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ABSTRACT
This study presents a comprehensive numerical analysis of a full-scale horizontal-axis floating offshore wind turbine (FOWT) 
rotor subjected to harmonic surging motions under both laminar and turbulent inflow conditions. Utilizing high-fidelity compu-
tational fluid dynamics (CFD) simulations, namely, large eddy simulation (LES) with actuator line model (ALM), this research 
investigates the rotor performance, wake characteristics, and wake structures of a surging FOWT in detail. The study delves into 
the influence of varying inflow turbulence intensities, surging settings, and their interplay on the aerodynamic performance and 
the wake aerodynamics of a FOWT rotor. The results show that, through employing the phase-averaging technique, surge-in-
duced periodic coherent structures (SIPeCS) can be identified in the wake of all the surging cases studied, irrespective of the 
inflow conditions and the surging settings. Additionally, the findings show that the faster wake recovery observed in the surging 
cases is not caused by enhancing the instability-induced turbulence level, a previously accepted hypothesis. Instead, the results 
indicate that it is due to the enhanced advection process resulting from the induction fields of SIPeCS that causes the wake to 
recover faster. The analysis of rotor performance shows that the time-averaged rotor performances are affected by the intricate 
aerodynamics arising from the surging motions. With certain surging settings, the time-averaged thrust and the time-averaged 
power of a surging rotor are found to be simultaneously lower and higher compared with those of a fixed rotor. Furthermore, the 
study underscores the importance of considering both the magnitude of surging and the rate of surging simultaneously to fully 
characterize the hysteresis load on a surging rotor.

1   |   Introduction

The rapid development in offshore wind energy has led the in-
dustry to explore sites further away from coasts, where more 
spaces and better wind resources are available. This trend indi-
cates that future offshore wind farms will likely be situated in 
deeper waters (>60 m), where floating concepts offer economic 
advantages over traditional bottom-fixed designs. However, 

several aspects of floating concepts, such as the effects of un-
steady aerodynamics caused by platform motions, are under-ex-
plored [1–4]. Several experimental and numerical studies have 
indicated that the additional degrees of freedom (DoF) intro-
duced with platform motions, such as surging and pitching, 
heavily affect power performances and wake characteristics of 
floating offshore wind turbines (FOWTs) [5–7]. However, a com-
plete understanding of these effects is still lacking [4, 8].
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Previous numerical studies indicate that FOWTs subjected to 
motions may exhibit accelerated wake recovery rates, suggest-
ing the potential for reduced spacings in floating wind farms 
compared with bottom-fixed counterparts [9, 10]. For instance, 
Kopperstad et al. [11] had found faster wake recovery rates for a 
FOWT in motion using large eddy simulation (LES) with ADM 
(actuator disk model) under both laminar and turbulent inflow 
conditions. Chen et  al. [12] also found faster wake recovery 
rates using IDDES (improved delayed detached eddy simula-
tion) with geometric resolved FOWT rotor under laminar in-
flow conditions. To this point, it has been widely accepted that 
the enhanced wake recovery for a surging wind turbine rotor is 
mainly attributed to the increased turbulence level in its wake 
[4, 12–14]. However, most of the previous numerical research 
about FOWT in motion employed CFD (computational fluid dy-
namic) models that are not able to capture fine flow structures 
well (such as tip vortices) and/or imposed laminar inflow condi-
tions, which are unrealistic in the fields [4, 6, 12]. These short-
comings are relevant since the wind turbine wake aerodynamics 
modeled with turbulent inflow conditions differ markedly from 
those modeled with laminar inflow conditions [15–17]. Also, 
different dynamics of the released tip vortices are the main 
cause for a FOWT in motion to have different wake character-
istics and wake structures from the bottom-fixed ones [12, 13]. 
Note that the mentioned shortcomings are also applicable when 
modeling the rotor aerodynamic performance, because inflow 
conditions directly affect rotor performance. Lower fidelity 
CFD models, such as ADM, cannot reliably capture the effects 
of tip/root vortices and shed vortices properly [4, 15]. Regarding 
the above-mentioned, this work studies the wakes of a FOWT 
in motion both under laminar and turbulent inflow conditions 
with a high-fidelity CFD model that can capture the fine flow 
structures, namely, LES with actuator line model (ALM), in-
tending to provide deeper insights into the wake aerodynamics 
of a FOWT in motion.

The motion type focused on in this study is harmonic surging, 
and the motions are prescribed. Surging is a prevalent type of 
motion studied in previous research as the apparent inflow ve-
locity seen by the FOWT rotor is directly influenced [4, 14].

The primary objectives of this work are to investigate the im-
pacts of varying inflow conditions, surging settings, and their 
combined effects on the rotor performance and wake character-
istics of a FOWT rotor. To the authors' knowledge, this is the 
first numerical study that uses LES with ALM to comprehen-
sively investigate surging turbine rotors under a variety of condi-
tions, where the simulation cases cover the scenarios of various 
inflow turbulence intensities (TI), surging amplitudes (AS), and 
surging frequencies (�S). This holistic approach is crucial due to 
the significant interplay of these factors on both the rotor per-
formance and the wake characteristics, which we extensively 
explore in this paper.

2   |   Methodology

This section details the methodologies used in our study and is 
divided into four subsections. In Section 2.1, we define harmonic 
surging motions and discuss the application of the phase-av-
eraging technique. Next, Section  2.2 details the setups of the 

simulations, including the software, algorithm, governing equa-
tions, discretization schemes, mesh layouts, boundary condi-
tions, and parameterization of the FOWT rotor using the ALM. 
Later, Section  2.3 describes how the statistics are obtained. 
Lastly, Section 2.4 introduces the test matrix and explains the 
rationale for grouping the cases.

2.1   |   Defining Surging Motions 
and Phase-Averaging Techniques

In this paper, the surging motions are prescribed to be har-
monic. The streamwise position (x-position) of the rotor pR(t) in 
surging motion is defined in Equation (1), where AS represents 
the surging amplitude, �S is the surging frequency, �S is the 
phase angle of surging with a phase shift of �S0, and pR0 denotes 
the neutral position of the rotor. �S0 = 0.0� and pR0 = 0 is main-
tained throughout this study, as written on the right-hand side 
of Equation (1). The surging velocity of the rotor, VS, is expressed 
on the left-hand side of Equation (2). It is important to note that 
non-zero values of VS alter the apparent inflow velocity V0,app 
seen by the surging rotor, as depicted on the right-hand side of 
Equation (2). 

Two crucial non-dimensional parameters for a FOWT rotor in 
harmonic surging motions are the ratio of the maximum surg-
ing velocity (VS,max) to inflow velocity (denoted as vmax) and 
the reduced frequency based on the rotor diameter D (denoted 
as kD), as presented in the study of Ferreira et  al. [18]. Their 
definitions are given in Equation  (3). For instance, applying a 
surging motion with AS = 4 m and �S = 0.63 rad/s to an NREL 
5MW baseline wind turbine under its rated conditions results 
in vmax = 0.22 and kD = 7.00 (D = 126 m, V0,rated = 11.4 m/s). The 
surging velocity of the rotor VS can be expressed using vmax, as 
written on the right-hand side of Equation (3). In this work, we 
interpret vmax as the magnitude of surging and kD as the rate of 
surging. 

Besides surging, another important periodicity in our study is 
the rotor's rotation frequency Ω, denoted by Equation (4). In this 
equation, �Ω represents the rotational phase angle of the rotor, 
with Ω being the rotational frequency and �Ω0

 being the phase 
shift. �Ω0

= 0.0� is maintained for all cases in this paper, and 
�Ω = 0.0� corresponds to a blade pointing upward in the posi-
tive z-direction. It is important to note that the phase-averaging 
technique, which will be explained later, involves �Ω. 

In wind energy science or flow physics, when time-varying prop-
erties oscillate at specific frequencies, it is common to match 

(1)
pR(t)=AS sin

(
�St+�S0

)
+pR0 =AS sin �S + pR0 ,

pR(t)|�S0=0.0�, pR0=0=AS sin �St=AS sin �S

(2)VS =
dpR(t)

dt
=AS�S cos �St, V0,app=V0−VS

(3)

vmax
Δ
=
VS,max

V0
=
AS�S

V0
, kD

Δ
=
�SD

V0
, VS =V0 vmax cos �S

(4)�Ω = Ωt + �Ω0
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the sampling rates with these frequencies and study the statis-
tics based on the acquired data [19]. This approach, commonly 
known as the phase-averaging technique, is used to understand 
the periodicities of the system. In this work, we refer to the data 
obtained at these specific rates as phase-locking quantities, and 
the statistics obtained during averaging the phase-locking data 
are termed phase-averaging quantities.

In our study of a harmonic surging FOWT rotor, we encounter 
two major periodicities, which are the surging frequency �S and 
the rotational frequency Ω (periodicity of �S is more focused in 
this work). To make the phase-averaging technique effective, 
we synchronize �S with Ω by ensuring Ω is an integer multiple 
of �S. This synchronization ensures that each specific �S in the 
surging cycle corresponds consistently to the same �Ω for the ac-
quired phase-locking data. Implementing this synchronization 
across all cases is a crucial aspect of our study as it minimizes 
the impacts of �Ω on the periodicity of �S.

When applying the phase-averaging technique on quantities 
such as u at a given �S, we denote the sampled phase-locking 
data as u�S. For instance, phase-locking u collected as �S = 0� are 
represented as u0�. In this paper, the operator < ⋅ > represents 
quantities that have been phase-averaged. For example, the 
phase-averaged u, denoted as < u>0𝜋, is the average of u0� over 
a given number of cycles (time interval), while < 𝜎u>0𝜋 denotes 
its standard deviation, as described in Equation  (5). Note that 
u

′

0� represents the fluctuation part of phase-averaging. Similarly, 
the cycle-averaged CT, denoted as < CT >, is obtained based on 
the phase-averaged CT across a full surging cycle (see Figure 6b 
for examples). Moreover, analogous to turbulence kinetic energy 
(TKE), we introduce phase-averaged TKE (<TKE>𝜙S

) to better 
understand the velocity fluctuations after removing the effects 
of phase differences due to surging and rotation (�S and �Ω). 
The definition of TKE and <TKE>𝜙S=0𝜋

 used in this study is pre-
sented in Equation (6). 

2.2   |   Simulation Setups

The NREL 5MW baseline turbine (Jonkman et  al. [20]) is se-
lected as the rotor model for our simulations due to the extensive 
validation database [4, 21]. The three-bladed turbine has a rotor 
diameter of D = 126 m, a rated wind speed of V0,rated = 11.4 m/s, 
and a rated tip speed ratio of �rated = 7.0. We neglect the tower, 
tilt angles, pre-coning, floor effects, wind shear, controller, and 
aeroelasticity for simplicity. Unless stated otherwise, the opera-
tional conditions are set to the turbine's rated condition.

Large eddy simulations of the surging turbine are performed 
using the open source toolbox OpenFOAM v2106 [22], and a 
modified version of turbinesFoam (an ALM module originally 

developed by Bachant et  al. [23]) is used to parameterize the 
surging rotors. We consider the flow (air) to be incompressible 
and Newtonian, with a density of � = 1.225 kg/m3 and kinematic 
viscosity � = 1.5 × 10−5 m2/s. Thermal effects and Coriolis force 
are neglected. The (LES filtered) incompressible Navier–Stokes 
equations, Equation (7), are solved using eddy-viscosity closure, 
with the subgrid-scale (SGS) stress tensor modeled through ed-
dy-viscosity �T. Since as long as the resolutions are adequate, 
the choice of the SGS model is not considered a deterministic 
factor for wind turbine modeling using LES with ALM [24]. 
Thus, the standard Smagorinsky model [25], one of the simplest 
and most used SGS model, is chosen, where �T is modeled using 
Equation (8) with Ck = 0.094 and C� = 1.048, and Δ corresponds 
to the grid size. Second-order central differencing (Gauss 
linear) is used for spatial interpolations, and Crank–Nicolson 
scheme [26] (CrankNicolson, with a coefficient of 0.9) is se-
lected for temporal interpolations. Pressure-implicit with split-
ting of operators (PISO) algorithm is used for pressure-velocity 
coupling. The simulations are performed on the high-perfor-
mance clusters of DTU Computing Center [27], where a 600 s 
simulation requires about 66 h on 64 processors. 

The surging FOWT rotor in our simulations is parameterized 
using the actuator line model (ALM) [28]. In the simulations, 
each blade is represented by 40 actuator line points with equi-
distant spacing, Δr. For hub modeling, an additional actuator 
line element with a drag coefficient Cd = 0.3 and a reference 
area of �r2

hub
 (where rhub = 1.5 m is the hub radius) is introduced 

[29, 30]. The term f body in Equation (7) refers to the body forces 
that the actuator lines exert on the flow. They are first calculated 
based on the lift and drag forces (L and D) obtained through the 
blade element approach and then projected onto the CFD grid 
through the Gaussian regularization kernel ��, as detailed from 
Equations (9) to (12). In these equations, R and r stand for rotor 
radius and the radial distance from the rotor center, respectively. 
c is cord length, � is blade twist angle, and B is the number of 
blades. ftip is a tip correction factor based on the Glauert model 
to ensure that loads at the tips/roots drop to zero [31, 32]. � is 
the smoothing factor for the Gaussian regularization kernel in 
Equation (11), which is set to be twice the size of the grid near 
the rotor (2Δ at Level 4 in Figure 2), following the recommenda-
tions of previous work using ALM with LES [15, 24, 33]. For a 
visual representation of the velocity triangles of a blade element 
(actuator line point), see Figure 1. Note that VS (surging velocity) 
directly influences Vrel (relative velocity seen by the actuator line 
point), � (angle of attack), and � (inflow angle) through altering 
Vn,app (apparent normal velocity seen by the actuator line point). 
Naturally, the locations to project f body are influenced by the 
surging motions as shown in Equation (11), where x denotes the 

(5)

<u>0𝜋 =

∑N

n=1
u0𝜋,n

N
, u0𝜋 = <u>0𝜋+u

�
0𝜋 ,

<𝜎u>0𝜋 =

����
∑N

n=1

�
u�
0𝜋,n

�2

N

(6)
TKE=

1

2

(
𝜎2
u
+𝜎2

v
+𝜎2

w

)

<TKE>0𝜋 =
1

2

(
<𝜎u>

2
0𝜋 + <𝜎v >

2
0𝜋 + <𝜎w >

2
0𝜋

)

(7)

�ui
�xi

=0,

�ui
�t

+uj
�ui
�xj

= −
1

�

�p

�xi
+

�
�xj

[
(�+�T )

(
�ui
�xj

+
�uj
�xi

)]
+
fbody,i

�

(8)
�T =CkΔ

√
ksgs=Ck

√
Ck
C�

Δ2
√
2SpqSpq,

Spq=
1

2

(�up
�xq

+
�uq
�xp

)
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position vector. Furthermore, no additional dynamic stall model 
is implemented as the chord-based reduced frequency is rather 
low under the given conditions [34, 35]. Thus, the term stalling 
in this work is confined to static (quasi-steady) stalling. 

The computational domains and meshes for the simulations are 
illustrated in Figure 2. Specifically, Figure 2b depicts the mesh 
with section plane of y∕D = 0 for laminar inflow cases (compris-
ing 10.4M cells), while Figure 2c shows the mesh for turbulent 

inflow cases (10.9M cells). The slight differences between these 
meshes are primarily for mitigating the undesired pressure 
fluctuations introduced by the synthetic turbulent inlet con-
ditions. Level in Figure 2 refers to the mesh refinement levels. 
Both meshes share the same Δ value for corresponding Levels. 
Near the rotor (in the wake region), Δ is similar to the spacing 
of the actuator line points Δr. That is, at Level 4, Δ = D∕80. A 
Cartesian coordinate system is used, with the positive x-axis 
pointing downstream. The neutral position of the rotor center 
is at the origin, rotating clockwise when viewed from upstream. 
Temporally, there are 360 time steps per rotor revolution for the 
rated condition of NREL 5MW (Δt = 0.0138 s), ensuring that the 
rotor tip travels less than 1Δ per time step (which is < 0.7Δ for 
our cases), in line with recommendations by previous studies 
[15, 33].

