power per-
formance of the turbine array is improved correspondingly, with a
relative increment of 7.79% in Cp°""™! at Lg = 6D. The slight increase in
Cp' from 0.1986 to 0.2019 also contributes to this improvement. These
indicate that, on the one hand, the floating VAWT array can achieve a
higher power output compared to the bottom-fixed one. On the other
hand, while ensuring a sufficient separation distance required for safety
(e.g., avoiding the mooring line interference), the offshore floating
VAWTSs can be arranged more closely to reduce the space cost of the
wind farm and increase its installed capacity.

Fig. 11 shows the instantaneous torque coefficients CQH of VAWT II
within four turbine revolutions (one pitch period of VAWT I) at three
typical separation distances, i.e., Ls = 2D, 6D, and 10D, which corre-
spond to the near wake region, medium wake region, and far wake re-
gion, respectively. It can be seen that at Ls = 2D, the peak values of Co"
during the physical time t of (0, 1/2T ™) and (2T, 4T™) are significantly
increased when VAWT I is under the platform pitch motion. Note that
these pronounced increments compensate for the decreases of the peak
value of CQH att=(1 /ZTH, 2T ™ and the negative increases of the valley
value at t = (5/2T %, 7/2T ™). Thus, the value of Cp' increases by 100%.
Moreover, more intense fluctuations are observed in the variation of
CQH, which is similar to the condition of the isolated pitching VAWTs
[40,50]. It should be noted that the increase of Lg changes the effect of
the platform pitch motion on CQH. For example, the peak and valley
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Fig. 15. Instantaneous pressure and streamline distributions on blade 2-1I when VAWT I pitches to the MDP: (a) pressure side; (b) suction side. (BL: bifurcation line,

SP: saddle point, TSR! = TSR" = 1.2, Ap' = 15°, Tp' = 4T 1.

values of CQH are increased in nearly all intervals of t = (0, 4T 1y atLg =
10D, and the fluctuations of CQH diminish. As shown in Fig. 12, the effect
of the platform pitch motion of VAWT I on the thrust coefficients G of
VAWT II is the same as its effect on CQH. It implies that the peak and
valley values of C7'! are generally increased. It should be noted that the
fluctuations of CQII and C;" are attributed to the upstream wake varia-
tion induced by the platform motion and the strong instability inherent
in the wake of the high-solidity VAWT I [17]. This phenomenon is also
reported by Rezaeiha et al. [37] and Zuo et al. [19]. Overall, the
enlarged aerodynamic load undoubtedly contributes to the performance
improvement of VAWT II. However, it also introduces some structural
problems, e.g., vibration and fatigue.

Fig. 13 shows the spectra of the instantaneous torque coefficients CQII
of VAWT II at different separation distances Lg. The fast Fourier trans-
form (FFT) technique is employed to analyze the time series of CQH
during four pitch periods to obtain the amplitude spectra. It can be seen
that the platform pitch motion of VAWT I will not change the main
spectral features of CQII because peaks are found evidently at the 3P
frequency (11.46 Hz), in which P" (3.82 Hz) is the rotating frequency of
VAWT II. However, Rezaeiha et al. [37] observed visible peaks in the
power spectra of the instantaneous Cp of the downstream HAWT at the
surge frequency of the upstream HAWT. Note that these two contra-
dictory phenomena reveal the different aerodynamic characteristics of
the HAWTs and VAWTs. Specifically, the n x P criterion dominates the
spectral features of the VAWTs, while those of the HAWTs are more
sensitive to the oscillation frequencies of the platforms. Besides, when
VAWT I is under the platform pitch motion, the peak amplitudes of CQH
slightly increase, which corresponds to the intense fluctuations shown in
Fig. 11.

