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Abstract 

As offshore wind power development continues to expand into deeper waters, floating offshore wind turbines have attracted 

widespread attention due to their excellent adaptability to varying water depths and their significant potential for harnessing wind 

energy resources. Yaw control, as a key technical means for improving the overall energy utilization efficiency of wind farms, 

can enhance the power generation performance of the entire wind farm by actively altering the direction of the wake to improve 

the inflow conditions for downstream turbines. However, the mechanism of a platform motion affecting the yaw control remains 

unclear, particularly the coupled effects of platform motion and yaw action under varying sea conditions, which have yet to be 

systematically studied experimentally. This study utilizes a combined wind and wave experimental platform, using a downscaled 

NREL 5 MW wind turbine as a prototype, to investigate wake characteristics under different sea conditions and yaw angles. This 

study examines wake characteristics from two perspectives: the evolution of wake morphology and wake displacement analysis. 

By comparing the differences in wake loss and displacement between the floating and the monopile wind turbine, the effects of 

yaw angle and platform motion are analyzed, and further the modulating role of sea state variations on wake development patterns 

is explored. The results indicate that changes in sea conditions primarily influence the wake mixing process through the platform 

motion. Compared to monopile wind turbines, the wake cross-section of floating wind turbines is more likely to exhibit widening 

and flattening characteristics under stronger sea conditions. A yaw operation effectively enhances the lateral wake displacement 

and forms an asymmetric wake structure. Overall, the platform motion exerts a significant influence on the wake recovery 

process, altering the differences in wake evolution between the floating and the monopile wind turbine. The findings of this study 

provide an experimental evidence and reference for optimizing yaw control strategies and managing wakes in floating offshore 

wind farms. 
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1. Introduction 

As offshore wind power gradually expands into deeper wa-

ter and wind farms continue to grow in scale, the impact of 

wake interactions between turbines on the overall operational 

stability and energy utilization efficiency of wind farms is 
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becoming increasingly significant. The wakes generated by 

upstream turbines can reduce the wind speed and increase tur-

bulence in the inflow to downstream turbines, resulting in 

power losses and increased fatigue loads. Therefore, research 

on wake characteristics has become a crucial foundation for 

optimizing the layout and operational management of offshore 

wind farms. 

For a long time, experimental research [1-3] on wake flow 

has primarily focused on two aspects: first, the formation and 

recovery mechanisms of wake velocity loss, broadening, and 

turbulence enhancement [4, 5] and second, the analysis of 

wake displacement, cross-sectional asymmetry, and recovery 

differences under yaw, unsteady inflow, and platform motion 

conditions [6]. Wind tunnel experiments provide controlled 

and stable conditions for elucidating the effects of near-wake 

tip vortices, root vortices, hub wake, and shear layer structure 

on the diffusion and recovery of the far-wake; meanwhile, 

field measurement techniques such as lidar [7, 8] and SODAR 

[9] have verified the evolutionary characteristics of wakes in 

real wind fields, thereby advancing the refinement and valida-

tion of wake models. In recent years, yaw control has garnered 

widespread attention as an active wake regulation method. 

Studies have shown that yaw not only causes a shift in the 

wake center [10, 11] but also alters the morphology of the 

wake cross-sectional velocity deficit. 

For floating wind turbines, the continuous motion of the 

platform under the combined action of wind and waves alters 

the inflow conditions of the rotor and the evolution of the 

wake, resulting in complex unsteady characteristics of the 

wake. Previous studies have indicated that a platform motion 

influences the fluctuations and recovery patterns of the wake 

velocity [12, 13] and interacts with the yaw motion to produce 

coupled effects. Nevertheless, the overall number of wake ex-

periments on floating wind turbines remains limited, with a 

particular lack of systematic comparisons of wake character-

istics between floating and monopile wind turbines under dif-

ferent sea states and yaw angles. 

To address this gap, this study utilizes a combined wind 

tunnel-wave tank experimental platform and employs a 

downscaled NREL 5 MW wind turbine as a prototype to con-

duct comparative experiments on the wake characteristics of 

floating and monopile wind turbines under different sea con-

ditions and yaw angles. By examining both the evolution of 

wake morphology and wake displacement, this study analyzes 

the impact of platform motion on the wake mixing process and 

reveals the modulation mechanisms of wake structure evolu-

tion under varying sea conditions and yaw angles. 

2. Experimental Setup 

This study utilizes a combined wind tunnel-wave tank ex-

perimental platform to conduct comparative wake experi-

ments on floating and monopile offshore wind turbines under 

various sea conditions and yaw angles. Using a downscaled 

NREL 5 MW wind turbine as a prototype, scaled models were 

constructed based on the Froude similarity rule. Both floating 

and monopile support configurations were designed simulta-

neously; the floating wind turbine utilized a tension-leg plat-

form (TLP) to investigate the impact of platform motion on 

the wake, while the monopile configuration served as the con-

trol group. 