For the inlet boundary conditions, the laminar cases utilize 
a velocity inlet with a uniform fixed value, while turbulent 
cases employ the divergence-free synthetic eddy method 
(DFSEM) [36]. DFSEM introduces inflow with the desired tur-
bulence intensities, length scales, and anisotropy, and one of 
its key features is the requirement of much less computational 
resources than the precursor method. Additionally, DFSEM 
can reproduce identical inflow in both space and time if the 
settings are the same, enabling meaningful comparisons of 
instantaneous fields between cases. Laminar and turbulent 

(9)
f 2D(r) = (L,D) =

1

2
�V 2

relc
(
Cl(Rec, �)êL,Cd(Rec, �)êD

)
= fnên + f� ê�

(10)

Vrel=
√
V 2
n,app+ (−Ωr+V�)

2, �=arctan

(
Vn,app

−Ωr+V�

)
=�+� ,

Vn,app=Vn−VS

(11)

f body(x)=

B�

i=1

R

∫
0

ftip(ri)f 2D(ri)��(‖x− (riêi+pR)‖)dri,

��(d)=
1

�3�3∕2
exp

�
−

�
d

�

�2
�

(12)ftip(r) =
2

�
arccos

[
exp

(
−
B(R − r)

2r sin �)

)]

FIGURE 1    |    Velocity triangles of a blade element for a fixed rotor (left) or a surging rotor (right).

FIGURE 2    |    The mesh layouts for the simulation cases. Panel (a) is the cross-section of plane x∕D = 0, and it is shared by both laminar and 
turbulent cases. Panels (b) and (c) are the cross sections of plane y∕D = 0, where panel (b) is for the laminar cases (10.4M cells) and panel (c) is for the 
turbulent (10.9M cells). Level indicates the refinement levels, where Δ (grid size) doubles as Level decreases by one.
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cases share the same boundary conditions besides the velocity 
inlet conditions. The velocity boundary conditions on all four 
sides are treated as slip walls, and an advective boundary con-
dition (D∕Dt = 0) is used for the outlet. For the pressure fields, 
symmetry boundary conditions are applied to all four sides 
and the inlet, while the outlet is set to a uniform fixed value 
under the assumption that the pressure fields have returned 
to ambient levels at the outlet (x∕D = 10). Detailed simulation 
setups are provided in Li [37].

2.3   |   Statistics

The averaging windows for the simulations are set at 20 and 50 
rotational periods at the rated conditions (TΩ,rated) for the lami-
nar and turbulent cases, respectively. These windows have been 
determined to ensure the convergence of the statistics of interest, 
including time-averaged and cycle-averaged rotor performances 
(e.g., CT and < CT >), time-averaged and phase-averaged values 
for flow fields (e.g., u and < u>0𝜋), and their second-order statistics 
(e.g., �u and < 𝜎u>0𝜋). In this work, quantities with an overline are 
time-averaged values, and the terms “time-averaged” and “mean” 
are used interchangeably. A brief summary of the convergence test 
results is presented in the Appendix A as well as Li [37].

2.4   |   Test Matrix

A total of 16 simulation cases are conducted and are detailed 
in Table  1. Four of the cases feature a fixed rotor, and the 

remaining twelve involve a surging rotor, as separated by the 
horizontal line in the table. Case numbers and grouping indi-
ces are listed in the two leftmost columns. TI, AS, and �S are 
the inflow turbulence intensity, surging amplitude, and surging 
frequency. For convenience, AS is set to 0 m and �S is manually 
made to 0.63 rad/s for the cases with a fixed rotor when analysis 
involves phase-averaging or cycle-averaging. vmax and kD are the 
two non-dimensional parameters introduced in Equation  (3), 
and can be used to characterize AS and �S.

Cases subjected to both laminar and turbulent inflow condi-
tions are included in our test matrix. Despite being somewhat 
unrealistic in nature, the cases with laminar inflows are in-
troduced and analyzed because of their simpler context com-
pared with those with turbulent inflows. The insights gained 
from the laminar cases form the basis for analyzing the more 
intricate dynamics found in the cases subjected to turbu-
lent inflow conditions, facilitating easier and more effective 
interpretations.

The base settings for surging parameters AS and �S in the 
surging cases of Table  1 are chosen as 4  m and 0.63  rad/s, 
respectively. The value of this �S is based on the typical 
wave frequencies for offshore environments [38]. Although 
AS = 4 m is larger than the typical values for the floating plat-
form, which are around 1.5–2.5 m for typical sea states (the 
floating platform is assumed to be a semi-submersible or ten-
sion leg platform and the significant wave height is around 
4.0  m) [38–41], it is still chosen. Choosing a larger AS gives 
advantages in identifying the impact of surging motions as it 

TABLE 1    |    Case settings conducted with a single fixed or surging NREL 5MW baseline wind turbine rotor at its rated condition (V0 = 11.4 m/s, 
� = 7).

Case Group TI [%] AS [m] �S [rad/s] vmax kD

1 a, b, c Laminar 0 — 0.00 —

2 a 2.7 0 — 0.00 —

3 a, b, c 5.3 0 — 0.00 —

4 a 11.5 0 — 0.00 —

5 a, b, c Laminar 4 0.63 0.22 7.0

6 a 2.7 4 0.63 0.22 7.0

7 a, b, c 5.3 4 0.63 0.22 7.0

8 a 11.5 4 0.63 0.22 7.0

9 b Laminar 2 0.63 0.11 7.0

10 b Laminar 8 0.63 0.44 7.0

11 b Laminar 4 0.32 0.11 3.5

12 b Laminar 4 1.27 0.44 14.0

13 b 5.3 2 0.63 0.11 7.0

14 b 5.3 8 0.63 0.44 7.0

15 b 5.3 4 0.32 0.11 3.5

16 b 5.3 4 1.27 0.44 14.0

Note: “Laminar” indicates the case has laminar inflow conditions. a, b, and c in the column of Group serve as indices for grouping. TI, AS, and �S are the inflow 
turbulence intensity, surging amplitude, and surging frequency. vmax and kD are the two non-dimensional parameters derived from AS and �S, where their definitions 
can be found in Equation (3).
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is expected to show stronger effects. Surging parameters for 
the other settings half/double AS or �S of the base settings one 
at a time (the synchronization between �S and Ω elaborated 
in Section 2.1 is maintained), resulting in five distinct surg-
ing settings (excluding the fixed scenario). Although some 
of the surging settings represent extreme states or may even 
be impractical in real-world scenarios (e.g., the cases with 
vmax = 0.44 and kD = 14.0), they are still tested as the main 
focus of this work is not on simulating real-world cases, but 
on studying the impacts of surging settings and inflow condi-
tions. Regarding the base settings for inflow TI, 5.3% is cho-
sen based on the typical inflow TI for offshore environments. 
Furthermore, all the three tested inflow TI, namely, 2.7%, 
5.3%, and 11.5%, fall within the practical range for offshore 
environments, which is around 2.5%–12.0% [42].

For a more concise analysis, the 16 cases outlined in Table 1 
are categorized into three groups, namely, Group a, Group b, 
and Group c, as indicated in Table 1. Note that some cases are 
included in more than one group. Group c, comprising cases 1, 
5, 3, and 7, represents the core scenarios of our analysis, which 
are fixed-laminar, surging-laminar, fixed-turbulent, and surg-
ing-turbulent. These cases provide an overview of both the 
impacts of surging motions and inflow conditions, as well as 
their interplay. This group is the foundational backbone of our 
study and is also included in the other two groups. Group a 
consists of eight cases (cases 1–8), which includes instances of 
a surging rotor with the same surging settings (vmax = 0.22 and 
kD = 7.0) subjected to four different inflow conditions (lam-
inar, TI = 2.7%, 5.3%, and 11.5%), along with the other four 
cases featuring a fixed rotor subjected to the four same inflow 
conditions. The primary focus of this group is to examine how 
varying inflow TI influences the effects of surging motions. 
Finally, Group b, encompassing twelve cases (cases 1, 3, 5, 
7, and 9–16), is dedicated to examining the effects of differ-
ent surging settings under both laminar and turbulent inflow 

conditions (TI = 5.3%). This group covers six surging settings, 
and each of them is tested with the two inflow conditions. The 
focus here is on assessing the influence of the surging param-
eters AS and �S on rotor performance and wake structures and 
understanding the interaction between the inflow turbulence 
and the surging settings.

3   |   Verification and Validation

3.1   |   Inflow Turbulence Characterization

In our simulations, inflow turbulence is analyzed at 2.0D up-
stream the rotor, using the 13 probes shown in Figure 3a. For 
various turbulent inflow conditions with different TI, several 
key parameters are measured, including mean streamwise ve-
locity (u), standard deviation of u, v, and w (�u, �v, and �w), turbu-
lence intensity (TI, as defined in Equation (13)), power spectrum 
of u (denoted as Su(f )), and the integral length scale of u in the 
streamwise direction (Lu). Lu is determined when the auto-cor-
relation of u first reaches zero. All the values for u, �u, �v, �w, TI, 
Lu, and Su(f ) are computed by averaging data from all probes 
with equal weighting. The reference inflow velocity, V0, is set at 
11.4 m/s. 

Table 2 details the turbulence-related quantities sampled using 
the probes depicted in Figure 3a, where three different turbulent 
inflow conditions with different inflow TI are characterized. 
According to the IEC 61400-1 edition 4.0 (2019) [43], the inte-
gral length scale Lu should be 42 m for our cases, where the de-
signed hub height, zhub, is 90 m (see Equation 14). Additionally, 
the standard specifies that the ratio �v∕�u should exceed 0.7 (in 

(13)TI =

√
1

3
(�2u + �2v + �2w)

V0
× 100% =

√
2

3
TKE

V0
× 100%

FIGURE 3    |    (a) Positions of the probes for sampling the inflow properties, they are located at x∕D = − 2. (b) Turbulence spectra for different 
inflow conditions with their inflow turbulence intensities (TI) labeled at the top.

TABLE 2    |    Characteristics of the inflow turbulence measured at 2.0D upstream of the rotor, using the probes shown in Figure 3a.

TI (%) u∕V0 �TI∕TI �u∕V0 �v∕�u �w∕�u Lu (m) �Lu
∕Lu

2.66 1.003 0.079 0.029 0.93 0.87 108.2 0.59

5.27 1.008 0.083 0.057 0.91 0.85 104.9 0.58

11.52 1.018 0.061 0.121 0.97 0.90 130.3 0.47

Note: Most of the numbers presented in this table are the averaged values based on all the 13 probes, with the exception of �TI and �Lu, where they are the standard 
deviations of TI and Lu based on the measurements of the 13 probes, respectively.
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scenarios considering floor effects, with v representing the lat-
eral direction). In our simulations, while �v and �w align with 
the IEC standard, we observe a larger Lu. This difference is 
reasonable as the wall-normal distance influences Lu [44], and 
in our setup, the imposed (slip) wall is situated further than 
90 m from the rotor. Furthermore, civil engineering standards 
such as ASCE 7-16 and AIJ (2004) suggest that Lu should range 
around 150 to 250 m for offshore conditions of a similar height 
[45]. Therefore, our simulations' higher Lu values are considered 
realistic within these broader standards. Figure  3b illustrates 
the turbulence spectrum Su(f ), averaged from the power spec-
tra measured by the probes in Figure  3a. These spectra align 
well with the Kaimal spectrum defined in IEC 61400-1 [43] (see 
Equation 15). 

3.2   |   Verification
Several tests related to grid resolution are conducted to ensure 
the reliability of our simulations. A grid independence test 
demonstrates that our results are not significantly affected by 
variations in grid resolution (see Appendix B). Furthermore, 
to verify the adequacy of LES, we examined the ratio of sub-
grid-scale TKE (ksgs) to the total TKE, which is the sum of (re-
solved) TKE and ksgs. As Figure 4a demonstrates, more than 80% 

of the TKE is resolved, aligning with best practices in turbulence 
modeling using LES [46]. Additionally, the pressure fluctuations 
stemming from DFSEM used at the inlet for synthetic turbulent 
inflow are assessed. The standard deviation of pressure fields 
(�Δp, where Δp represents the difference between measured and 
ambient pressure), which is shown in Figure 4b, indicates that 
pressure fluctuations are predominantly restricted to the vicin-
ity of the inlet and have limited impacts on the solutions near 
and after the rotor.

3.3   |   Validation

Table  3 presents the values of the time-averaged thrust coef-
ficient (CT) and power coefficient (CP) of a fixed NREL 5MW 
rotor operating in its rated condition (tip speed ratio �rated = 7.00, 
inflow velocity V0,rated = 11.4 m/s) from our work and other pre-
vious studies. While our CT and CP values show some deviation 
from the original design specifications given by Jonkman et al. 
[20], they fall within the range of results reported by other stud-
ies. This comparison suggests that our results are reasonable 
and reliable within the context of existing research.

4   |   Result and Discussion on Rotor Performances

This section examines the rotor performance for the cases listed 
in Table 1. In Section 4.1, we begin by presenting and analyz-
ing the results of integral rotor performance, focusing on the 

(14)Lu = 0.7zhub, zhub ≤ 60m, Lu = 42m, zhub > 60m

(15)Su(f ) = 0.05�2u

(
Lu
V0

)−2∕3

f −5∕3

FIGURE 4    |    (a) Ratios of modeled turbulent kinetic energy (ksgs) and total turbulent kinetic energy for cases 3 (top) and cases 7 (bottom). (b) The 
fields of pressure fluctuations (�Δp, standard deviation of pressure) for cases 3 (top) and cases 4 (bottom), where q = �V 2

0
∕2.

TABLE 3    |    Comparison of the thrust coefficients CT and power coefficients CP from our study of a fixed NREL  5MW rotor under its rated 
conditions with results from other previous numerical studies.

Source Turbulence model Force model TI [%] CT CP

Current work LES ALM Laminar 0 .728 0.518

Current work LES ALM 5 .3 0 .727 0.518

Jonkman et al. [20] — BEM — 0.81 0.47

Johlas et al. [47] LES ALM 4.1 0.752 —

Xue et al. [48] LES ALM Laminar 0.75 0.52

Li et al. [49] RANS ALM — 0.77 0.49

Yu et al. [50] RANS ALM — 0.728 0.472

Rezaeiha et al. [9] RANS ADM 5 0.715 0.567

Abbreviations: ALM, actuator line model; LES, large eddy simulation; RANS, Reynolds-averaged Navier-Stokes.
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effects of inflow TI and surging settings on the thrust and power 
coefficients (CT and CP). Next, in Section  4.2, the angle of at-
tack (�) along the blade span for the surging cases is presented, 
specifically to confirm the occurrence of (static) stalling due to 
surging. Finally, Section 4.3 discusses the cycle-averaged rotor 
performance based on the analytical derivations and simulation 
results. The findings from Section  4.2 are integrated into this 
discussion, providing deeper insights into the results observed 
in Section 4.1.

The definitions of CT and CP for this work are described in 
Equation  (16). Except for the apparent thrust and power coef-
ficients (Capp

T
 and Capp

P
) appear in Section 4.3, the reference ve-

locity for all CT and CP related quantities are set to be V0,rated 
throughout this work, which is the inflow wind speed V0 for all 
the 16 cases in Table 1. This choice is made to facilitate a more 
straightforward comparison among the cases. 

4.1   |   Integral Rotor Performances

This subsection delves into how inflow conditions and surging set-
tings influence integral rotor performances. In the analysis, the 16 
cases in Table 1 are divided into Group a and Group b as previ-
ously mentioned in Section 2.4. Although the interplay between 
inflow conditions and surging settings can be observed in both 
groups, the first focuses more on the effects of inflow conditions, 
while the second focuses more on the effects of surging settings.

The integral rotor performances in this work refer to the quan-
tities related to CT and CP, including time-averaged thrust and 
power coefficients (CT and CP) and cycle-averaged thrust 
and power coefficients (< CT > and < CP >, introduced in 
Section  2.1). CT and CP quantify rotor performance for each 
case with single values, allowing quick comparisons. While 
< CT > and < CP > give more details of how the surging mo-
tions impact the rotor performance according to the surging 
phase angle �S.