To explore the physical mechanism behind the effect of the platform
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pitch motion on the wake interference, Fig. 14 illustrates the instanta-
neous vortical structures around the two VAWTs at Lg = 6D when VAWT
I pitches to the MDP (see Figs. 5 and 9, at t = 1/4TpY). The Q-criterion is
employed for the vortex identification and the velocity magnitude is
adopted to tint the iso-surfaces. It can be seen that the wake trajectory of
the pitching VAWT I significantly deviates from the centerline along the
negative Z-direction compared to that of the bottomed-fixed one. This
characteristic enables VAWT II to partially avoid the wake interference
from VAWT I and experience a higher inflow velocity, which corre-
sponds to the pronounced performance improvement shown in Fig. 10.
Besides, the platform pitch motion complicates the wake field of VAWT
I, which enhances the blade-vortex interaction of VAWT II, leading to
more intense fluctuations in the instantaneous aerodynamic loads (see
Fig. 11(b) and Fig. 12(b)). Fig. 15 illustrates the pressure and streamline
distributions on blade 2-II (see Fig. 1). When VAWT I is under the
platform pitch motion, on the one hand, the pressure difference between
the pressure side and suction side of blade 2-II is significantly increased,
which corresponds to the enlarged inflow velocity and aerodynamic
load. On the other hand, the flow pattern on blade 2-II is changed,
especially on the suction side, where the bifurcation line moves toward
the leading edge, indicating an earlier onset of the flow separation. As a
result of the enhanced blade-vortex interaction, the streamline distri-
bution on the suction side of blade 2-II is found to be more chaotic, with
several observed saddle points, reflecting the growth of the complex
cross-flow structures along the spanwise direction. The platform pitch
motion also disrupts the regular wake development of VAWT II,
implying the premature breakage of the wake structure. This point is
confirmed by Fig. 16, in which the comparison of the mean wake ve-
locity fluctuations is illustrated. Fig. 16 shows that the fluctuating
amplitude and range of the wake velocity of both VAWTs are
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Fig. 16. Mean wake velocity fluctuations of the two VAWTs in the Y-Z plane at different downstream distances. (TSR' = TSR = 1.2, Ap' = 15°, Tp' = 4T 1.

significantly enlarged when VAWT I is under the platform pitch motion.
It should be noted that the flow field around the two VAWTs is sampled
over one pitch period. When the change in the mean wake profile at X =
10D between two successive pitch periods is fairly small (relative dif-
ference of the mean wake velocity at the centerline drops below 0.2%),
the flow field is considered to have converged and its mean values can be
monitored. Note that the wake velocity fluctuations are calculated by

oy = %(u’2 +v2+ w’z), in which u’, v, and w’ are the local velocity
fluctuations in the X-, Y-, and Z-directions, respectively.

Fig. 17 illustrates the instantaneous flow patterns around the two
VAWTs in the X-Z plane at four typical moments, i.e., t =1/ AT, 2/4T5,
3/4Tp}, and 4/4T5, which correspond to the MDP, OP, MUP, and OP of
VAWT I, respectively. Fig. 17 shows that the wake pattern of VAWT I is
highly dependent on the platform pitch motion, in which the core wake
region alternately appears below and above the centerline as the pitch
position changes. The wake trajectory of VAWT I presents vertical de-
viations at different moments, especially at t = 1/4Tp" and 3/4T5. At
these moments, when VAWT I pitches to the corresponding extreme
positions, the wake trajectory has the maximum deviation exceeding the
blade span length. On the one hand, the wake deviation induced by the
platform pitch motion can alleviate the negative effect of the wake
interference on the power performance of VAWT II. On the other hand, it
can change the wake pattern of VAWT II (e.g., expanding the influence
range) and promote the wake of the turbine array to spread in a wave-
like manner to the downstream region. In other words, the platform
pitch motion of VAWT I not only can contribute to the performance
improvement of VAWT II but also may be beneficial to the VAWTSs
farther downstream.

