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This paper investigates the coupled aero-hydro dynamic response of the OC4 semi-submersible floating offshore wind
turbine (FOWT) under wind-wave-current conditions. Simulations employ the in-house computational fluid dynamics solver,
FOWT-UALM-SJTU, with waves2Foam. Among them, the rotor loads and mooring tension are calculated by the actuator-
line and lumped-mass methods. Free-decay tests in surge, heave, and pitch validate the model against other works. Five cases
including wind only, wind-wave, and wind-wave-current at 0.6, 1.2, and 1.8 m/s, respectively, reveal that current markedly
amplifies surge motion and mooring tension. Rotor-speed root mean square grows slightly, whereas thrust and power drop.
Power Spectral Density analyses show low, medium, and high frequency bands dominated by natural modes, wave, and rotor
harmonics, with high-order wave components intensified by current. Liutex-Omega vortex identification indicates reduced
wake inclination and faster recovery as current strengthens. Present research highlights the necessity of comprehensively
considering wind-wave-current interactions in the design and operation of FOWTs.

INTRODUCTION

Floating wind turbines (FOWTSs) are typically installed in
regions with abundant wind resources, where their opera-
tional environment features coupled, wind-wave-current dynam-
ics (Ramachandran et al., 2022). Especially as the designs trend
towards larger scales, the effects of wind-wave-current interac-
tions become non-negligible. Azcona et al. (2017) incorporated
current load into the analysis of mooring fatigue and ultimate
limit states. Chen and Basu (2019) accounted for current veloc-
ity effects on the wave surface equations, employing an improved
wave generation theory for simulation, which indicated that the
cable fatigue life would be overestimated if the wave-current inter-
actions are neglected. For the platform motion, current has a sig-
nificant impact in the low-frequency range and strongly affects
the mean-drift forces (Zheng et al., 2020). These effects primar-
ily govern translational motion, while rotational motion remains
relatively unaffected (Elobeid et al., 2024). Moreover, increased
mooring tensions due to currents also lead to reduced nacelle
acceleration. Zou et al. (2023) constructed a Kriging-MOGA,
approximate response, surface prediction model for environment
and response parameters, thereby quantifying current coupling
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effects and reflecting the influence of current coupling on motion
response. Li et al. (2023) performed vortex-induced motion anal-
ysis on FOWT platforms without turbines and demonstrated that
the relative angle between waves and currents significantly affects
the cross-flow motion of the platform.

However, there is currently a lack of comprehensive research on
the integrated calculation of FOWTs under coupled wind-wave-
current conditions, particularly regarding the impact of wave-
current interactions on the aerodynamic performance of the tur-
bines. To address this gap, the present study conducts integrated
simulation calculations of FOWT under the combined action of
wind, waves, and currents conditions.

FOWT-UALM-SJTU SOLVER

Figure 1 shows how the FOWT-UALM-SJTU (Cheng et al.,
2019) is a fully coupled computational fluid dynamics (CFD),
aero-hydro-servo-elastic solver based on OpenFOAM. The actu-
ator line model is used for aerodynamic calculation, and the
lumped-mass method is employed to solve mooring tension. Addi-
tionally, the waves2Foam toolbox is coupled for wave generation
in the present study.

MODEL AND SIMULATION SETTINGS
FOWT Model

The NREL 5MW OC4 semi-submersible FOWT (Jonkman
et al., 2009; Robertson et al., 2014) is employed in this paper. The
key properties are listed in Table 1. The origins of this type of
offshore platform can be traced back to the 1970s, exemplified by
the SEDCO-135 offshore drilling platform (Watts and Faulkner,
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Fig. 3 Grid distribution of coupling conditions

Fig. 1 Procedure of FOWT-UALM-SJITU solver (Xue et al.,
2025)

Cases  Shear wind  2"-order regular wave Current speed
Casel 11.4 m/s —_— —_—

Case2 11.4 m/s T=121s,H=758m ——

Case3 11.4 m/s T=121s,H=758 m 0.6 m/s
Cased 11.4 m/s T=121s, H=758m 12 m/s
Case5 11.4 m/s T=121s,H=758 m 1.8 m/s

Table 2 Condition of cases

Properties Value

Total drainage volume of FOWT
Total CoM of FOWT

Total pitch/roll inertia about CoM
Total yaw inertia about CoM
Radius to Anchors from

14,072,718 ke
—9.89 m
1.07116 x 10'° kg-m?
1.22600 x 10" kg-m?
837.6 m

Platform Centerline

Radius to Fairleads from 40.868 m
Platform Centerline

Mooring Line Diameter 0.0766 m

Unstretched mooring line length 835.5 m

Equivalent Mooring Line 753.6 MN

Extensional Stiffness

Table 1 FOWT model properties (center of mass, CoM)
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Fig. 2 Simulation domain of coupling conditions

1968), which is notable for its extensive model and full-scale test
data (Chung, 1976).