4.1.1   |   Impact of Surging Effects With Various 
Inflow TI

CT and CP for the eight cases in Group a (cases 1-8) are il-
lustrated in Figure 5 together with the other cases in Table 1. 
Examining the four fixed cases (cases 1-4), it is observed that 
their CT and CP values are very similar across different in-
flow conditions. A similar pattern of consistency is observed 
with the four surging cases (cases 5-8) as well. Moreover, it 
can be seen that CT for the four surging cases are consistently 
lower than the four fixed cases, and CP for the four surging 
cases are consistently higher than the four fixed cases. These 
indicate that the integral time-averaged rotor performances, 
regardless of the rotor being fixed or surging, are not signifi-
cantly affected by inflow turbulence, and the surging settings 
have more impacts on CT and CP compared with the inflow 
conditions.

Figure  6a,b presents the cycle-averaged thrust coefficient 
(< CT >) and power coefficient (< CP >) for the cases in Group a. 
For the fixed rotor cases, the reference frequency for cycle-av-
eraging is aligned with the �S of the surging cases within 
Group a, as described in Section 2.1. These figures reveal that 
both < CT > and < CP > display a similar insensitivity to in-
flow TI, akin to CT and CP. Consistent with previous research 
[6, 51], < CT > and < CP > fluctuate in response to the surging 
velocity VS. Specifically, when VS opposes the inflow velocity V0 
(�S = 1.0�), the values of < CT > and < CP > are at their highest. 
Conversely, when VS aligns with V0 (�S = 0.0�), the values are at 
their lowest.

4.1.2   |   Impact of Surging Settings Under Laminar 
or Turbulent Inflow Conditions

CT and CP for the twelve cases in Group b (cases 1, 3, 5, 7, 
and 9–16) are plotted in Figure  5. It is clear that CT and CP 
are more sensitive to vmax (magnitudes of surging) than to kD 
(rates of surging). For example, the results of cases 10 and 12 
are relatively similar (same vmax different kD), but the results of 
cases 5 and 10 are significantly different (different vmax same 

(16)CT =
T

1

2
�V 2

0,rated
�R2

, CP =
P

1

2
�V 3

0,rated
�R2

FIGURE 5    |    Bar plots of CT and CP for the 16 cases in Table 1. Entries on each bar are the settings for each case. The top, middle, and bottom 
entries are for inflow turbulence intensity, the ratio between maximum surging velocity and inflow velocity, vmax, and the rotor-based reduced 
frequency, kD (see Equation 3).
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kD). This finding is in line with what has been reported by 
Ferreira et al. [18], where they conducted a comprehensive lit-
erature review on existing studies regarding surging FOWTs. 
Additionally, in agreement with the observations in Group a, 
the values of CT and CP show little variations with different 
inflow conditions.

Upon further examining the values of CT and CP, we observe 
that, with the exception of cases exhibiting larger vmax values 
(specifically, those with vmax = 0.44 where severe stalling occurs 
during the surging cycle as shown in Section 4.2), surging cases 
typically exhibit lower CT and slightly higher CP compared with 
the fixed case. This trend becomes more pronounced with larger 
vmax. Although simultaneously having lower CT and higher CP 
may seem contradictory according to one-dimensional mo-
mentum theory [52], this phenomenon can be attributed to the 
nonlinear response of fn and f� (normal and tangential forces 
of blade elements) to the changes of VS due to surging (see 
Figure 1). Detailed analysis and discussions of this phenomenon 
are provided in Section 4.3.

In Figure 7a1,a2, < CT > for the 12 cases in Group b is shown. 
These figures clearly demonstrate that < CT > fluctuates 

throughout the surging cycle in the surging cases, with larger 
vmax leading to more pronounced variations. Furthermore, 
< CT > is observed to be close to identical in both laminar and 
turbulent cases with identical surging settings, reaffirming 
that cycle-averaged rotor performance is almost unaffected by 
inflow turbulence. Notably, an upper limit for < CT > is ob-
served, and < CT > starts to decrease after reaching this limit 
during a surging cycle even though the apparent inflow ve-
locity seen by the rotor (V0,app) continues to increase. This is 
particularly in the cases with higher vmax (vmax = 0.44). This 
pattern suggests the occurrence of (static) stalling, a phenom-
enon that will be confirmed and discussed in more detail in 
Section 4.2.

Further observing the curves of < CT > in Figure 7a1,a2, it is 
found that they are almost in sync with the surging VS, where 
phase differences between < CT > and VS are minimal (note 
that VS = V0vmaxcos�S, see Equation (3)). This finding is con-
sistent with most of the existing literature [6, 10, 18]. However, 
subtle hysteresis (unsteady aerodynamic) effects are observed, 
especially when comparing the results of the two surging set-
tings with vmax = 0.44. To further explore this hysteresis phe-
nomenon, we plotted < CT > against VS for the laminar cases 

FIGURE 6    |    (a, b) < CT > and < CP > for cases of Group a, which they have a fixed or a surging rotor and subjected to different inflow conditions. 
Numbers enclosed by parentheses correspond to the case numbers in Table 1. The overshoots and undershoots for < CT > or < CP > of the surging 
cases are indicated with H+ and H−, respectively. These undershoots and overshoots are evaluated based on the neutral values (CT and CP of the 
fixed case).

FIGURE 7    |    < CT > for cases of Group b, where the cases have different surging settings and subjected to laminar or turbulent inflow conditions. 
(a1) Cases subjected to laminar inflows. (a2) Cases subjected to turbulent inflows (TI = 5.3%). (b) < CT > against VS for the laminar cases. VS,max is the 
maximum value of VS for a case, which is AS multiplied by �S. The loops go in the clockwise direction with respect to time advancement, as indicated 
by the arrows in the plot. The hollow markers indicate the quasi-steady predictions for < CT > with certain VS, which corresponds to the values of CT 
for case 1 or the auxiliary cases in Appendix C. The auxiliary cases are simulated with different V0, laminar inflow conditions, and a fixed rotor. The 
numbers enclosed by parentheses correspond to the case numbers in Table 1 or C1.
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in Groupb with the forms of hysteresis loops in Figure7b. 
Moreover, this figure is labeled with hollow markers indicat-
ing the values of quasi-steady predictions (QSP) for < CT >. 
These QSP are based on values of CT from case 1 in Table 1 
and the auxiliary cases (A1–A6) documented in Appendix C. 
The auxiliary cases are additional LES-ALM simulations with 
the setups same as case 1 (fixed-laminar) but with several dif-
ferent inflow velocities (V0) differ from V0,rated. Specifically, the 
values of these V0 are set to (1 ± vmax)V0,rated with vmax being 
0.11, 0.22, or 0.44, matching the maximum and minimum 
V0,app of a surging FOWT rotor would encounter for the cases 
in Table 1.

In Figure  7b, the markers of QSP effectively outline the gen-
eral shapes and the fluctuation amplitudes of the < CT > loops. 
However, subtle hysteresis effects are observed, especially prom-
inent around VS = 0.0 m/s, when a surging FOWT rotor experi-
ences maximum acceleration. These hysteresis effects become 
more pronounced with larger vmax and kD. And for the cases with 
the same values of vmax, stronger hysteresis effects are observed 
with the cases having higher kD. This observation highlights 
that the aerodynamic behavior of FOWTs under harmonic surg-
ing cannot be solely attributed to vmax. Instead, both vmax and kD 
influences the dynamics. To the best of our knowledge, we are 
the first to explicitly show that the hysteresis loading (< CT >) of 
an (uncontrolled) surging FOWT depends on both vmax and kD.

Further examining the values of < CT > as the curves pass 
through the point where VS = 0.0 m/s, we notice that the neutral 
value (values for the fixed case, marked by a star) does not fall 
consistently inside the < CT > loops. Our current study, based on 
the test matrix used, does not completely explain the observed 
phenomena. However, several hypotheses are proposed to ex-
plain the behavior in order to provide foundations for future 
research. Specifically, we believe that this behavior stems from 
the interplay between the effects of rotor-level dynamic inflow 
and blade-level unsteady aerodynamics [34]. As demonstrated 
by de Vaal et al. [51], the rotor-level dynamic inflow effect causes 
< CT > to lead ahead of VS due to axial induction lagging. In 
contrast, blade-level unsteady aerodynamic effects, as demon-
strated by Wen et al. [41] (referred to as blade-wake interaction 
by them), result in < CT > lagging behind VS due to the presence 

of shed vortices, which delay the changes of � at the blade (ac-
tuator line) elements. Note that the two mentioned effects have 
different characteristic timescales and respond nonlinearly to 
V0,app, dV0,app∕dt, and the evolution history of V0,app [34], adding 
layers of complexity to the already intricate system. In view of 
this, to further understand the complex dynamics at play, future 
research with dedicated efforts is recommended.

4.2   |   Angle of Attack

The main objective of this subsection is to confirm that the dips 
of the < CT > curves in Figure 7 are due to stalling and to pave 
the way for the analysis for CT and CP in the next subsection. 
Thus, even though a similar analysis has already been carried 
out in previous work [9, 14], the analysis of angle of attack � is 
still presented both for the reasons mentioned and for the com-
pleteness of the current study.

The stalling effects in this work are modeled using the static 
airfoil polar provided in the report of NREL 5MW turbine [20]. 
That is, stalling in this context specifically refers to static stall-
ing. Additional dynamic stall models are not implemented, as 
the chord-based reduced frequencies based on the surging mo-
tions mainly considered (kc = 0.5c�S∕Vrel) are generally very 
low for the outward blade span. Specifically, as �S = 0.63 rad/s, 
kc < 0.05 is satisfied from r∕R > 0.38 to the blade tip, which is 
sufficiently low to neglect the dynamic effects [34, 35]. Despite 
the absence of a dynamic stall model, most of the effects of un-
steady rotor aerodynamics, excluding the effects of the airfoil 
boundary layer, are resolved explicitly using ALM with LES.

As the apparent inflow velocity, V0,app, is sufficiently high to 
cause � of a blade section to surpass the stalling angle �stall (see 
Equation  10), that section will experience stalling. Generally 
speaking, stalling will result in decreasing the lift coefficient 
(Cl) and increasing the drag coefficient (Cd) of a blade section, 
consequently reducing < CT > and < CP > and eventually low-
ering the values of CT and CP. It should be noted that, in this 
study, stalling is modeled via the input airfoil polar data within 
the ALM framework. Therefore, only changes in Cl and Cd are 
considered, without accounting for additional complexities such 

FIGURE 8    |    Cycle-averaged angle of attack < 𝛼 > for cases with different surging settings under laminar inflow conditions. �stall refers to the angle 
of attack at which stalling starts to occur, and its profile for NREL 5MW baseline turbine is in Appendix D.
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as enhanced turbulence due to the boundary layer separation 
and the formation of leading-edge vortices.

Figure  8 illustrates the cycle-averaged angle of attack, < 𝛼 >, 
along the blade during a surging cycle based on �S. The figure 
includes three surging cases subjected to laminar inflow condi-
tions with varying values of vmax but identical kD (cases 5, 9, and 
10). The general behavior is depicted by presenting these cases, 
as � during a surging cycle is predominantly influenced by vmax 
rather than kD or inflow conditions. The fixed cases are not 
shown as their < 𝛼 > values are constant, and stalling is not ob-
served. In Figure 8, �stall refers to the angle of attack at which the 
(first local) maximum of Cl is reached, and the profile of �stall for 
NREL 5MW along its blade span can be found in Appendix D. 
Note that the variation in airfoil geometries along the blade 
span leads to abrupt changes in < 𝛼 > ∕𝛼stall along the blade, as 
seen in the figure. The values of < 𝛼 > are observed to be larger 
around �S = 1.0�, coinciding when V0,app are higher. Moreover, 
the variability of < 𝛼 > increases with larger vmax, indicating 
more severe stalling in cases with higher vmax. Furthermore, 
this analysis confirms that stalling predominantly occurs near 
the blade root, as expected, because varying Vn,app has more pro-
found impacts on inflow angle � close to the root as Ωr is smaller 
there (see Equation 10). The alignment of the stalling timings 
with the dips of < CT > for the surging cases with vmax = 0.44 at 
�S = 1.0� (as shown in Figure  7a1,a2) solidifies the statement 
that (static) stalling is responsible for these reductions.

4.3   |   Discussions About the Curves of < CT > 
and < CP >

While < CT > and < CP > for the surging cases that do not expe-
rience severe stalling (when vmax ≤ 0.22) may superficially ap-
pear to follow simple harmonic curves, as shown in Section 4.1, 
their actual dynamics are much more complex, preventing 
straightforward analytical interpretations. However, this com-
plexity makes the surging cases simultaneously exhibit lower CT 
and higher CP compared with the fixed cases. Note that both 
lower CT and higher CP are desirable for a wind turbine rotor 
[53], while achieving the two at the same time is contrary to 
common perception. This trend has also been previously found 
in Rezaeiha et al. [9] and Chen et al. [12], but no previous work 
has explicitly addressed this particular finding. Here, analyti-
cal expressions are derived for how < CT > and < CP > would 
vary against the surging motions under certain assumptions. We 
also examine how < CT > and < CP > are influenced by surging 
motions throughout the entire surging cycle based on the CFD 
simulations and seek to elucidate the interplay of the surging 
velocity VS, apparent normal velocity Vn,app, relative velocity Vrel, 
inflow angle �, and angle of attack � (see Figure 1).

4.3.1   |   Analytical Derivation of < CT > and < CP > 
Under Surging Motion

To initiate the analysis, we introduce the apparent thrust and 
power coefficients, denoted by Capp

T
 and Capp

P
, respectively. These 

coefficients are linked to the instantaneous rotor thrust (T) and 
power (P) through the apparent inflow velocity seen by the rotor 
(V0,app), as defined in Equation (17). 

If Capp

T
 and Capp

P
 match the values of CT and CP for the fixed cases 

and were constant throughout the surging cycle, the corresponding 
CT and CP for the surging cases would be higher than those of the 
fixed rotor case, as analyzed by Johlas et al. [7] (see Equations 19 
and 21, where TS denotes the period of harmonic surging motion). 
Furthermore, the hypothesis states that for surging cases with a 
larger vmax, the values of CT and CP will be more elevated. However, 
this hypothesis does not align entirely with our observed data, as 
illustrated in Figure 5. In our study, CT for all the surging cases are 
found to be lower than those for the fixed cases, and the cases with 
larger vmax have further lower CT, contradicting the predictions 
of Equation (19). This discrepancy implies that the assumption of 
C
app
T

 and Capp
P

 being constants throughout the surging cycle does 
not hold. Therefore, the procedures for calculating fn and f� at ac-
tuator line points (as outlined in Equations (9) and 10) should be 
closely reviewed. Nevertheless, as V0,app are influenced by surging 
motions in the simulations, the operational conditions (such as Ω) 
do not adjust accordingly to maintain the tip speed ratio �, which 
causes the � of the rotor to drift away from �rated, and thus affects 
the values of Capp

T
 and Capp

P
 [52]. 