As mentioned above, the platform pitch motion has a considerable
impact on the wake pattern of VAWT I (e.g., deviating the wake tra-
jectory), which is expected to noticeably change the corresponding wake
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profiles. Fig. 18 shows the normalized mean wake profiles of the
pitching VAWT I in the X-Z plane at different downstream distances. It
can be seen that when VAWT I is under the platform pitch motion, the
mean velocity deficit in its core wake region (-0.5 < Z/H < 0.5) is
noticeably reduced at any downstream distance, while the influence
range of the turbine wake is expanded, especially in the far wake region.
These can be explained as follows:

e The periodic wake deviation induced by the platform pitch motion
spreads part of the velocity deficit outside the core wake region, i.e.,
Z < -0.5H and Z > 0.5H.

e As illustrated in Fig. 17, the maximum deviation of the wake tra-
jectory gradually enlarges with the increase of the downstream dis-
tance, which is also reported by Lei et al. [36].

Overall, the platform pitch motion can reduce the mean velocity
deficit in the core wake region of VAWT I by deviating the wake tra-
jectory, which is proven to improve the power performance of VAWT II.
However, the application of some spatial strategies for reducing the
wake interference between tandem offshore wind turbines may be
limited by the expanded influence range of the turbine wake, e.g.,
vertically-staggered arrangement [57,58].

4.3. Effects of pitch amplitude and pitch period

The hydrodynamics of the floating structures are sensitive to sea
state variations. Different wind and wave conditions will result in
distinct motion characteristics of the platforms [40]. Thus, in this sub-
section, the effects of the pitch amplitude, 5° < Ap! < 15°, and pitch
period, 2T ! < Tp! <8T, on the wake interference between the pitching
VAWT I and the bottom-fixed VAWT II are characterized. The selection
of the values of Ap' and Tp' is based on the studies of Lei et al. [36,40],
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Fig. 17. Instantaneous flow patterns around the two VAWTSs in the X-Z plane at different moments when VAWT I is under the platform pitch motion: (a) t = 1/4T5%
(b) t = 2/4Tp); (¢) t = 3/4Tp; (d) t = 4/4Ty". (Ls = 6D, TSR = TSR" = 1.2, Ay’ = 15°, Tp' = 4T D).
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0.2007, and 0.2019 for Ap' = 5°, 10°, and 15°, respectively).

Wen et al. [41], Fang et al. [42], Su et al. [50], and Tran et al. [34],
following both principles described in Section 4.2. Specifically, on the
one hand, the pitch amplitude of the platform does not exceed the safety
limit of 15° suggested by Collu et al. [59]. On the other hand, the pitch
period range of the scaled VAWT (platform) is 0.524 ~ 2.094 s (r'=
0.262 s, corresponding to TSR! = 1.2), and the Froude scaling ratio is
assumed to be 1:100. Thus, the range of the excitation pitch period of the
full-scale VAWT (platform) is 5.236 ~ 20.944 s, which falls within the
typical range of the wave period of 5 ~ 20 s and is safely away from the
natural pitch period of the platform, e.g., 25.8 s [60].

Fig. 19 shows the averaged power coefficients Cp of VAWT II and
the averaged power coefficients CpP"®™! of the turbine array for
different pitch amplitudes Ap". Note that the pitch period Tp' is fixed to
4T, and the separation distance Lg is set to 6D, where VAWT II is located
in the medium wake region of VAWT I. Fig. 19 shows that the platform
pitch motion of VAWT I can considerably improve the power perfor-
mance of VAWT II at moderate and high TSR''s. However, there is nearly
no difference at low TSR's, and the turbine performance for Ap! = 5° is
even inferior to that of the bottom-fixed one when TSR! is equal to 0.4.
As Ap' increases, the performance improvement of VAWT II becomes
more pronounced, e.g., the relative increments of the peak value of Cp"
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at Ap' = 5° and 10° are 7.68% and 22.67%, respectively. Somewhat
surprisingly, the power performance of VAWT II slightly deteriorates
when Ap' further increases from 10° to 15°, in which the peak value of
Cp" drops from 0.1335 to 0.1277. Besides, as the value of Cp' gradually
increases with the increase of Ap), the power performance of the turbine
array presents further improvement, and the negative effect of the
excessively large Ap' is alleviated. Specifically, the peak values of Cp°-
verall g5 Ap! = 10° and 15° are 0.1671 and 0.1648, respectively, which
are considerably close.