Wind-Wave-Current Coupling Conditions

The simulation domain is shown in Fig. 2. The green region
is for wave absorption, while the pink region is for wave gener-
ation. The coupled simulation utilizes a computational grid with
5.82 million cells, as shown in Fig. 3. There are five cases listed
in Table 2 with varying current speeds simulated in this study.
The exponential shear wind speed is generated, with the reference
height H,.; of 90 m and the reference speed U,; of 11.4 m/s.
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Fig. 4 Free decay test of OC4 platform in surge and pitch motion
RESULTS AND DISCUSSION

Free Decay Verification

The initial offset of surge, heave, and pitch are 22 m, 6 m, and
8° in free decay tests, respectively, as shown in Fig. 4 and Fig. 5.
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Fig. 5 Heave free decay test with initial offset = 6 m
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Cases Surge Heave Pitch #2 mooring line tension
Value Difference Value Difference Value Difference Value Difference
Case 1 6.17 m _ —0.040 m _ 2.79° _ 1,482 kN _
Case 2 7.08 m 14.75% -0.007 m 82.50% 2.72° -2.51% 1,554 kN 4.86%
Case 3 9.47 m 53.48% -0.011 m 72.50% 2.61° -6.45% 1,755 kN 18.42%
Case 4 12.50 m 102.59% -0.054 m -35.00% 2.30° -17.56% 2,077 kN 40.15%
Case 5 16.26 m 163.53% -0.148 m -270.00% 1.89° -32.26% 2,720 kN 83.54%

Table 3 Mean value (equilibrium position) of surge, heave, pitch, and mooring tension

Due to limited published heave decay data, a comparison with
OpenFAST-3.5.5 is provided. The present FOWT-UALM-SJTU
results agree well with FAST’s results, and the decay amplitude
falls within the range bracketed by STAR-CCM+ (CFD) and other
potential flow software.

Hydrodynamic Response

Under waves propagating along the positive x-direction, surge,
pitch, and heave motions, along with the tension in Mooring
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Fig. 6 Comparison of hydrodynamic responses and PSD analysis

line 2, are the focus. Figure 6 presents the time-domain motion
in the last wave cycle and the corresponding Power Spectral Den-
sity (PSD) analysis for key responses. Table 3 presents the mean
values of these parameters during the final nine wave cycles.
Compared to the wind-only condition (Case 1), the wave action
(Case 2) increases the mean surge by 14.75% and the mooring
tension by 4.86%. Sea currents amplify this effect dramatically: at
the highest current speed (Case 5), the mean surge increases by an
additional 147.78% and the mooring tension by 78.68% relative
to Case 2. There is no doubt that these increases pose significant

challenges to the lifespan and fatigue strength of mooring lines.
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Fig. 7 Comparison of aerodynamic response curves

Cases Rotor speed Rotor axial force Rotor power
(rpm) (kN) (MW)

RMS  STD RMS STD RMS  STD

Case 1 12.082 0.012 677.818 6.581 5.137 0.110
Case 2 12.085 0.018 675.860 9.166  5.135 0.141
Case 3 12.085 0.029 670.108 12.076  5.098 0.191
Case 4 12.088 0.043 661.861 17.925 5.059 0.258
Case 5 12.096 0.074 643.384  32.637 4991 0.386

Table 4 Aerodynamic responses



International Journal of Offshore and Polar Engineering, Vol. 36, No. 2, June 2026, pp. 180-184 183

— Casel —— Casel ===+ Case3 sves [Tamecd v Case §

Frequency (Hz)
(a) Rotor axial force

larly, the spectrum captures first-order and second-order wave
frequencies matching the employed second-order Stokes theory,
along with a distinct third-order component. Notably, the cases
with combined wind-wave-current (Cases 3-5) exhibit amplified
third-order peaks, demonstrating current-induced enhancement of
higher-order wave effects.