2.1. Wind Turbine and Blade Design 

This experiment uses the NREL 5MW wind turbine, devel-

oped by the National Renewable Energy Laboratory (NREL), 

as the prototype. The scale model strictly adheres to the 

Froude similarity criterion [14], which applies to systems 

where flow and structural motion are dominated by gravity. 

The core of this criterion is to ensure a dynamic similarity be-

tween the model and the prototype. The similarity criterion 

[15] is expressed as follows: 

𝐹𝑟 = 𝑈/√𝑔𝐿                   (1) 

where U is the wind speed; g is the acceleration due to gravity; 

L is the characteristic length (encompassing key dimensions 

such as rotor diameter, blade length, and tower height). 

According to the Froude similarity theory, the model and 

the prototype should satisfy: 

𝐹𝑟𝑚 = 𝐹𝑟𝑝                    (2) 

Taking into account the dimensions of the test site and the 

wind tunnel operating conditions, a model scale factor of λ= 

1/126 was ultimately selected. The structural parameters of 

the wind turbine, tower, and floating platform were scaled ac-

cording to this ratio to ensure that the test results accurately 

reflect the aerodynamic and dynamic characteristics of the 

full-scale unit. 

 
Figure 1. Rack. 

 
Figure 2. Blade. 
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Table 1. Comparison of Key Parameters Between Wind Turbine Pro-

totypes and Models. 

Parameters 
NREL 5MW 

turbine 

Experimental 

model 

Blade Length 61.5 m 50 cm 

Tower Height 87.6 m 155 cm 

Rated Wind Speed 11.4 m/s 1.8 m/s 

Rated Rotational 

Speed 
12.1 RPM 10.8 RPM 

Nacelle Weight - 10.2 kg 

2.2. Platform Model 

This study employs a Tension Leg Platform (TLP) and a 

monopile to represent the floating and the fixed offshore wind 

turbine support structures, respectively. TLPs are connected 

to the seabed anchoring system via pre-tensioned tension legs, 

providing strong vertical restraint capabilities. They effec-

tively suppress motion responses such as vertical heave, pitch, 

and roll, thereby enhancing the platform stability; as a result, 

they are widely regarded as one of the key platform configu-

rations for deep-sea floating wind power. 

Based on the structure of a downscaled DTU 10MW float-

ing platform [16], and taking into account the dimensions of 

the experimental tank and the scale-down requirements, the 

key parameters and schematic diagram are shown in Table 1 

and Figure 3. In the experiments, the floating wind turbine was 

supported by a TLP platform and oriented in the direction of 

the incoming flow, concentrating the platform’s primary mo-

tion in the heave and in the pitch directions to minimize the 

impact of lateral motion on the wake measurement results. 

Under the coupled action of wind and waves, the platform’s 

motion alters the rotor’s inflow conditions, which in turn af-

fects the development and recovery processes of the wake. 

 
Figure 3. Floating Platform. 

 
Figure 4. Direction of inflow. 

As a reference scenario, a monopile wind turbine is 

equipped with a rigid fixed foundation; its rotor, tower, and 

installation height are identical to those of the floating wind 

turbine, with the platform’s degrees of freedom eliminated 

solely through fixed constraints. By comparing the differences 

in wake response between the two support configurations un-

der identical sea conditions and yaw conditions, it is possible 

to further analyze the impact of platform motion on wake dis-

placement, velocity loss distribution, and yaw control perfor-

mance. 

 
Figure 5. Monopile Platform. 

2.3. Operating Conditions 

This experiment was designed to simulate two types of 

wave conditions: typical and severe (designated as Case A and 

Case B, respectively). The prototype parameters for all oper-

ating conditions were derived from the design water level and 

design wave parameters established by the State Power Invest-

ment Corporation (SPIC) for the NREL 5MW wind turbine. 

Combining these with the model’s Froude number (λ = 1/126), 

the corresponding wave parameters for the experimental 

model were calculated using similarity criteria. The specific 

operating conditions are shown in Table 2. 
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Table 2. Experimental wave conditions (Case A-Case B). 

Case Case A Case B 

Prototype significant wave height (m) 5.04 6.18 

Prototype wave period (s) 8.626 8.9 

Experimental significant wave height (m) 0.04 0.049 

Experimental wave period (s) 0.768 0.7929 

2.4. Test Conditions and Measurement Point 

Layout 

To investigate the effects of platform type, yaw angle, and 

sea conditions on the wake characteristics of wind turbines, 

this study selected the wind turbine type, yaw angle, and sea 

conditions as the primary control variables. The wind turbine 

types include floating wind turbines and monopile wind tur-

bines; both models are identical in terms of rotor parameters, 

tower structure, and installation height, differing only in foun-

dation type. The yaw angles were set to 0°, 10°, and 20°, the 

wind tunnel inflow direction was taken as the 0° reference; sea 

conditions included two categories: typical and adverse. Tak-

ing all influencing factors into account, a total of 2×2×3 ex-

perimental conditions were established. 