To explain the above physical phenomena, Fig. 20 illustrates the
instantaneous flow patterns around the two VAWTSs in the X-Z plane for
different pitch amplitudes Ap' when VAWT I pitches to the MDP. It can
be seen that the wake deviation induced by the platform pitch motion
enlarges with the increase of Ap', which enables VAWT II to avoid more
wake interference and experience a higher inflow velocity, thereby
achieving a higher power output. However, since the blade aero-
dynamics of the VAWTs are strongly affected by the unsteady flow
separation and dynamic stall at low TSRs [61,62], the improvement of
the turbine performance from higher inflow velocities will be limited.
The nearly identical values of cp! for Ls > 6D at TSR = 0.4, which is
shown in Fig. 6 also confirm this point. Besides, as mentioned in Section
4.2, the complex flow field of the pitching VAWT I will enhance the
blade-vortex interaction of VAWT II, and this may lead to the premature
onset of the dynamic stall and negatively affect the turbine performance,
which corresponds to the decreased value of Cpl for Ap' = 5° at TSR =
0.4.

Fig. 21 shows the normalized instantaneous wake profiles of the
pitching VAWT I in the X-Z plane at four typical moments for different
pitch amplitudes Ap\. At t = 1/4Tp", when VAWT I pitches to the MDP,
the velocity deficit in the core wake region for Ap' = 5° is larger than that
for Ap' = 10° and 15°. This is because the wake deviation for Ap' = 5° is
relatively small, and most of the velocity deficit stays in the core wake
region rather than spreading outward. Meanwhile, the wake velocity for
Ap' = 10° is found to be generally higher than that for Ap' = 15°, which
corresponds to the larger values of Cpl', as shown in Fig. 19. This can be
justified by the findings of Lei et al. [36]: Although the platform pitch
motion can deviate the turbine wake and reduce the wake interference,
it will enlarge the velocity deficit along the wake trajectory, which is
more pronounced for the larger pitch amplitudes, thereby diminishing
the benefit of the wake deviation. When VAWT I returns to the OP (see
Fig. 21(b) and (d)), the wake trajectory moves toward the centerline.
This movement promotes the enlargement of the velocity deficit in the
core wake region. Therefore, the wake velocity for Ap' = 10° or 15° is
lower than that for Ap' = 5°, especially at t = 4/4T5

Fig. 22 shows the averaged power coefficients Cp' of VAWT II and
the averaged power coefficients Cp°"*™! of the turbine array for
different pitch periods Tp'. The pitch amplitude Ap' is fixed to 15° and
the separation distance Lg is set to 6D. It can be seen that the power
performance of VAWT II keeps improving as Tp' decreases, in which the
peak value of Cp! for Tp' = 2T ! reaches 73.11% of the baseline value.
The smaller Tp' is found to bring a more pronounced improvement in the
turbine performance. It means that the relative increments of the peak
value of Cp" from Tp' = 8T ' to 4T ' and from Tp' = 4T ' to 2T " are 5.02%
and 13.70%, respectively. This phenomenon is also observed for the
isolated pitching VAWTs in the studies of Lei et al. [40] and Su et al.
[50]. Besides, the value of Cp! is found to significantly increases as Ty
decreases, which brings the peak value of Cp°¢!! of the floating turbine
array for Tp' = 2T ! to about 120% of that of the bottom-fixed one.
However, since the value of Cp! for Tp! = 8T! drops to 0.1939, the benefit
of the platform pitch motion on the power performance of the turbine
array is diminished at low TSR's.