Aerodynamic Response

The aerodynamic responses are shown in Fig. 7. Analysis of the
root mean square (RMS) and standard deviation (STD) values in
Table 4 reveals that wave action significantly amplifies dynamic

12;; fluctuations while leaving mean performance largely unaffected.
10!l Specifically, compared to the wind-only condition (Case 1), reg-
T 10l ular waves (Case 2) increase the STD of rotor speed, axial force,
€0 and power by 50%, 39.28%, and 28.18%, respectively. In con-

gm' | trast, the RMS values show minimal change, with rotor speed,
# el axial force, and power varying by less than 0.3%. This confirms
_ﬁ!z!ﬂ.‘. S D that waves primarily introduce dynamic loads without substan-

Frequency (Hz)
(b) Rotor power

Fig. 8 PSD analysis of aerodynamic responses

The PSD analysis demonstrates that the natural surge fre-
quency captured is consistent with the free decay test. Simi-

Wave Elevation (m)

tially compromising average power generation.

Ocean current exerts a profound influence on aerodynamic per-
formances, drastically amplifying operational fluctuations. Under
the strongest current (Case 5), the STD value of rotor speed, axial
force, and power increases additionally by 516.67%, 395.93%,
and 250.91%, respectively, compared to Case 1. In stark con-
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trast, the RMS values show only minor changes, which confirms
that the control system effectively maintains the rotor at its rated
speed and stabilizes mean performance despite severe environ-
mental disturbances.

PSD analysis in Fig. 8 captures the frequency-domain char-
acteristics. The low-frequency band is governed by the natural
frequencies of pitch and heave motions, though their influence
diminishes after stabilization. The middle-frequency range, crucial
for aerodynamic performance, is dominated by wave-frequency
components and their higher-order harmonics. The high-frequency
band, meanwhile, is characterized by rotor harmonics. Notably,
the first-order rotor frequency f..,, while falling within the mid-
dle band, has a less significant impact than the wave-frequency
excitations.

Turbine Wake and Flow Field Analysis

Based on the Liutex-Omega method, the wake vortex of tur-
bine is drawn in Fig. 9. By the action of wave, the wake vortex
exhibits greater fluctuations, breaking the shape of a lager vortex
ring in the far wake region. The inclination of the wake vortex
decreases with the pitch equilibrium position decreasing, as the
current velocity increases.

To quantify wake effects, velocity deficit analysis was con-
ducted on the plane at hub height (z =90 m) using Eq. 1 and
Eq. 2, with Uy, = 11.4 m/s as the reference. U, , is the time-
average velocity along the x-axis. Figure 10 shows the down-
stream velocity distribution.

Au= Uwind - Umean,x (1)
AM/(]Wind = (Uwind - Umean,x)/Uwind (2)

In Fig. 10, the results demonstrate enhanced wake recovery under
combined wave-current conditions, evidenced by the reduced red
area in the far wake region as current velocity increases. Figure 11
shows the U, , distribution on the plane at 5.0 D, where Case 5
exhibits a significantly smaller low-velocity region compared to
Case 1, demonstrating enhanced wake recovery under combined
wave-current conditions. Simultaneously, the wake center progres-
sively shifts upward from Case 1 to Case 5, correlating with the
decreasing pitch equilibrium position. Combined with the results
of the vortex structure, we reasonably speculate that the change
in wake deficit is mainly caused by the coupling of the hydrody-
namic motion response and the aerodynamic generator controller.

CONCLUSIONS

Currents significantly alter platform dynamics. The mean surge
position increases substantially by an additional 147.78% in
Case 5 compared to Case 2, while the mean pitch angle decreases.
Mooring line 2 tension amplitude rises by nearly 200% and mean
tension by 50% in Case 5. PSD analysis confirms the amplifi-
cation of higher-order wave-frequency components by currents.
Waves significantly increase the fluctuation amplitude (STD) of
rotor speed, thrust, and power, while their mean values (RMS)
remain stable, confirming minimal impact on average power gen-
eration. Currents drastically amplify these fluctuations further.
PSD analysis reveals a consistent tri-modal spectrum dominated
by natural platform frequencies, wave excitation, and rotor har-
monics. Flow visualization shows that waves promote wake fluc-
tuation and vortex breakdown. Velocity deficit analysis demon-
strates accelerated wake recovery under combined wave-current
conditions, a phenomenon attributed to the coupled effect of
hydrodynamic motions and aerodynamic control.
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