4.3.2   |   Actual Behaviors of < CT > and < CP > Under 
Surging Motion Based on the Simulation Results

Here, we analyze how T and P are influenced by the surging mo-
tion based on the setups and the results of the simulations. For 
a surging rotor, an increase in Vn,app leads to a larger �, which 
in turn results in a greater �, as indicated in Equation  (10). A 
combination of higher Vn,app, and larger � would result in a 

(17)

C
app
T

≜ T
1

2
�V 2

0,app
�R2

=CT

(
V 2
0,rated

V 2
0,app

)
,

C
app
P

≜ P
1

2
�V 3

0,app
�R2

=CP

(
V 3
0,rated

V 3
0,app

)

(18)

For vmax>0: CT =
1

TS

Ts

∫
0

C
app
T

(
V 2
0,app

V 2
0,rated

)

�����������������
CT

dt=
1

TS

Ts

∫
0

C
app
T
(1−vmaxcos 𝜔St)

2 dt

(19)IfC
app
T

is constant: CT = C
app
T

(
1 +

v2max
2

)
> C

app
T

(20)

For vmax>0: CP =
1

TS

Ts

∫
0

C
app
P

(
V 3
0,app

V 3
0,rated

)

�����������������
CP

dt=
1

TS

Ts

∫
0

C
app
P
(1−vmaxcos 𝜔St)

3 dt

(21)IfC
app
P

is constant: CP = C
app
P

(
1 +

3v2max
2

)
> C

app
P
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stronger lift L therefore a higher thrust T and power P if severe 
stalling does not occur. However, changes in Vn,app will also alter 
�, therefore the lift force vector, as described in Equation (22). 
Basic trigonometry shows that an increase in � reduces the nor-
mal component contributing to T through the cos� term. On the 
other hand, an increase in � enhances sin�, thus increasing the 
tangential component contributing to P. Consequently, when 
Vn,app > Vn (e.g., V0,app > V0), the increase of T is less aggressive 
than the increase of P, because vector L is projected less to the 
normal component but more to the tangential component. On 
the contrary, when Vn,app < Vn, the thrust force decreases less ag-
gressively than P, as the lift force vector is projected more to the 
normal component. Although these effects may initially appear 
to offset each other for a complete surging cycle, the simulation 
results suggest that the period when Vn,app exceeds Vn plays a 
more significant role in time-averaging T and P. This is indi-
cated in Figure  6, which shows that H+ for < CT > is smaller 
than that of H−, while H+ for < CP > is larger than its H−. This is 
related to the fact that the magnitude of L has a quadratic rela-
tion to Vn,app, as shown in Equations (9) and 10. Up to this point, 
the reason for a surging rotor to simultaneously have lower CT 
and higher CP compared with a fixed rotor has been explained. 

For simulations that experience severe stalling (the cases with 
vmax = 0.44), the magnitude of the lift force, |L|, is reduced based 
on the inputted airfoil polar, leading to a decrease in both T and 
P, and thus lowering both CT and CP. Note that the values of CT 
and CP for simulations that experience severe stalling is the lowest 
among all the cases considered in this study, as demonstrated in 
Figure 5. Therefore, we conclude that the surging motion could 
favor both the thrust and power if severe stalling does not occur.

5   |   Result and Discussion on Wake Characteristics 
and Wake Structures

This section explores the wake characteristics and wake struc-
tures of the simulation cases listed in Table 1. In Section 5.1, we 
present and discuss the results of the time-averaged streamwise 
velocity u and its disk-averaged uDisk (the latter being the area-av-
eraged of u within a radius r < R) to outline the general wake 
characteristics. The detailed analysis of u profiles at specific x

-positions is confined to the cases in Group a, as the cases in 
Group  b exhibit broadly similar characteristics. Conversely, 
the examination of uDisk encompasses all the 16 cases listed in 
Table 1, which provides insights into the effects of inflow tur-
bulence intensity (TI), surging settings, and their interplay on 
wake recovery. Analysis of uDisk is divided into two parts based 
on Group a and Group b, paralleling the approach taken for the 
analysis of CT and CP in Section 4.1. Subsequently, in Section 5.2, 
wake structures are depicted through contour plots of selected 
field quantities for the four cases in Group c, where surge-in-
duced periodic coherent structures (SIPeCS) are identified. The 
general impacts of inflow TI, surging settings, and their inter-
play on wake structures are presented and discussed based on 
the contour plots. Next, Section 5.3 delves into SIPeCS, where 
they are analyzed in detail with qualitative and quantitative 
analysis. Significantly, the findings in this subsection imply that 
the primary mechanisms that drive faster wake (energy) recov-
eries in surging cases are attributed to the enhanced advection 
process. This discovery challenges long-believed hypotheses. 
Traditionally, it has been suggested that the faster wake recov-
ery of surging FOWT rotors is attributed to enhanced turbulent 
mixing, and this mixing was thought to stem from the quicker 
wake breakdown triggered by the instabilities introduced by the 
surging motion [4, 12–14]. Lastly, to provide evidence that could 
challenge the common belief mentioned before, a term-by-term 
analysis of the flow kinetic energy entrains into the wakes is 
conducted in Section 5.4 with the cases of Group c. The findings 
in the subsection support the claim, showing that the enhanced 
advection process is the main cause of the faster wake recovery 
for the surging FOWT.

5.1   |   General Wake Characteristics With 
Time-Averaged Streamwise Velocity Profiles

5.1.1   |   Time-averaged Streamwise Velocity Profiles u

The time-averaged streamwise velocity profiles, denoted as u, 
for the eight cases within Group a are plotted at several down-
stream sections in Figure 9. The analysis begins by examining 
the two laminar cases (cases 1 and 5), specifically to highlight 
the impact of surging motions under laminar inflow conditions. 
It is then followed by an evaluation of the turbulent cases (cases 
2–4, and 6–8) to explore the impact of surging motions with the 
presence of inflow turbulence. The analysis also includes a com-
parative study between the laminar and turbulent cases, aiming 

(22)

L= |L|cos � ên+ |L|sin � ê� , where: �=arctan

(
Vn,app

−Ωr+V�

)

FIGURE 9    |    Profiles of u at different x∕D for fixed or surging rotor with different inflow TI. (a) x∕D = 3, (b) x∕D = 5, (c) x∕D = 8. The case numbers 
are labeled in parentheses.
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to understand the combined effects of inflow conditions and 
surging settings on profiles of u.

The analysis indicates that the two laminar cases, one with a 
fixed rotor and the other with a surging one, display relatively 
similar u profiles at x∕D = 3. However, there are notable con-
trasts at x∕D = 8. At this downstream point, the u profile for the 
surging-laminar case exhibits significant recovery, diverging 
markedly from the fixed-laminar case, which continues to show 
a profile similar to those at upstream locations.

Moving to the other six turbulent cases, similar to the previous re-
search [15, 16], it is clear that these cases exhibit more pronounced 
recoveries in their u profiles compared with the laminar cases, and 
the cases having higher inflow TI recover faster. Furthermore, the 
u profiles of the fixed and surging cases with identical inflow TI 
are very similar for all downstream sections, and all u profiles 
eventually appear in Gaussian shapes by x∕D = 8. This similar-
ity suggests that the wake aerodynamics of the turbulent cases are 
less affected by the surging motion than that of the laminar cases. 
However, a closer inspection of Figure 9 reveals that the u profiles 
for the surging cases (cases 6–8), in general, are marginally higher 
than those for the fixed cases (cases 2–4). Nevertheless, these dif-
ferences are less pronounced than those attributed to changing 
inflow TI. This observation suggests that when subjected to tur-
bulent inflow conditions, the strengths of inflow TI dominate in 
shaping the u profiles, and the effects of surging motion are much 
reduced by the ambient turbulence.

5.1.2   |   Mean Disk-Averaged Streamwise Velocity uDisk

5.1.2.1   |   Impact of Surging Effects With Various 
Inflow TI.  Figure  10a displays the profiles of the mean 
disk-averaged streamwise velocity, uDisk, plotted along the x

-direction for the eight cases in Group a. The analysis begins 
with the two laminar cases, followed by the other six turbulent 
cases, and concludes with a comprehensive investigation 
encompassing the eight cases together.

First, the comparison between the two laminar cases, one 
with a surging rotor (case 5) and the other with a fixed rotor 
(case 1), reveals profound discrepancies in the uDisk profiles. 
For the surging case, uDisk increases with larger x∕D. While for 
the fixed case, uDisk remains relatively constant. Consequently, 
the value of uDisk at x∕D = 8 for the surging case is signifi-
cantly higher compared with that for the fixed case, and this 
is consistent with the analysis of the u profiles performed 
previously. The results here indicate that surging motion trig-
gers substantial wake recovery when inflow turbulence is ab-
sent, contrasting with the minimal recovery observed in the 
fixed-laminar case.

Next, the other six turbulent cases are analyzed, covering both 
the fixed cases (cases 2–4) and the surging cases (cases 6–8). 
All these six cases demonstrate more pronounced recoveries 
in their uDisk profiles compared with their laminar counter-
parts. Additionally, cases with higher inflow TI demonstrate 
faster recovery rates, corroborating previous studies [15, 16]. 
Furthermore, the uDisk profiles of the fixed and surging cases 
subjected to turbulent inflow conditions become very similar 
when sharing the same inflow TI. This observation is in sharp 
contrast to the laminar cases.

The relative differences of uDisk between the surging and fixed 
cases for different inflow conditions are given in Table 4. When 
the inflow conditions are laminar, it can be seen that uDisk for the 
surging case at x∕D = 5 and 8 are 18.8% and 34.7% higher than 
the fixed case. However, these gains are substantially reduced as 
the inflow conditions are switched to turbulent, where the gains 

FIGURE 10    |    uDisk along x-direction for cases in Table 1. (a) Cases of Group a, where F. and S. appear in the labels that stand for fixed or surging. 
(b1) Cases of Group b with laminar inflow conditions. (b2) Cases of Group b with turbulent inflow conditions (TI = 5.3%). The case numbers are 
labeled in parentheses.

TABLE 4    |    The ratios of uDisk for the surging cases over the fixed cases when subjected to different inflow TI at x∕D = 3, 5, and 8.

uDisk, surging∕uDisk, fixed Laminar TI = 2.7% TI = 5.3% TI = 11.6%

x∕D = 3 108.52% 100.82% 99.70% 101.13%

x∕D = 5 118.83% 101.41% 102.84% 100.63%

x∕D = 8 134.70% 102.31% 100.80% 100.64%
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in uDisk for the surging cases are down to merely around 0.5 ∼ 2% 
at x∕D = 5 and 8. Although the gains in uDisk due to surging are 
relatively mild for turbulent cases, surging cases already exhibit 
higher values for CP (see Figure 5). Notice that both the larger 
uDisk and the higher CP are advantageous for enhancing the 
overall power output at the wind farm level.

5.1.2.2   |   Impact of Surging Settings Under Laminar 
or Turbulent Inflow Conditions.  uDisk for the twelve 
cases in Group b are plotted with Figure 10b1,b2. Specifically, 
Figure  10b1 plots the six laminar cases (cases 1, 5, and 9–12) 
and Figure  10b2 plots the six turbulent cases with inflow TI 
= 5.3% (cases 3, 7, and 13–16).

In the analysis of the six laminar cases presented in Figure 10b1, 
it is evident that surging motions facilitate the recovery of uDisk. 
Specifically, cases with a larger vmax exhibit higher uDisk up till 
x∕D = 6. This trend suggests a correlation between the uDisk pro-
files and vmax, with larger values of vmax leading to increases in 
uDisk. Interestingly, beyond x∕D ≥ 7, the values of uDisk for these 
cases appear to converge toward a similar level, a phenomenon 
also observed and reported by Chen et al. [12].

In the analysis of the six turbulent cases shown in Figure 10b2, 
the differences in uDisk between the fixed and surging cases are 
notably less pronounced compared with the cases subjected to 
laminar inflow conditions. However, it is observed that values 
of uDisk are slightly higher in the surging cases than in the fixed 
cases. Furthermore, there is a tendency for uDisk to be higher 
with larger vmax, indicating that cases with larger vmax have 
faster wake recovery.

5.2   |   Wake Structure With Contour Plots 
of Velocity and TKE Fields

This subsection provides a comprehensive overview of the 
impacts of inflow conditions, surging settings, and their in-
terplay on wake structures with contour plots of the selected 
fields. To maintain focus and clarity, the analysis is confined 
to four representative cases in Group c, which are cases 1, 3, 
5, and 7. These four cases represent the four pivotal dimen-
sions of this study, namely, fixed-laminar, surging-laminar, 
fixed-turbulent, and surging-turbulent. The key features dis-
cerned from these cases indicate general trends that apply to 

all 16 cases listed in Table 1. The fields selected for detailed 
examination include instantaneous streamwise velocity (u), 
phase-averaged streamwise velocity (< u>0𝜋), and phase-aver-
aged turbulent kinetic energy (<TKE>0𝜋). By examining these 
cases and fields, surge-induced periodic coherent structures 
(SIPeCS) can be identified for cases subjected to both laminar 
and turbulent inflow conditions.

5.2.1   |   Instantaneous Streamwise Velocity Fields u

The instantaneous contours of streamwise velocity u for cases 
of Group c in Table 1 are displayed in Figure 11. All snapshots 
are captured at �S = 0.0�, where the rotor moves along the 
freestream. These snapshots effectively capture the fine struc-
tures of wakes, including the detailed influences of tip and root 
vortices.

Firstly, attention is directed to the two laminar cases depicted 
in Figure  11. The snapshots reveal that the wake structures 
in the fixed-laminar case are relatively homogeneous in the 
streamwise direction, and the fluctuations appear only after 
x∕D = 6.5. In contrast, the surging-laminar case exhibits no-
ticeable periodic structures within its wake, distinguishing it 
from the fixed-laminar case. These periodic structures closely 
resemble those identified in the study by Kleine et al. [13], where 
they focused on investigating surging rotors under laminar 
inflow conditions. We refer to these periodic coherent struc-
tures as Surge-Induced Periodic Coherent Structures (SIPeCS), 
with an example set highlighted by the dashed magenta box in 
Figure 11. Note that a set of SIPeCS in case 5 of Figure 11 results 
from a complete surging cycle. SIPeCS can be more effectively 
visualized and further examined through phase-averaged fields, 
such as < u>0𝜋 and < 𝜔y >0𝜋 fields, as will be explored with com-
prehensive discussions and analysis in the subsequent sections 
(see Figures 12 and 14).

Next, the analysis turns to the two turbulent cases. In con-
trast to the laminar cases, the instantaneous wake systems of 
the surging-turbulent case (case 7) closely resemble those of 
the fixed-turbulent case (case 3), as can be seen in Figure 11. 
Note that this comparison is deemed valid as the inflow con-
ditions are guaranteed to be identical as synthetic turbulent 
inflow conditions are used (see Section 2.2). The resemblance 
between the instantaneous wake structures of fixed-turbulent 

FIGURE 11    |    Contour plots of instantaneous streamwise velocity fields u for the cases in Group c. Magenta dashed-line box in case 5 encloses an 
example set of SIPeCS. The inflow conditions (TI) and surging settings (vmax and kD) are labeled at the top left of each panel, while the case numbers 
are labeled on the right.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2949 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwe.2949&mode=


15 of 27

and surging-turbulent cases suggests that the instantaneous 
wake structures are predominantly influenced by the in-
flow turbulence rather than the surging motion of the rotor. 
Additionally, the general characteristics observed with the 
time-averaged flow properties of the wakes, particularly 
in terms of u and uDisk reported in Section  5.1, also exhibit 
a high degree of similarity between the fixed-turbulent and 
surging-turbulent cases. This observation reinforces the no-
tion that the impacts of FOWT motions on wake properties are 
significantly diminished by the presence of inflow turbulence, 
and these findings are consistent with previous research on 
FOWT subjected to motions [17, 54].

5.2.2   |   Phase-Averaged Streamwise Velocity Fields 
< u>0𝝅

The phase-averaged streamwise velocity fields as �S = 0.0� (and 
�Ω = 0.0�), denoted as < u>0𝜋, for the cases in Group c are pre-
sented in Figure 12. The methodology of phase-averaging and 
its rationale are elaborated in Section 2.1.

We have also performed proper orthogonal decomposition 
(POD) analysis based on phase-locking fields. However, we 
have concluded that analysis based on phase-averaged fields is 
sufficient and as representative as the mode shapes from POD 
analysis, which will be further explained. After performing 
POD analysis, it is found that the mode energy fractions cor-
responding to the mean of the phase-locking fields (which are 
the phase-averaged fields) are significantly predominant. They 
are about 50 or 5 times larger than the modes with the second 
highest mode energy fractions for the surging-laminar and the 
surging-turbulent cases, respectively. Moreover, the energy 
fractions of subsequent modes gradually and slowly decrease, 
and the mode shapes related to the phase-averaged fields are 
the only modes with distinctive patterns in the wake, whereas 
all the others have relatively disordered patterns. This analysis 
and observation are detailed in Li [37]. Consequently, instead of 
focusing on the mode shapes from the POD analysis, we have 
chosen to concentrate on the phase-averaged fields for a more 
straightforward understanding.