Fig. 23 illustrates the instantaneous flow patterns around the two
VAWTs in the X-Z plane for different pitch periods Tp' when VAWT I
pitches to the MDP. It can be seen that the wake pattern of VAWT I is
more sensitive to the variation of Tp' than Ap'. Also, the corresponding
wake trajectory changes significantly with the decrease of Tp, especially
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Fig. 20. Instantaneous flow patterns around the two VAWTSs in the X-Z plane for different pitch amplitudes when VAWT I pitches to the MDP: (a) Ap' = 5°; (b) Ap =
10°; (¢) Ap' = 15°%; (d) corresponding wake trajectories, defined by the position where the lowest wake velocity occurs. (Ls = 6D, TSR' = TSR = 1.2, Tp! = 4T 1.
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Fig. 21. Normalized instantaneous wake profiles of the pitching VAWT I in the X-Z plane at four typical moments for different pitch amplitudes: (a) t = 1/4T5%; (b) t
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Fig. 22. Averaged power coefficients of the two VAWTs for different pitch
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0.2019, and 0.1939 for Tp' = 2T !, 4T !, and 8T !, respectively).

for Tp' = 2T 1: The wake deviation induced by the platform pitch motion
is enlarged and the wavelength, i.e., the distance between two consec-
utive positions where the maximum deviation occurs, is shortened. With
these characteristics, more velocity deficit in the core wake region of
VAWT I will be spread outward, thereby reducing the wake interference
experienced by VAWT II. Besides, as Tp' decreases, the wake pattern of
VAWT II is noticeably disrupted, which is expected to have a consider-
able impact on the aerodynamics of the VAWTs farther downstream.

Fig. 24 shows the normalized instantaneous wake profiles of the
pitching VAWT I in the X-Z plane at four typical moments for different
pitch periods Tp'. It can be seen that the configurations of the wake
profiles present distinct features for different values of Tp'. Specifically,
on the one hand, the position where the peak of the wake profile occurs
is variable, which is because the wavelength of the wake trajectory is
sensitive to the variation of Tp' and thus the deviating direction changes
frequently. On the other hand, corresponding to the performance
improvement shown in Fig. 22, the velocity deficit in the core wake
region is generally reduced as Tp' decreases, especially for Tp' = 2T |,
which enables VAWT II to experience a higher inflow velocity.

Overall, the relatively larger Ap' and smaller Tp' can further alleviate
the negative effect of the wake interference on the power performance of

19

Energy Conversion and Management 265 (2022) 115769

VAWT II by changing the wake pattern of VAWT I. However, the vi-
bration and fatigue problems of the pitching VAWTs should also be
carefully considered during the design process.

5. Conclusions

In the present study, the high-fidelity IDDES is applied to investigate
the wake interference between two tandem offshore floating VAWTs for
a scenario, in which the upstream turbine (VAWT I) is under the plat-
form pitch motion and the downstream turbine (VAWT II) is set to
bottom-fixed. The effects of different pitch amplitudes and pitch periods
on the wake interference are characterized, focusing on the variations of
the turbine performance and flow structures. The case in which both
VAWTSs are set to bottom-fixed is also included for comparison and for
exploring the basic layout pattern of the bottom-fixed turbine array. The
main conclusions are as follows:

e The power performance of VAWT II is noticeably deteriorated at
moderate and high TSR"s due to the large velocity deficit in the wake
region of VAWT I. Also, the power performance gradually picks up
with the increase of Ls when the optimal TSR rises correspondingly.
In addition, locating VAWT II in the medium wake region of VAWT I,
e.g., Ls = 6D, can appropriately balance the power performance and
space cost of the bottom-fixed turbine array.

The platform pitch motion of VAWT I can considerably improve the
power performance of VAWT II, e.g., the value of Cp" increases by
22.67% when Lg = 6D, TSR = 1.2, Ap' = 15°, and Tp' = 4T L Larger
peak to valley values and more intense fluctuations are observed in
the instantaneous CQ" and C/. The corresponding spectral features
will not be changed since the n x P criterion dominates the aero-
dynamics of the VAWTs.

The platform pitch motion can make the turbine wake deviate from
the centerline and propagate to the downstream region in a wave-
like manner. The wake deviation will spread the velocity deficit
outside the core wake region of VAWT I, enabling VAWT 1II to
partially avoid the wake interference and experience a higher inflow
velocity. The blade-vortex interaction of VAWT II is found to be
enhanced and the regular wake development is disrupted.