Upon examining the contour plots of < u>0𝜋 for the two laminar 
cases in Figure 12, it is found that the < u>0𝜋 fields here and 
the u fields in Figure 11 are almost identical. In the fixed-lam-
inar case, both the u and < u>0𝜋 fields are homogeneous in the 

streamwise direction. In the surging-laminar case, SIPeCS can 
be found at exactly the same positions in both u and < u>0𝜋 field. 
This striking similarity between the u and < u>0𝜋 fields suggests 
that the velocity fields for the laminar cases are highly repeat-
able with respect to both �S and Ω.

In the < u>0𝜋 fields for the two turbulent cases appear in 
Figure 12, the effects of the tip and root vortices are found to be-
come more observable and resemble those of the laminar cases. 
This observation demonstrates the effectiveness of phase-aver-
aging in revealing repeating flow structures with certain peri-
ods by averaging out the noise of inflow turbulence. Particularly 
noteworthy is the < u>0𝜋 field for the surging-turbulent case, 
where SIPeCS are revealed after phase-averaging. Note that 
SIPeCS are not found in the instantaneous velocity fields of the 
surging-turbulent case shown in Figure  11. The SIPeCS ob-
served in the surging-turbulent case share similar features to 
those in the surging-laminar case, albeit being more blurred and 
exhibiting a faster decay. The presence of SIPeCS in the < u>0𝜋 
field of the surging-turbulent case suggests that the effects of 
surging on wake structures persist when subjected to turbulent 
inflow conditions, even if not immediately evident in the instan-
taneous fields. To the best of our knowledge, when subjected to 
turbulent inflow conditions, we are the first to uncover that the 
wake structures of a surging rotor are systematically different 
from those of a fixed rotor. This discovery is important to the 
offshore wind community, as it indicates that wake interaction 
among the FOWTs clustered in wind farm scenarios may differ 
significantly from those of bottom-fixed counterparts. However, 
in the current work, we do not elaborate on how the downstream 
FOWTs are influenced by SIPeCS, as we only focus on the iso-
lated rotor scenario. A further analysis of SIPeCS is presented 
later in Section 5.3.

5.2.3   |   Phase-Averaged Turbulent Kinetic Energy Fields 
<TKE >0𝝅

Various studies have indicated that the surging motion of a 
FOWT rotor induces instabilities in its wake, promoting the 
breakdown of larger-scale vortex structures into smaller scales 
[4, 12–14]. Conventionally, faster breakdown of wake structures 
caused by this process is believed to lead to an increase of TKE 
in the wake of a FOWT rotor, thus facilitating quicker wake re-
covery [12, 14]. Motivated by this conventional hypothesis, we 
explore the additional randomness introduced into the wake due 

FIGURE 12    |    Contour plots of phase-averaged streamwise velocity fields < u>0𝜋 for the cases in Group c. Magenta dashed-line boxes enclose the 
example sets of SIPeCS for the surging cases. The inflow conditions (TI) and surging settings (vmax and kD) are labeled at the top left of each panel, 
while the case numbers are labeled on the right.
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to surging motions. Note that randomness is a key essence of 
turbulent mixing.

To investigate the extent of random fluctuation of velocity fields, 
we focus on the phase-averaged TKE (<TKE >0𝜋) fields, which 
are presented in Figure  13. The definition of <TKE >0𝜋 is in 
Section 2.1. The key idea about using <TKE >0𝜋 instead of con-
ventional TKE is that <TKE >0𝜋 effectively filters out the fluctu-
ations attributable to major periodicities. This ensures that the 
fluctuations being analyzed are predominantly random. In this 
study, the significant periodicities include surging motions and 
the rotation of the FOWT rotors. That is, the periods correspond 
to �S and Ω.

Firstly, we examined the <TKE >0𝜋 fields of the two lami-
nar cases. Surprisingly, both the fixed and the surging cases 
exhibit very low <TKE >0𝜋 values, except in the very down-
stream regions. Note that very low <TKE >0𝜋 fields are also 
found in the other laminar cases with different surging set-
tings. More interestingly, higher <TKE >0𝜋 values emerge 
earlier in the x-axis for the fixed-laminar case than in the 
surging-laminar case, following the implications of the re-
sults reported by Fang et al. [55]. This indicates that despite 
the complex wake structures observed in the surging-laminar 
case (see Figures 12 and 14), our findings show that its flow 
field is highly periodic and repeatable concerning the surging 
period. (Note that <TKE >0𝜋 has very low values even around 
the immediate vicinity of the rotors in both laminar cases, 
and this is because the simulations are conducted with ALM, 
where the boundary layers around the rotor geometry are not 
calculated/modeled and thus missing additional turbulent in-
jections [16].) Furthermore, <TKE >0𝜋 fields are found to be 
correlated with larger vmax and kD, where larger vmax and kD 
result in lower <TKE >0𝜋 fields. Lower values in <TKE >0𝜋 
fields imply that the considered surging motions stabilize the 
phase-averaged flow fields and delay the wake breakdown, 
and stronger stabilization effects are observed at larger vmax 
and higher kD. Crucially, the low <TKE >0𝜋 values in the surg-
ing-laminar case clarify that surging motions do not inject 
additional randomness into the flow fields. Therefore, the 
mechanism for faster wake recovery in the surging-laminar 
case is not attributable to increased randomness, and it is pro-
posed that the faster wake recovery is due to the enhanced 
mixing caused by advection induced by SIPeCS. This will be 
further elaborated in the later sections (Sections 5.3 and 5.4).

Next, <TKE >0𝜋 fields for the two turbulent cases are investi-
gated. Generally, <TKE >0𝜋 fields are similar both in patterns and 
strengths for the two turbulent cases, and the values at regions 
before the FOWT rotor reflect the inflow turbulence intensity of 
TI = 5.3% (equivalent to TKE∕V 2

0
= 0.0042). In both cases, the ef-

fects of tip and root vortices are apparent within the <TKE >0𝜋 
fields. Moreover, similar to the < u>0𝜋 fields, periodic structures 
related to SIPeCS are once again observable in the surging-turbu-
lent case, whereas they are absent in the fixed-turbulent case. It is 
also noteworthy that when the <TKE >0𝜋 fields are looked along-
side the < 𝜔y >0𝜋 fields, as displayed in Figure 14 in later section, 
regions with increased <TKE >0𝜋 coincide with areas with stron-
ger < 𝜔y >0𝜋. This correlation indirectly suggests that inflow tur-
bulence interacts with the vortical structures of SIPeCS.

5.3   |   Surge-Induced Periodic Coherent Structures 
(SIPeCS)

This section specifically focuses on delving deeper into the 
surge-induced periodic coherent structures (SIPeCS) discovered 
in Section 5.2. To begin with, the contour plots of the phase-av-
eraged y-component vorticity (out-of-plane), < 𝜔y >0𝜋, for all 16 
cases in Table  1 are presented and discussed in Section  5.3.1. 
This discussion explores how various inflow conditions and 
surging settings, including their interplay, influence the general 
characteristics of SIPeCS through qualitative visual analysis. 
Subsequently, in Section 5.3.2, we extend our focus to quanti-
fying the impact of SIPeCS on the wake systems of the cases 
considered. This is achieved by calculating the phase-averaged 
circulation fields, < Γ>0𝜋, based on the phase-averaged velocity 
(< u>0𝜋 and < w>0𝜋). This subsection provides a quantitative 
methodology for locating the positions of SIPeCS and measuring 
their strengths. It is important to note that, according to Stokes' 
theorem, < Γ>0𝜋 and < 𝜔y >0𝜋 are tightly linked.

5.3.1   |   Phase-Averaged y-Component (Out-of-Plane) 
Vorticity Fields

The phase-averaged y-component (out-of-plane) vorticity fields 
< 𝜔y >0𝜋 are presented in Figure 14. This presentation includes 
all 16 cases in Table 1 to facilitate comprehensive comparisons. 
The structure of this subsection for discussing < 𝜔y >0𝜋 fields is 
outlined as follows. Initially, the focus is mainly on one case, 

FIGURE 13    |    Contour plots of phase-averaged turbulent kinetic energy <TKE >0𝜋 for the cases in Group c. Locations of the magenta dashed-line 
boxes in the plots are identical to those in Figure 12, which correspond to the positions of the example sets of SIPeCS. The inflow conditions (TI) and 
surging settings (vmax and kD) are labeled at the top left of each panel, while the case numbers are labeled on the right.
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the surging-laminar case (case  5), to provide an overview of 
the vortical structures representing SIPeCS. This part of the 
analysis includes delving into the formation of SIPeCS during 
a surging cycle, primarily utilizing the vorticity field for the in-
vestigation. Next, the analysis proceeds with the four fixed cases 
in Group a, which are subjected to different inflow TI. Here, 
the general wake structures and vortex systems of a fixed wind 
turbine rotor are reviewed, providing a baseline understanding 
of typical wake structures for a wind turbine rotor. Then, the 
attention is turned to the four surging cases in Group a. The 
primary objective here is to explore the influence of inflow TI 
on SIPeCS. Our findings reveal that SIPeCS dissipates more 
quickly in environments with higher inflow TI. Subsequently, 
the laminar cases in Group b are studied. Observations indicate 
that under laminar inflow conditions, the patterns of SIPeCS are 
predominantly influenced by the surging frequency �S, with less 
pronounced effects from surging amplitude AS. Lastly, the tur-
bulent cases in Group b are examined. The results demonstrate 
that larger AS makes SIPeCS patterns more prominent under 
turbulent inflow conditions. Similarly to the laminar cases, the 
impacts of �S are primarily observed in spatial repetition rates.

5.3.1.1   |   Overviewing SIPeCS With < 𝝎y>0𝝅 Fields.  Here, 
the formation processes and structures of SIPeCS are delved 
into using the < 𝜔y >0𝜋 field. By examining the contour plot 
of < 𝜔y >0𝜋 for case 5 (surging-laminar) in Figure  14, large 
and strong periodic vortical structures are observed in the wake 

(see the magenta dashed-line box in the figure). It should be 
noted that while these structures are depicted in pairs in the 2D 
contour plots, they are in the form of rings in 3D space. Due to 
the clear characteristics of these vortical structures, throughout 
the rest of this work, the term SIPeCS specifically refers to these 
ring-like vortical structures.

The formation of SIPeCS involves the merging of tip vortices 
through a rolling-up process. In most cases studied here, de-
pending on the surging settings, the tip vortices released within 
a complete surging cycle merge to form a single set of SIPeCS. 
This merging process is triggered by the imbalances in the in-
duction fields of consecutive tip vortices because surging mo-
tions make the distances between the consecutive tip vortices 
nonuniform. This tip vortices merging process has previously 
been reported by Kleine et al. [13].

The high magnitudes of < 𝜔y >0𝜋 observed for these SIPeCS 
indicate significant swirling motion around them. The sign of 
these vortical structures within the SIPeCS indicates that their 
induction fields are slowing down the flow inside the wake 
in the streamwise direction while simultaneously accelerat-
ing the flow outside the wake. This behavior aligns with the 
observations from the < u>0𝜋 fields presented in Figure  12. 
Furthermore, these vortical structures suggest a dynamic inter-
action between the flow inside and outside the wake, where the 
flow outside the wake is being advected into the wake and vice 

FIGURE 14    |    Contour plots of phase-averaged y-component vorticity < 𝜔y >0𝜋 for all the 16 cases in Table 1. Locations of the magenta dashed-line 
boxes indicating the example sets of SIPeCS in cases 5 and 7 are identical with those of Figure 12. The inflow conditions (TI) and surging settings 
(vmax and kD) are labeled at the top left of each panel, while the case numbers are labeled on the right.
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versa. This exchange of flow can be confirmed with the fields of 
phase-averaged spanwise velocity, denoted as < w>0𝜋, displayed 
in Figure E1. Note that this exchanging process is advantageous 
for wake recovery, as the flow with higher streamwise velocity is 
brought into the wake, enhancing the momentum exchange and 
the energy entrainment.

5.3.1.2   |   The Fixed Cases With Different Inflow TI 
(Group a).  For the four fixed cases (cases 1-4) in Group a , 
the distributions of < 𝜔y >0𝜋 are similar to those reported 
by previous works [15, 16]. Regions with higher magnitudes 
are mainly concentrated at the regions behind the tips and roots, 
accounting for the released trailing (tip and root) vortices. As 
observed in Figure14, the tip vortices in these fixed cases tend 
to smear and merge shortly after being released, forming strips 
of concentrated < 𝜔y >0𝜋. Moreover, with increasing inflow 
TI, the strengths of these strips, which are formed by trailing 
vortices, decay faster. However, even with the highest inflow 
TI considered, these strips remain evident for at least 2D 
downstream from the rotor.

5.3.1.3   |   The Surging Cases With Different Inflow 
TI (Group  a).  For the four surging cases (cases 5-8) that 
share identical surging settings, the < 𝜔y >0𝜋 fields exhibit 
not only trailing vortices but also the vortical structures 
of SIPeCS which have been introduced and briefly discussed 
earlier. Examples of these SIPeCS are highlighted within 
the magenta dashed-line boxes in Figure 14.

In the surging case subjected to laminar inflow (case 5), differ-
ent from the fixed-laminar case (case 1), the released tip vortices 
right after the rotor is not lined up straight but are distorted. 
This distortion results from imbalances in the induction forces 
among consecutive tip vortices. As previously discussed, these 
imbalances play a crucial role in the merging process of the tip 
vortices, leading to the formation of SIPeCS.

Moving to the three remaining turbulent cases with a surging 
rotor, it is apparent that the general features of the < 𝜔y >0𝜋 
fields, including the presence of vortical structures of SIPeCS, 
are similar to those observed in the surging-laminar case (case 
5). This observation indicates that the mechanisms to form 
SIPeCS are relatively consistent and remain largely unaffected 
by the inflow turbulence. However, as expected, the clearness 
of tip/root vortices and SIPeCS tends to decrease with increased 
inflow TI. Additionally, the locations where SIPeCS become 
less discernible shift closer to the rotor with higher inflow TI. 
This trend reveals that the inflow TI directly influences the per-
sistence of SIPeCS.

5.3.1.4   |   The Laminar Cases With Different Surging 
Settings (Group  b).  Turning the attention to the impacts 
of surging settings on SIPeCS, < 𝜔y >0𝜋 fields of the six 
laminar cases in Group b, encompassing cases 1, 5, and 9-12, 
are examined. In these cases, with the exception of case 11, each 
set of vortical structures in the < 𝜔y >0𝜋 fields for the surging 
laminar cases results from the merging of tip vortices within a 
complete surging cycle. Consequently, the periodicity of these 
vortical structures (SIPeCS) aligns exactly with the surging 
frequency �S. However, in the laminar case with kD = 3.5 (case 

11), the formation of vortical structures deviates from this 
pattern. Instead of forming a single set of vortical structures 
per surging cycle, two sets are formed, one stronger (e.g., 
between x∕D = 2.8 and x∕D = 3.2) and another weaker (e.g., 
between x∕D = 3.5 and x∕D = 3.8), highlighting the complexity 
of the dynamics for SIPeCS formation. Additionally, it is 
observed that cases with higher kD tend to form their SIPeCS 
closer to the rotor.

Regarding the impacts of surging amplitude AS, three laminar 
cases with the same kD but varying vmax (identical �S but varying 
AS) are reviewed (cases 5, 9, and 10). Despite significant differ-
ences in rotor performance, the general patterns of SIPeCS in 
these cases are similar.

5.3.1.5   |   The Turbulent Cases With Different Surging 
Settings (Group b).  Shifting the focus toward the six turbulent 
cases in Group b (cases 3, 7, and 13-16), we observe that inflow 
turbulence generally affects SIPeCS like that mentioned in 
Group a, predominantly by blurring these structures. However, 
unlike in the laminar cases in Group  b, where the impacts 
of variations in AS are less discernible, the turbulent cases in 
Group  b reveal that values of AS have pronounced effects. 
Specifically, for the turbulent cases with an identical value of kD 
but different vmax, SIPeCS will appear in more defined forms 
for the cases with larger vmax. This observation suggests that 
a larger AS exerts a stronger influence on the wake structures 
for the six considered turbulent cases.