The relatively larger pitch amplitudes and smaller pitch periods can
further alleviate the negative effect of the wake interference on the
power performance of VAWT II by changing the wake pattern of
VAWT 1, i.e., enlarging the wake deviation and shortening the
wavelength to reduce the mean velocity deficit in the core wake
region. The relative increments of the peak value of C, pII from ApI =5°
to 10° and from Tp' = 4T ! to 2T ! are 19.09% and 13.70%,
respectively.

The platform pitch motion can improve the power performance of
the upstream turbine and reduce the wake interference acting on the
downstream turbine, thereby enabling the floating VAWT array to
achieve a higher power output than the bottom-fixed one. With the
potential for higher power density, offshore floating wind farms can
be designed more compactly when ensuring a sufficient separation
distance required for safety (e.g., avoiding the mooring line inter-
ference). However, since the platform pitch motion will expand the
influence range of the turbine wake in the vertical direction, some
spatial strategies for reducing the wake interference between tandem
wind turbines, such as vertically-staggered arrangement, may be
limited in practice. In addition, the floating platforms should be
carefully designed to obtain reasonable oscillation characteristics so
that the wind farms can take advantage of the benefits of the plat-
form pitch motion while controlling the structural vibration and fa-
tigue problems.

6. Present limitations and future perspectives

In the present study, a scaled high-solidity VAWT is selected as the



L. Kuang et al. Energy Conversion and Management 265 (2022) 115769

(b)

2 .

' l_:l Ll l_:l
L ——T7,/=2T" == T,=4T'----T) =87

cege-,

gones

A
~

4 8 16
X/D
()
R T =
0.00 0.65 1.30
v,

Fig. 23. Instantaneous flow patterns around the two VAWTSs in the X-Z plane for different pitch periods when VAWT I pitches to the MDP: (a) Tp' = 2T'%; (b) Tp' = 4T
L (¢) Tp' = 8T (d) corresponding wake trajectories. (Ls = 6D, TSR' = TSR = 1.2, Ap' = 15°).

20



L. Kuang et al.

-15 R | . 1 i

0.4 0.6 0.8 1.0

Normalized wake velocity U /U,

(a)

0.4

Normalized wake velocity U /U,

0.6 0.8

(c)

=

=

Energy Conversion and Management 265 (2022) 115769

P sl

0.2 0.4 0.6 0.8 1.0 1.2
Normalized wake velocity U /U,
(b)
1.5

1 1 1
0.4 0.6 0.8

Normalized wake velocity U,/U,

(d)
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upper rotor of the offshore floating wind turbine. On the one hand, the
RNSE may lead to an aerodynamic mismatch between the scaled and
full-scale turbines [56], thereby affecting the accurate evaluation of the
wake interference. On the other hand, the rotor solidity has a consid-
erable impact on the turbine wake and the high-solidity characteristic of
the selected VAWT will result in an overestimation of the wake recovery
[17], which may affect the generalizability of the study. In the future,
the conceptual 5 MW offshore floating VAWT designed by Cheng et al.
[63,64] will be employed and the effect of the rotor solidity on the wake
interference is expected to be investigated.

The coupled aero-hydrodynamic modeling of the offshore floating
VAWTs is another potential improvement for the present study. It en-
ables the turbines to update their positions in real-time according to the
wind and wave excitations, instead of being bottom-fixed or floating
with a prescribed motion rule. Although the implementation of the
multi-physics modeling will increase the computational cost of the
simulations, it can improve the realism of the investigative scenarios and
provide better insight into the wake interference within the floating
turbine array. In addition, the different inflow conditions will be
considered and a one-to-one rotation velocity-wind velocity relationship
will be applied to determine the TSRs of the wind turbines.

21

Overall, the present study develops a fundamental understanding of
the wake interference between the offshore floating VAWTs. More
realistic and complex studies will be conducted in the future, e.g.,
coupled aero-hydrodynamic analysis of the floating turbine array with
multiple full-scale rotors.
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