5.3.2   |   Quantification of SIPeCS and Its Analysis

In the previous subsection, SIPeCS are qualitatively evaluated 
with the contour plots of < u>0𝜋 and < 𝜔y >0𝜋 fields (Figures 12 
and 14). In this subsection, the quantitative assessments of 
SIPeCS about their positions and strengths are provided, which 
are based on the calculated phase-averaged circulation fields, 
< Γ>0𝜋. The idea is to characterize SIPeCS by identifying the lo-
cations and strengths of < Γ>0𝜋,max, which is the local maximum 
of < Γ>0𝜋. The calculation of < Γ>0𝜋 is performed using circular 
rings with the same radius rΓ. The mathematical formulation of 
< Γ>0𝜋 is detailed in Equation (23). Utilizing Stokes's theorem, 
< Γ>0𝜋 can be related to the moving area-sum of < 𝜔y >0𝜋, as de-
scribed in the latter part of Equation (23). Furthermore, < Γ>0𝜋 
is decomposed into two components, < Γu>0𝜋 and < Γw >0𝜋, as 
outlined in Equation (24). This decomposition is designed to iso-
late the strong effects of shear layers [56], and it should be noted 
that < Γ>0𝜋 is the sum of < Γu>0𝜋 and < Γw >0𝜋. This approach 
allows for a more detailed understanding of the effects of SIPeCS 
on wake.

To calculate the < Γ>0𝜋 fields, we initially select a value for the 
radius rΓ informed by the size of the vortical structures observed 
in Figure 14. After the < Γ>0𝜋 fields are computed, the locations 
of SIPeCS are determined at points where local maximums of 
< Γ>0𝜋 (< Γ>0𝜋,max) are identified. Note that the windows for 
identifying these local maximums are assigned through visual 
inspection, and we ensure no gaps or overlaps between them. 
Examples of < Γ>0𝜋 fields and the positions of < Γ>0𝜋,max are 
illustrated in Figure 15a.
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Subsequently, we re-evaluate the rΓ value to ensure that it sat-
isfies two key criteria. Firstly, circles centered at the locations 
of < Γ>0𝜋,max should mostly enclose the vortical structures as-
sociated with SIPeCS. Secondly, these circles should not over-
lap when drawn. If these criteria are not met, adjustments for rΓ 
are made. After a few iterations, a radius of rΓ = 0.15D is found 
to meet both the criteria for all the surging cases in Table  1. 
Keeping rΓ consistent across cases is advantageous to compare 
the strength of < Γ>0𝜋,max between cases, as < Γ>0𝜋 represents 
the area-sum of < 𝜔y >0𝜋. Examples demonstrating how circles 
with rΓ = 0.15D meet these criteria are provided in Figure 15b.

For brevity, the analysis of < Γ>0𝜋 only focuses on the regions 
between 0 ≥ y∕D ≥ 1 and 0 ≥ x∕D ≥ 8. Calculations of < Γ>0𝜋 
are also performed for the fixed cases for baseline comparisons. 
The windows selected to identify < Γ>0𝜋,max in the fixed cases 
also do not have gaps in between. 

In the upcoming analysis, we examine the positions of 
< Γ>0𝜋,max along with the corresponding values of < Γ>0𝜋,max, 
< Γu>0𝜋,max, and < Γw >0𝜋,max for the selected cases. < Γu>0𝜋,max 
and < Γw >0𝜋,max represent the values of < Γu>0𝜋 and < Γw >0𝜋 
calculated at the positions where < Γ>0𝜋,max are located, re-
spectively. Note that < Γ>0𝜋,max = < Γu>0𝜋,max + < Γw >0𝜋,max. 

A crucial aspect to emphasize is that although the positions 
of SIPeCS are identified at the locations of < Γ>0𝜋,max, their 
strengths are assessed through the values of < Γw >0𝜋,max, 
rather than the values of < Γ>0𝜋,max. One of the reasons is that 
the values of < Γ>0𝜋,max are significantly influenced by the 
strengths of the surrounding shear layers (contributing to the 
term < Γu>0𝜋,max). These shear layers are not directly related 
to SIPeCS but rather reflect the characteristics of the back-
ground flows. Therefore, relying solely on < Γ>0𝜋,max could 
potentially misrepresent the strengths of SIPeCS. Another 
reason is that the strength of < Γw >0𝜋 serves as a key indica-
tor for the intensity of flow exchange between the inside and 
outside of the wake. This is based on the fact that < Γw >0𝜋 are 
calculated with < w>0𝜋 fields. Previously, we have pointed out 
that SIPeCS accelerates the wake recovery rates through this 
advection process and, therefore, higher values of < Γw >0𝜋 
may indicate more efficient wake recovery. Regarding the 
above, < Γw >0𝜋,max serves as a better indicator of the strength 
of SIPeCS compared with < Γ>0𝜋,max.

The analysis of < Γ>0𝜋 presented later is exclusively about the 
turbulent cases in Group b and the surging cases in Group a. 
(The analysis for the laminar cases in Group b is presented in 
Appendix F.) In short, our objective is to locate the positions of 
SIPeCS based on the locations of < Γ>0𝜋,max and to determine 
the strengths of SIPeCS based on the values of < Γw >0𝜋,max. 
With this method, the characteristics of SIPeCS are effectively 
quantified, and the outcomes closely follow the findings with 
qualitative analysis in Section 5.3.1 by observing the < 𝜔y >0𝜋 
fields. Specifically, we found that the spatial repeating rates 
of SIPeCS are proportional to �S, cases with larger AS (same 
kD, larger vmax) have SIPeCS in stronger strengths (when TI 
= 5.3%), and SIPeCS is more persistent with lower inflow TI, 
especially when inflow turbulence is absent. Moreover, ac-
cording to the set threshold, SIPeCS is generally dissipated 
after x∕D = 4 with realistic turbulent inflow conditions 
(TI = 5.3%).

5.3.2.1   |   The Turbulent Cases in Group b.  Here, the analysis 
of < Γ>0𝜋 for the six turbulent cases in Group b are presented. 
This set of cases represents a surging FOWT rotor with different 
surging settings when subjected to realistic turbulent inflow 
conditions (TI = 5.3%). We plot the x-positions where < Γ>0𝜋,max 
are located against their corresponding values of < Γ>0𝜋,max, 
< Γu>0𝜋,max, and < Γw >0𝜋,max, as shown in Figure 16.

(23)

<Γ>0𝜋|(x=x0,y=0,z=z0) ≜ �
r=rΓ

(<u>0𝜋 , 0, <w>0𝜋) ⋅dl

= �
r=rΓ

(<u>0𝜋 , < v>0𝜋 , <w>0𝜋) ⋅dl

=�
A

∇× (<u>0𝜋 , < v>0𝜋 , <w>0𝜋) ⋅dA

=�
A

(<𝜔x >0𝜋 , <𝜔y >0𝜋 , <𝜔z >0𝜋) ⋅dA

=�
A

<𝜔y >0𝜋 dA

(24)

<Γu>0𝜋|(x=x0,y=0,z=z0)≜ �
r=rΓ

(<u>0𝜋 , 0,0) ⋅dl,

<Γw >0𝜋|(x=x0,y=0,z=z0)≜ �
r=rΓ

(0,0, <w>0𝜋) ⋅dl

FIGURE 15    |    (a) Phase-averaged circulation fields < Γ>0𝜋 calculated based on < u>0𝜋 and < w>0𝜋 fields. The path for calculating < Γ>0𝜋 is 
circular and the radius rΓ is 0.15D. The locations of local maximums of < Γ>0𝜋 (< Γ>0𝜋,max) are labeled with crosses. (b) The corresponding < 𝜔y >0𝜋 
fields of the cases in panel (a). The crosses in panel (b) are located at the same positions as (a), where local maximums of < Γ>0𝜋 are obtained. The 
circles indicate the paths used to calculate the values of < Γ>0𝜋 at the crosses, where the radii are rΓ. Note that not all the values of < Γw >0𝜋,max found 
at the crosses surpass the threshold in Figure 16c. Locations of the magenta dashed-line boxes in the plots are identical to those in Figure 12, which 
correspond to the positions of the example sets of SIPeCS.
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From the data presented in Figure  16a, it is observed that 
surging cases generally exhibit higher values of < Γ>0𝜋,max 
near the rotor compared with the fixed cases (except for the 
case with kD = 14.0). As the distance from the rotor increases, 
the values of < Γ>0𝜋,max for the surging and fixed cases tend 
to converge. Furthermore, the strength of < Γ>0𝜋,max and the 
positions where they are identified are related to the surging 
settings. For cases with identical kD but varying vmax (same �S, 
different AS), the positions of < Γ>0𝜋,max are similar, yet cases 
with larger vmax exhibit higher values of < Γ>0𝜋,max. This indi-
cates that SIPeCS are stronger for the cases with a larger vmax, 
which is consistent with the previous findings in this work. 
However, when comparing cases with different kD, there is no 
apparent generalized trend in the values of < Γ>0𝜋,max when 
fixing vmax (same AS, different �S). As for the spatial repetition 
rates of < Γ>0𝜋,max, they are closely aligned with kD, showing 
that doubling kD (equivalent to doubling �S) results in dou-
bling the rates.

In Figure 16b, interestingly, despite the discrepancies found with 
the values of < Γ>0𝜋,max in Figure 16a, < Γu>0𝜋,max in Figure 16b 
for all the six turbulent cases follow the same curve, suggest-
ing the shear layers of these cases possess similar strengths, and 
the main differences in < Γ>0𝜋,max lie mainly in < Γw >0𝜋,max 
(Figure  16c). Indeed, the trends observed for < Γ>0𝜋,max are 
mirrored in < Γw >0𝜋,max. Crucially, < Γw >0𝜋,max reflects a key 
feature of SIPeCS, which is the promotion of flow movement 
into and out of the wake through their induction fields, and 
stronger < Γw >0𝜋,max indicates stronger effects, as previously 
discussed. Another key point is that unlike < Γ>0𝜋,max, values of 
< Γw >0𝜋,max for the fixed case remain similar along the x-direc-
tion and remain relatively low, providing a good reference for the 
background signal. Based on the global maximum of < Γw >0𝜋 
for the fixed-turbulent case (case 3) found in the interested re-
gion (0 ≥ y∕D ≥ 1 and 0 ≥ x∕D ≥ 8), we establish a threshold 
value slightly above it. This threshold serves to identify SIPeCS 
that are sufficiently strong to be specified.

It is found that all the surging-turbulent cases considered in 
Figure 16 have SIPeCS having the strengths surpassing the cri-
teria, highlighting the effectiveness of the implemented method. 
Also, showing that the surging cases have larger values for 

< Γw >0𝜋,max compared with the fixed case supports the state-
ment that the SIPeCS-induced advection process is the reason 
for the faster wake recovery for the surging cases, as larger val-
ues of < Γw >0𝜋,max represent stronger flow exchange process due 
to the advection.

5.3.2.2   |   The Surging Cases in Group a.  After analyzing 
the impacts of different surging settings on the SIPeCS 
of the turbulent cases in Group b, our focus shifts to examining 
the influences of inflow TI on the SIPeCS of the surging 
cases in Group  a. For these cases, < Γ>0𝜋,max, < Γu>0𝜋,max, 
and < Γw >0𝜋,max are plotted and analyzed, as shown in Figure 17.

As anticipated, cases with lower TI have higher values in both 
< Γu>0𝜋,max and < Γw >0𝜋,max, especially for the laminar case. 
Higher values of < Γu>0𝜋,max can be attributed to more preserved 
shear layers in the wake, as they are less disrupted by ambient 
turbulence. On the other hand, higher values of < Γw >0𝜋,max re-
sult from the vortical structures of SIPeCS being less perturbed 
by the ambient turbulence, allowing them to sustain for a lon-
ger duration before being dissipated. Furthermore, Figure  17c 
demonstrates a significant reduction in the strengths of SIPeCS, 
namely, < Γw >0𝜋,max, when transitioning from laminar inflow 
conditions to turbulent inflow conditions, even at a relatively 
low level of inflow TI. This observation highlights the profound 
disruptive impact of inflow turbulence on SIPeCS, emphasiz-
ing the strong interactions between SIPeCS and ambient flow. 
Moreover, this marked decrease in SIPeCS strengths suggests 
that their influences on wake characteristics for the turbulent 
cases are much less than those of the laminar cases, as shown in 
Figure 10a with the results of uDisk.

5.4   |   Entrainment of Flow Kinetic Energy With 
Phase-Averaged Velocity

The results based on the phase-averaged circulation (< Γ>0𝜋) 
in the previous section suggest that the faster wake recoveries 
of surging cases are due to the enhanced advection process 
induced by SIPeCS. To verify this hypothesis, a term-by-term 
analysis of phase-averaged flow kinetic energy entrainment 
of the wakes is conducted in this subsection based on the 

FIGURE 16    |    Plotting the x-positions where the local maximums of phase-averaged circulation < Γ>0𝜋 (< Γ>0𝜋,max) are found against the values 
of < Γ>0𝜋,max, < Γu>0𝜋,max, and < Γw >0𝜋,max for the turbulent cases (TI = 5.3%) in Group b. < Γu>0𝜋,max and < Γw >0𝜋,max are calculated based on 
the same paths to obtain < Γ>0𝜋,max, but only considering < u>0𝜋 or < w>0𝜋. (a) < Γ>0𝜋,max. (b) < Γu>0𝜋,max. (c) < Γw >0𝜋,max. The dashed line in (c) 
indicates the threshold for specifying SIPeCS, and the case numbers are labeled in parentheses.
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phase-averaged velocity data. The analysis is based on the 
phase-averaged fluxes of flow kinetic energy crossing the edges 
of the rotor projection area on the y∕D = 0 plane. That is, the 
flow kinetic energy that crosses z∕D = ± 0.5 on y∕D = 0 plane. 
Note that the analysis here is based on the phase-averaged 
data, as they more precisely reflect the effects of periodic surg-
ing motions. For example, properties that vary periodically due 
to harmonic surging may be considered as “random” fluctua-
tions when using time-averaging methods, while they will be 
treated as phase-averaged quantities when the phase-averaging 
method is applied. Appendix G uses the same analysis in this 
subsection but replacing phase-averaged data with time-aver-
aged data.

The phase-averaged fluxes of flow kinetic energy are written 
in Equation (25). The contributions of shear transport (related 
to � and �T) are not considered as they are negligible [37]. The 
left-hand side of the equation is the dot product of the advec-
tion of (specific) flow kinetic energy (< u(u ⋅ u∕2)>0𝜋) and the 
surface normal vector (n̂), while the right-hand side is the de-

composition of the left-hand side by letting n̂ being parallel to 
± (0,0, 1) = ± ẑ when z∕D = ∓ 0.5. The decomposition proce-
dure is similar to Reynolds averaging (time-averaging, provided 
in Appendix  G), where the relations u0𝜋 = < u>0𝜋 + u

�

0𝜋 and 
< u�>0𝜋 = 0 are used. These are analogous to Reynolds decom-
position (u = u + u� and u� = 0).

After decomposing the phase-averaged fluxes of flow ki-
netic energy, several terms are obtained on the right-hand 
side of Equation  (25), which are the advection of phase-av-
eraged mean kinetic energy(<MKE advection>0𝜋, where 
<MKE advection>0𝜋 = 0.5 < u>0𝜋 ⋅ < u>0𝜋), advection of 
phase-averaged TKE (< TKE advection>0𝜋), terms related 
to phase-averaged 2nd order RST (Reynolds stress tensor), 
and terms related to phase-averaged 3rd order RST. Note that 
term <MKE advection>0𝜋 does not relate to fluctuation terms 
(< u′>0𝜋), while all the other terms do.

To evaluate the contribution of each term on the left of 
Equation (25) on the energy entertainments of the wakes, their 
cumulative values are calculated at z = ± 0.5 as written/defined 
in Equation  (26), where the energy entraining term can be 
substituted to the terms on the right of Equation (25). These cu-
mulative energy entraining term are evaluated from x∕D = 1.0 
to x∕D = 8.0. Regions of very near wake are excluded to avoid 
the effects of complex aerodynamics of the rotors' tip-vortices, 
which are not the main focus of this work. 

Figure  18a–d plots out the cumulative contribution of the 
energy entrained into − 0.5 ≤ z∕D ≤ 0.5 with the terms of 

(25)

Flux of phase-averaged kinetic energy for �n= ±�z :
�
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2
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Cumulative energy entraining term(x)

≜
x

�
x0=1D

[energy entraining term(x0)|z=−0.5D

+ energy entraining term(x0)|z=0.5D]dx0

FIGURE 17    |    Plotting the x-positions where < Γ>0𝜋,max are found against the values of < Γ>0𝜋,max, < Γu>0𝜋,max, and < Γw >0𝜋,max for the surging 
cases in Group a. < Γu>0𝜋,max and < Γw >0𝜋,max are calculated based on the same paths to obtain < Γ>0𝜋,max, but only considering < u>0𝜋 or < w>0𝜋. 
(a) < Γ>0𝜋,max. (b) < Γu>0𝜋,max. (c) < Γw >0𝜋,max. The dashed line in (c) indicates the threshold for specifying SIPeCS, and the case numbers are labeled 
in parentheses.
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<MKE advection>0𝜋, < TKE advection>0𝜋, < u>0𝜋 < u′w′>0𝜋, 
and < w>0𝜋 < w′w′>0𝜋. The four cases in Group c are consid-
ered, which are cases 1 (fixed-laminar), 5 (surging-laminar), 3 
(fixed-turbulent), and 7 (surging turbulent). Based on the scale 
of the ordinates in Figure 18, it is very clear that contributions 
of <MKE advection>0𝜋 and < u>0𝜋 < u′w′>0𝜋 dominate over 
those of < TKE advection>0𝜋 and < w>0𝜋 < w′w′>0𝜋. Based on 
this fact, contributions of the terms of 3rd order RST and the 
out-of-plane term of 2nd order RST (< v>0𝜋 < v′w′>0𝜋) are not 
presented, as they are smaller or similar to < w>0𝜋 < w′w′>0𝜋. 
Additionally, term < u>0𝜋 < u′w′>0𝜋 are closely related to u u′w′, 
which is the turbulent mixing term, the main contributor to wind 
turbine wake recovery when analyzing with time-averaging 
methods [57].

For the two laminar cases (cases 1 and 5), it can be seen that 
the fixed-laminar case has almost no energy entrainment. This 
is reflected on its uDsik profile presented in Figure 10, where 
wake recovery is not perceivable. As for the surging-laminar 
case, the energy entrainment of its wake is mainly resulting 
from <MKE advection>0𝜋 (the periodic wavy pattern is re-
lated to the locations of SIPeCS), while the contribution of 
term < u>0𝜋 < u′w′>0𝜋 is negligible, as hinted by the very low 
values for the <TKE>0𝜋 field of case 5 presented in Figure 13. 
It should be noted that this is in contrast to the common belief 
that the enhanced wake recovery for a surging FOWT rotor is 
mainly attributed to the increased turbulence due to the in-
stability [4, 12–14]. Indeed, if the analysis of energy entrain-
ment is performed using time-averaging methods, instead of 
the increased MKE advection, enhanced u u′w′ will become 
the main contributor to the faster wake recovery of the surg-
ing-laminar case (see Appendix G). However, treating quan-
tities that can be isolated with the phase-averaging method 
as turbulence may be misleading, as these quantities are not 
truly random.

For the two turbulent cases (case 3 and 7), it can be seen that 
the profiles of cumulative < u>0𝜋 < u′w′>0𝜋 are larger than 
cumulative <MKE advection>0𝜋 for both the fixed and the 
surging cases, showing that the effects of turbulence are the 
main factor for energy entrainment (wake recovery). However, 
looking closely to Figure 18a,c), it can be seen that the surg-
ing case has higher values for cumulative <MKE advection>0𝜋 

than the fixed case, while having lower values for cumula-
tive < u>0𝜋 < u′w′>0𝜋. Moreover, the increase in cumulative 
<MKE advection>0𝜋 is larger than the decrease in cumu-
lative < u>0𝜋 < u′w′>0𝜋 after x∕D ≥ 4.0. These interesting 
results indicate two important aspects. The first is that the 
energy entrained by the wake of the surging-turbulent case 
is greater than that of the fixed-turbulent case, and this has 
been reflected by the higher uDisk values for the surging-tur-
bulent cases compared with the fixed-turbulent cases pre-
sented in Figure  10. The second is that it demonstrates that 
the enhanced wake recovery of the surging-turbulent case is 
not mainly related to the increased turbulence level but rather 
related to the enhanced advection process, again showing dis-
agreements with the common hypotheses. These two aspects 
are also found when analyzing the time-averaging method, as 
seen in Appendix G.

6   |   Conclusions and Outlooks

This paper presented a comprehensive numerical study of a 
full-scale horizontal-axis FOWT rotor subjected to harmonic 
surging motions. The study used high-fidelity CFD simula-
tions, specifically using the LES coupled with the ALM. The 
research systematically examined the impacts of various in-
flow turbulence intensities (TI), surging amplitudes (AS), 
surging frequencies (�S), and their combined interactions. The 
rotor performance and the wake structures were analyzed and 
discussed in detail.

The simulation cases in this work were characterized based on 
two dimensionless parameters, namely, vmax and kD. vmax is inter-
preted as the magnitude of surging, defined as the ratio between 
the maximum surging velocity of a FOWT rotor and the inflow 
velocity. kD represents the rate of surging, which is the reduced 
frequency based on the surging frequency, rotor diameter, and 
inflow velocity.

Regarding rotor performance, our investigation revealed that 
inflow turbulence intensity (TI) has minimum impacts on 
both the time-averaged and cycle-averaged rotor performances. 
Conversely, rotor performances of a surging rotor are signifi-
cantly influenced by variations in surging settings, particularly 

FIGURE 18    |    Energy entrained into the rotor projection region (− 0.5 ≤ z∕D ≤ 0.5) on y∕D = 0 plane with different terms using phase-averaged 
velocity data. “Cul.” is the acronym for “cumulative.”
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by the values of vmax. Notably, in the examined scenarios, before 
encountering severe (static) stalling, the surging cases with a 
stronger surging magnitude (larger vmax) consistently exhibited 
a lower time-averaged thrust and a higher time-averaged power 
compared with the fixed cases. This seemingly contradictory 
phenomenon was reasoned, potentially providing novel insights 
for the design of rotors in future FOWT. Furthermore, our re-
search is the first to explicitly show that both vmax and kD should 
be considered to adequately characterize the hysteresis effects of 
a surging FOWT rotor, which is contrary to the previous work, 
where they showed that only considering vmax should be suffi-
cient [18]. This insight highlights the complexity of aerodynam-
ics for a surging FOWT rotor and suggests the need for future 
research work to comprehensively grasp the aerodynamic be-
haviors of surging rotors.

Regarding wake characteristics and structures, our findings 
affirm that, compared with the cases with a fixed rotor, surg-
ing motion significantly promoted wake recovery under lam-
inar inflow conditions [12, 13]. However, this enhancement 
diminished substantially with the presence of inflow turbu-
lence, aligning with previous studies [17, 54]. Furthermore, 
the instantaneous wake structures between fixed and surg-
ing cases exhibited limited observable differences with the 
presence of inflow turbulence, although striking differences 
were observed when subjected to laminar inflow conditions 
where Surge-Induced Periodic Coherent Structures (SIPeCS) 
were found. However, after phase-averaging, SIPeCS became 
apparent in turbulent cases as well, indicating the effects of 
surging motions did exist. Qualitative and quantitative anal-
yses of SIPeCS were conducted to assess their dependency on 
TI, AS, and �S, with consistent agreement between the two 
approaches. Furthermore, with the phase-averaged quanti-
ties, we suggested that the enhanced wake recovery due to 
surging was mainly due to the advection process rather than 
the enhanced turbulence level in the wake, where the latter 
is a previously accepted hypothesis by the FOWT commu-
nity [4, 12–14]. More evidence was provided based on con-
ducting a term-by-term energy entrainment analysis based 
on the phase-averaged velocity. The analysis showed that the 
enhancement in wake recovery (energy entrainment) for the 
surging cases compared with the fixed cases is due to the in-
creased advection process rather than the increased turbulent 
mixing for cases with both laminar and turbulent inflows, so-
lidifying the aforementioned claim.

In conclusion, with rich and informative results, our study pro-
vides valuable insights into the complex aerodynamics of a surg-
ing FOWT rotor. Building upon the foundations established by 
this research, future investigations can further expand the anal-
ysis by including different types of degrees of freedom (DoF) for 
platform motion, such as pitching and yawing. Complex mo-
tions with multiple DoFs combined are also interested in discov-
ering if there are any interplay effects between different DoFs. 
Additionally, exploring the systems of wake interaction of multi-
ple FOWTs in motions when subjected to realistic turbulent in-
flow conditions is of great interest, as the effects of motions are 
observed in the wake of FOWT. Understanding and quantifying 
the impacts of SIPeCS or other motion-induced coherent wake 
structures on the downstream FOWTs is critical to the design 
and operation of floating offshore wind farms, as these effects 

will likely affect the power outputs and fatigue lifetimes of the 
downstream rotors.

Acknowledgments

We would like to thank Carlos Simão Ferreira for participating in for-
mulating the research questions.

Data Availability Statement

Data supporting the findings of this study are available upon request.

References

1. S. Butterfield, W. Musial, J. Jonkman, and P. Sclavounos, “Engi-
neering Challenges for Floating Offshore Wind Turbines,” tech. rep. 
National Renewable Energy Lab (NREL). (Golden, CO (United States), 
2007).

2. G. A. M. van Kuik, J. Peinke, R. Nijssen, et  al., “Long-Term Re-
search Challenges in Wind Energy–A Research Agenda by the Euro-
pean Academy of Wind Energy,” Wind Energy Science 1, no. 1 (2016): 
1–39.

3. P. Veers, K. Dykes, E. Lantz, et al., “Grand Challenges in the Science 
of Wind Energy,” Science 366, no. 6464 (2019): eaau2027.

4. D. Micallef and A. Rezaeiha, “Floating Offshore Wind Turbine Aero-
dynamics: Trends and Future Challenges,” Renewable and Sustainable 
Energy Reviews 152 (2021): 111696.

5. R. Farrugia, T. Sant, and D. Micallef, “A Study on the Aerodynam-
ics of a Floating Wind Turbine Rotor,” Renewable Energy 86 (2016): 
770–784.

6. T. T. Tran and D.-H. Kim, “A CFD Study Into the Influence of Un-
steady Aerodynamic Interference on Wind Turbine Surge Motion,” Re-
newable Energy 90 (2016): 204–228.

7. H. M. Johlas, L. A. Martínez-Tossas, M. J. Churchfield, M. A. Lackner, 
and D. P. Schmidt, “Floating Platform Effects on Power Generation 
in Spar and Semisubmersible Wind Turbines,” Wind Energy 24, no. 8 
(2021): 901–916.

8. A. Fontanella, I. Bayati, R. Mikkelsen, M. Belloli, and A. Zasso, 
“UNAFLOW: A Holistic Wind Tunnel Experiment About the Aerody-
namic Response of Floating Wind Turbines Under Imposed Surge Mo-
tion,” Wind Energy Science 6, no. 5 (2021): 1169–1190.

9. A. Rezaeiha and D. Micallef, “Wake interactions of Two Tandem 
Floating Offshore Wind Turbines: CFD Analysis Using Actuator Disc 
Model,” Renewable Energy 179 (2021): 859–876.

10. A. Arabgolarcheh, S. Jannesarahmadi, and E. Benini, “Modeling 
of Near Wake Characteristics in Floating Offshore Wind Turbines 
Using an Actuator Line Method,” Renewable Energy 185 (2022): 
871–887.

11. K. M. Kopperstad, R. Kumar, and K. Shoele, “Aerodynamic Charac-
terization of Barge and Spar Type Floating Offshore Wind Turbines at 
Different Sea States,” Wind Energy 23, no. 11 (2020): 2087–2112.

12. G. Chen, X.-F. Liang, and X.-B. Li, “Modelling of Wake Dynamics 
and Instabilities of a Floating Horizontal-Axis Wind Turbine Under 
Surge Motion,” Energy 239 (2022): 122110.

13. V. G. Kleine, L. Franceschini, B. S. Carmo, A. Hanifi, and D. S. 
Henningson, “The Stability of Wakes of Floating Wind Turbines,” Phys-
ics of Fluids 34, no. 7 (2022): 074106.

14. N. Ramos-García, S. Kontos, A. Pegalajar-Jurado, S. 
González Horcas, and H. Bredmose, “Investigation of the Floating IEA 
wind 15 MW RWT Using Vortex Methods Part I: Flow Regimes and 
Wake Recovery,” Wind Energy 25, no. 3 (2022): 468–504.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2949 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwe.2949&mode=


24 of 27 Wind Energy, 2024

15. N. Troldborg, “Actuator Line Modeling of Wind Turbine Wakes” 
(PhD thesis, Technical University of Denmark, 2009).

16. H. Sarlak, “Large Eddy Simulation of Turbulent Flows in Wind En-
ergy” (PhD thesis, Technical University of Denmark, 2014).

17. Z. Li, G. Dong, and X. Yang, “Onset of Wake Meandering for a Float-
ing Offshore Wind Turbine Under Side-To-Side Motion,” Journal of 
Fluid Mechanics 934 (2022): A29.

18. C. Ferreira, W. Yu, A. Sala, and A. Viré, “Dynamic Inflow Model 
for a Floating Horizontal Axis Wind Turbine in Surge Motion,” Wind 
Energy Science 7, no. 2 (2022): 469–485.

19. L. E. M. Lignarolo, D. Ragni, F. Scarano, C. J. S. Ferreira, and 
G. J. W. Van Bussel, “Tip-Vortex Instability and Turbulent Mixing in 
Wind-Turbine Wakes,” Journal of Fluid Mechanics 781 (2015): 467–493.

20. J. Jonkman, S. Butterfield, W. Musial, and G. Scott, “Definition of 
a 5-MW Reference Wind Turbine for Offshore System Development,” 
tech. rep. National Renewable Energy Lab.(NREL). (Golden, CO 
(United States), 2009).

21. A. Otter, J. Murphy, V. Pakrashi, A. Robertson, and C. Desmond, “A 
Review of Modelling Techniques for Floating Offshore Wind Turbines,” 
Wind Energy 25, no. 5 (2022): 831–857.

22. H. G. Weller, G. Tabor, H. Jasak, and C. Fureby, “A Tensorial Ap-
proach to Computational Continuum Mechanics Using Object-Oriented 
Techniques,” Computers in Physics 12, no. 6 (1998): 620–631.

23. P. Bachant, A. Goude, daa-mec, and M. Wosnik, Turbinesfoam/
Turbinesfoam: v0.1.1, (Zenodo, 2019), accessed November 15, 2022, 
https://​zenodo.​org/​record/​35423​01#.​Y9CZ6​C-​KCJ8.

24. H. Sarlak, C. Meneveau, and J. N. Sørensen, “Role of Subgrid-Scale 
Modeling in Large Eddy Simulation of Wind Turbine Wake Interac-
tions,” Renewable Energy 77 (2015): 386–399.

25. J. Smagorinsky, “General Circulation Experiments With the PRIMI-
TIVE EQUATIONS: I. The Basic Experiment,” Monthly Weather Review 
91, no. 3 (1963): 99–164.

26. J. Crank and P. Nicolson, “A Practical Method for Numerical Evalu-
ation of Solutions of Partial Differential Equations of the Heat-Conduc-
tion Type,” Mathematical Proceedings of the Cambridge Philosophical 
Society, Vol. 43 (Cambridge University Press, 1947), pp. 50–67.

27. DTU Computing Center, DTU Computing Center Resources (Techni-
cal University of Denmark, 2022), accessed November 15, 2022, https://​
doi.​org/​10.​48714/​​DTU.​HPC.​0001.

28. J. N. Sorensen and W. Z. Shen, “Numerical Modeling of Wind Turbine 
Wakes,” Journal of Fluids Engineering 124, no. 2 (2002): 393–399.

29. S. F. Hoerner, “Fluid-Dynamic Drag. Theoretical, Experimental and 
Statistical Information,” (1965). Copyright by: SF Hoerner Fluid Dy-
namics, Vancouver, Printed in the USA, Card Number 64-19666.

30. S. Naderi and F. Torabi, “Numerical Investigation of Wake Behind a 
HAWT Using Modified Actuator Disc Method,” Energy Conversion and 
Management 148 (2017): 1346–1357.

31. J. Nathan, A. R. M. Forsting, N. Troldborg, and C. Masson, “Com-
parison of OpenFOAM and EllipSys3D Actuator Line Methods With 
(New) Mexico Results,” Journal of Physics: Conference Series, Vol. 854 
(IOP Publishing, 2017), 12033.

32. K. O. Dağ and J. N. Sørensen, “A New Tip Correction for Actuator 
Line Computations,” Wind Energy 23, no. 2 (2020): 148–160.

33. L. A. Martínez-Tossas, M. J. Churchfield, and S. Leonardi, “Large 
Eddy Simulations of the Flow Past Wind Turbines: Actuator Line and 
Disk Modeling,” Wind Energy 18, no. 6 (2015): 1047–1060.

34. J. G. Leishman, “Challenges in Modelling the Unsteady Aerody-
namics of Wind Turbines,” Wind Energy: An International Journal for 
Progress and Applications in Wind Power Conversion Technology 5, no. 
2-3 (2002): 85–132.

35. G. J. Leishman, Principles of Helicopter Aerodynamics With CD Extra 
(Cambridge University Press, 2006).

36. R. Poletto, T. Craft, and A. Revell, “A New Divergence Free Syn-
thetic Eddy Method for the Reproduction of Inlet Flow Conditions for 
LES,” Flow, Turbulence and Combustion 91 (2013): 519–539.

37. Y. Li, “Numerical Investigation of Floating Wind Turbine Wake In-
teractions Using LES-AL Technique” (Master's Thesis, Technical Uni-
versity of Denmark/Delft University of Technology, Lyngby, Denmark/
Delft, The Netherlands, 2023).

38. G. M. Stewart, A. Robertson, J. Jonkman, and M. A. Lackner, “The 
Creation of a Comprehensive Metocean Data Set For Offshore Wind 
Turbine Simulations,” Wind Energy 19, no. 6 (2016): 1151–1159.

39. R. Kyle, Y. C. Lee, and W.-G. Früh, “Propeller and Vortex Ring State 
for Floating Offshore Wind Turbines During Surge,” Renewable Energy 
155 (2020): 645–657.

40. G. K. V. Ramachandran, A. Robertson, J. M. Jonkman, and 
M. D. Masciola, “Investigation of Response Amplitude Operators 
for Floating Offshore Wind Turbines,” in ISOPE International 
Ocean and Polar Engineering Conference (ISOPE, 2013), ISOPE-I-13-106.

41. B. Wen, X. Tian, X. Dong, Z. Peng, and W. Zhang, “On the Power 
Coefficient Overshoot of an Offshore Floating Wind Turbine in Surge 
Oscillations,” Wind Energy 21, no. 11 (2018): 1076–1091.

42. K. S. Hansen, R. J. Barthelmie, L. E. Jensen, and A. Sommer, “The 
Impact of Turbulence Intensity and Atmospheric Stability on Power 
Deficits Due to Wind Turbine Wakes at Horns Rev Wind Farm,” Wind 
Energy 15, no. 1 (2012): 183–196.

43. International Electrotechnical Commission, “International Stan-
dard IEC 61400-1, Edition 4.0,” (2019), accessed January 22, 2023, 
https://​webst​ore.​iec.​ch/​publi​cation/​26423​.

44. A. Peña, “Østerild: A Natural Laboratory for Atmospheric Turbu-
lence,” Journal of Renewable and Sustainable Energy 11, no. 6 (2019): 
063302.

45. T. N. Nandi and D. Yeo, “Estimation of Integral Length Scales Across 
the Neutral Atmospheric Boundary Layer Depth: A Large Eddy Simula-
tion Study,” Journal of Wind Engineering and Industrial Aerodynamics 
218 (2021): 104715.

46. S. B. Pope, “Turbulent Flows,” Measurement Science and Technology 
12, no. 11 (2001): 2020–2021.

47. H. M. Johlas, L. A. Martínez-Tossas, D. P. Schmidt, M. A. Lackner, 
and M. J. Churchfield, “Large Eddy Simulations of Floating Offshore 
Wind Turbine Wakes With Coupled Platform Motion,” Journal of 
Physics: Conference Series, Vol. 1256 (IOP Publishing, 2019), 12018.

48. F. Xue, H. Duan, C. Xu, et al., “Research on the Power Capture and 
Wake Characteristics of a Wind Turbine Based on a Modified Actuator 
Line Model,” Energies 15, no. 1 (2022): 282.

49. P. Li, P. Cheng, D. C. Wan, and Q. Xiao, “Numerical Simulations of 
Wake Flows of Floating Offshore Wind Turbines by Unsteady Actuator 
Line Model,” in Proceedings of the 9th International Workshop on Ship 
and Marine Hydrodynamics (Glasgow, UK, 2015), 26–28.

50. Z. Yu, X. Zheng, and Q. Ma, “Study on Actuator Line Modeling 
of Two NREL 5-MW Wind Turbine Wakes,” Applied Sciences 8, no. 3 
(2018): 434.

51. J. B. De Vaal, M. O. L. Hansen, and T. Moan, “Effect of Wind Tur-
bine Surge Motion on Rotor Thrust and Induced Velocity,” Wind Energy 
17, no. 1 (2014): 105–121.

52. J. F. Manwell, J. G. McGowan, and A. L. Rogers, Wind Energy Ex-
plained: Theory, Design and Application (John Wiley & Sons, 2010).

53. F. Porté-Agel, M. Bastankhah, and S. Shamsoddin, “Wind-Turbine 
and Wind-Farm Flows: A Review,” Boundary-layer Meteorology 174, no. 
1 (2020): 1–59.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2949 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://zenodo.org/record/3542301#.Y9CZ6C-KCJ8
https://doi.org/10.48714/DTU.HPC.0001
https://doi.org/10.48714/DTU.HPC.0001
https://webstore.iec.ch/publication/26423
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwe.2949&mode=


25 of 27

54. N. Ramos-García, S. González  Horcas, A. Pegalajar-Jurado, S. 
Kontos, and H. Bredmose, “Investigation of the Floating IEA Wind 
15-MW RWT Using Vortex Methods Part II: Wake Impact on Down-
stream Turbines Under Turbulent Inflow,” Wind Energy 25, no. 8 
(2022): 1434–1463.

55. Y. Fang, G. Li, L. Duan, Z. Han, and Y. Zhao, “Effect of Surge Mo-
tion on Rotor Aerodynamics and Wake Characteristics of a Floating 
Horizontal-Axis Wind Turbine,” Energy 218 (2021): 119519.

56. C. Morgan, H. Babinsky, and J. Harvey, “Vortex Detection Meth-
ods for Use With PIV and CFD Data,” in 47th AIAA Aerospace Sciences 
Meeting Including the New Horizons Forum and Aerospace Exposition 
(AIAA, 2009), 74.

57. M. Calaf, C. Meneveau, and J. Meyers, “Large Eddy Simulation 
Study of Fully Developed Wind-Turbine Array Boundary Layers,” Phys-
ics of Fluids 22, no. 1 (2010): 015110.

Appendix A

Convergence Tests

Figure  A1 displays the results of brief convergence tests for u, �u, 
< u>0𝜋, and < 𝜎u>0𝜋 based on case 7 in Table 1. The probing point is 
located at z∕D = 0.5, and the streamwise position is at x∕D = 3. The 
windows for calculating the statistics are described in Section 2.3. See 
Li [37] for more information.

Appendix B

Grid Independence Test

A brief grid independence test is performed. It is performed with 
three resolutions and tested with a surging rotor (vmax = 0.22 and 
kD = 7.0) subjected to laminar inflow conditions. The resolutions for 
Level 4 (see Figure 2) of the three cases are Δ∕D = 1.25∕80 (coarse, 
5.6M cells, case G1 in Table B1), Δ∕D = 1.0∕80 (medium, 10.4M cells, 
case 5 in Table 1), and Δ∕D = 0.8∕80 ( fine, 18.8M cells, case G2 in 
Table B1). Note that the absolute value of the smoothing factor (� in 
Equation (11)) is kept as D∕40. Their results are presented in Table B1 
and Figure B1, which show that the results are not sensitive to grid 
resolution. Though the results of coarse are already quite similar to 
the other configurations, medium is chosen as the simulation setup. 
The choice is based on considering the best practice established by 
the proceeding works [24, 33] when using LES with ALM to model 
the wake of a wind turbine (Δr < D∕70 and Δr ≃ Δ), and 11M cells is 
reasonable with the given computational resources.

Appendix C

Auxiliary Cases With Different V0
Table C1 lists the basic settings and results for the six auxiliary cases. 
These auxiliary cases are tested with a fixed configuration and sub-
jected to different inflow velocities V0 under laminar inflow conditions. 

The values of these V0 are set to meet the maximum and minimum 
V0,app for each surging setting appeared in Table  1. Results of these 
cases are utilized in Figure 7c to assess the hysteresis effects (dynamic 
inflow and unsteady airfoil aerodynamics) due to the surging motions 
of a FOWT rotor.

Appendix D

Profile of �stall for NREL 5MW

Figure D1 presents the �stall profile along the blade span of NREL 5MW 
baseline turbine. Note that the airfoil sections are not the same through-
out the blade, and thus �stall varies along the blade.

Appendix E

Phase-Averaged Spanwise Velocity Fields < w>0𝜋

The phase-averaged spanwise velocity fields at �S = 0.0� (and 
�Ω = 0.0�), denoted as < w>0𝜋, for the cases in Group c are presented 
in Figure 12. The primary purpose of the figure is to confirm that the 
induction fields of the SIPeCS exchange the flow inside and outside of 
the wake for the surging cases, whereas the exchange processes are not 
detected in the cases with a fixed rotor.

Appendix F

Quantification of SIPeCS of the Laminar Cases With Different 
Surging Settings

The plots of < Γ>0𝜋,max, < Γu>0𝜋,max, and < Γw >0𝜋,max against the 
x-positions where < Γ>0𝜋,max are found for the six laminar cases 
in Group b are plotted in Figure  F1. Unlike the turbulent cases in 
Group b, trends with respect to both vmax and kD cannot be detected 
easily. However, despite the irregularity, it can be clearly seen that 
the strengths of SIPeCS based on < Γw >0𝜋,max for the surging cases 
are generally much higher than the threshold, except for cases 12. 
Additionally, < Γu>0𝜋,max for the surging cases appear to be lower 
with larger x-positions, showing that the strengths of the shear layer 
are reduced, unlike the fixed case (case  1). Furthermore, the very 
similar values of < Γ>0𝜋,max for the three cases with the same kD 
(cases 5, 9, and 10) supports the finding that for the laminar cases, the 
large and strong vortical structures representing SIPeCS are formed 

FIGURE A1    |    Convergence tests of the statistics sampled at x∕D = 3, z∕D = 0.5 of case  7. TΩ is the rotational period for a NREL  5MW rotor 
operating under its rated conditions.

TABLE B1    |    The basic settings and results for the cases with 
different grid resolutions of a single surging NREL 5MW rotor.

Case Number of cells vmax kD CT CP

G1 5.6M 0.22 7.0 0.708 0.512

5 10.4M 0.22 7.0 0.715 0.523

G2 18.8M 0.22 7.0 0.720 0.531
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by merging the tip vortices released within a complete surging cycle 
(except for case 11). Note < Γ>0𝜋 is the area-sum of < 𝜔y >0𝜋.

Appendix G

Entrainment of Flow Kinetic Energy With Time-averaged 
Velocity Data

This section briefly covers the energy entrainment process based on 
the time-averaged data. The analysis procedure is the same as the 
one used in Section 5.4. Equation (G1) writes out the decomposition of 
the fluxes of time-averaged flow kinetic energy, where Reynolds de
composition (u = u + u�) and Reynolds averaging (u = u and u� = 0) 
are utilized. The cumulative fluxes into the rotor projection region 
(z∕D = ± 0.5) starting from x∕D = 1.0 are calculated based on 
Equation (26). 

The cumulative values for the cases of Group c of the same four 
terms considered in Section  5.4 are plotted in Figure  G1. The 
plots show that the fixed-laminar case entrains almost no en-
ergy. While for the surging laminar case, it entrains some energy 
through term u u′w′ but not much from MKEadvection, which 
is in contrast to the analysis in Section 5.4 with phase-averaged 
data. For the two turbulent cases, the results are similar to those 
presented in Section 5.4, which the surging-turbulent case en-
trains more energy through MKE advection but less through the 
2nd order RST term (u u′w′), while the total entrained energy 
is more for the surging-turbulent case. Additionally, the wavy 
patterns found in Figure 18 are lost in Figure G1, showcasing 
that the periodic effects detected by the phase-averaging method 
cannot be captured by time-averaged data.

(G1)

Flux of time-averaged kinetic energy for n̂= ± ẑ : uj

�uiui
2

�
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FIGURE B1    |    Grid sensitivity tests about the cycle-averaged rotor performances (< CT >) and integral wake characteristics (uDisk). Numbers in 
parentheses are the case numbers in Tables 1 and B1.

TABLE C1    |    The basic settings and results for the auxiliary cases 
with different V0 but identical rotational frequency (Ω = 1.26 rad/s) of a 
single fixed NREL 5MW rotor.

Case TI [%] V0 [m/s] V0∕V0,rated CT CP

A1 Laminar 6.33 0.56 0.330 0.076

A2 Laminar 8.87 0.78 0.538 0.264

A3 Laminar 10.13 0.90 0.640 0.388

A4 Laminar 12.67 1.11 0.801 0.651

A5 Laminar 13.93 1.22 0.859 0.783

A6 Laminar 16.47 1.44 0.856 0.846

Note: reference velocity for calculating CT and CP (Equation 16) is set to 
V0,rated = 11.4 m/s.

FIGURE D1    |    Profile of �stall for NREL 5MW baseline turbine based 
on the airfoil data given in the documentation [20].
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FIGURE E1    |    Contour plots of phase-averaged spanwise velocity fields < w>0𝜋 for the cases in Group c. Locations of the magenta dashed-line 
boxes in the plots are identical to those in Figure 12, which correspond to the positions of the example sets of SIPeCS. The inflow conditions (TI) and 
surging settings (vmax and kD) are labeled at the top left of each panel, while the case numbers are labeled on the right.

FIGURE F1    |    Plotting the x-positions where < Γ>0𝜋,max are found against the values of < Γ>0𝜋,max , < Γu>0𝜋,max, and < Γw >0𝜋,max for the laminar 
cases in Group b. < Γu>0𝜋,max and < Γw >0𝜋,max are calculated based on the same paths to obtain < Γ>0𝜋,max, but only considering < u>0𝜋 or < w>0𝜋. 
(a) < Γ>0𝜋,max. (b) < Γu>0𝜋,max. (c) < Γw >0𝜋,max. The dashed line in (c) indicates the threshold for specifying SIPeCS mentioned in Section 5.3.2, and 
the case numbers are labeled in parentheses.

FIGURE G1    |    Energy entrained into the rotor projection region (− 0.5 ≤ z∕D ≤ 0.5) on y∕D = 0 plane with different terms using time-averaged 
velocity data. “Cul.” is the acronym for “cumulative.” The plots are similar with Figure 18.
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