The experimental wind speed was set to 1.8 m/s, corre-

sponding to an optimal tip speed ratio of 4.8 and an optimal 

rotational speed of 165 rpm for the model wind turbine. To 

investigate the spatial evolution of the wake, five measure-

ment sections were arranged axially downstream of the wind 

turbine, located at 2.5D, 3.5D, 4.5D, 5.5D, and 6.5D (where 

D represents the rotor diameter). 

In addition, based on the axial sections, a denser grid of 

measurement points was arranged transversely along the wake 

center to analyze the patterns of wake displacement and ve-

locity loss. By measuring and comparing the wake velocity 

fields under different operating conditions, it is possible to fur-

ther evaluate the wake evolution characteristics and yaw con-

trol performance of floating and monopile wind turbines under 

various sea states and yaw conditions. 

3. Analysis of Wake Characteristics 

To evaluate the yaw control performance of floating and 

monopile wind turbines under different sea conditions, this 

section focuses on analyzing the distribution of wake velocity 

losses and the patterns of wake displacement under typical and 

severe sea conditions, based on experimentally measured 

wake velocity field data. By comparing the wake response 

characteristics of different foundation types under yaw condi-

tions, this study reveals the impact of platform motion on 

wake redirection capability and the effectiveness of yaw con-

trol. 

3.1. Patterns of Wake Evolution Under 

Different Sea Conditions 

This subsection groups the data based on the two sea con-

ditions defined in the experiment. Within each group, using 

the 0° yaw angle as the reference, it analyzes the evolution of 

wake patterns at 10° and 20° yaw angles, while comparing the 

differences in wake patterns between the floating and mono-

pile wind turbines. 

3.1.1. Typical Sea Conditions 

The following figure compares wake characteristics under 

typical sea states. 

 
Figure 6. Typical sea conditions yaw angle 0°. 

 
Figure 7. Typical sea conditions yaw angle 10°. 

 
Figure 8. Typical sea conditions yaw angle 20°. 
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Under typical sea conditions (Case A), the wake of both 

floating and monopile wind turbines exhibits distinct yaw re-

orientation characteristics. As the yaw angle increases from 0° 

to 20°, the center of the wake continuously shifts toward the 

yaw side, and the magnitude of this shift gradually increases 

with downstream distance, indicating that the yaw angle is the 

dominant factor determining the wake shift pattern. At the 

same time, the platform motion enhances a momentum ex-

change between the wake and the surrounding high-velocity 

fluid, causing the wake of the floating wind turbine to exhibit 

more pronounced broadening and flattening characteristics in 

the near-wake region, and promoting the wake recovery pro-

cess. Compared to the monopile wind turbine, the cross-sec-

tional morphology of the wake from the floating wind turbine 

differs to some extent, but the wake shift trends of the two 

remain generally consistent. This suggests that under typical 

sea conditions, a platform motion primarily affects the wake 

recovery and the distribution of velocity losses, without alter-

ing the wake redirection patterns formed by the yaw control. 

3.1.2. Adverse Sea Conditions 

The following figure shows the comparison under adverse 

sea states. 

 
Figure 9. Adverse sea conditions yaw angle 0°. 

 
Figure 10. Adverse sea conditions yaw angle 10°. 

 
Figure 11. Adverse sea conditions yaw angle 20°. 

As the yaw angle increases, the offset of the wake center is 

similar to that under typical operating conditions, and signifi-

cant local morphological deviations occur in the near-wake re-

gion; as the wake continues to evolve downwards, the differ-

ences between the two gradually dissipate in the far-wake re-

gion and converge. A comprehensive comparison of these five 

operating conditions reveals that, in terms of recovery charac-

teristics, the floating unit exhibits a faster speed recovery in 

most conditions due to the platform motion; this difference 

becomes more pronounced as sea conditions intensify. As the 

platform motion increases, the momentum exchange between 

the wake and the surrounding inflow becomes more thorough, 

which is one of the primary reasons for the faster recovery 

speed of the floating unit in the mid-to-far field. 

3.2. Comparison of Wake Shift Under Different 

Sea Conditions 

3.2.1. Theoretical Basis 

Based on experimental findings, the following semi-empir-

ical relationships are used to estimate the wake displacement 

for single-pile and floating structures, respectively. For single-

pile structures, since the foundation is fixed, its wake displace-

ment is primarily determined by the combined effects of yaw 

and downstream development, and can be expressed as: 

𝛿𝑤,𝐷𝑍

𝐷
= 𝐾𝛾𝑡𝑎𝑛𝛾[1 − 𝑒𝑥𝑝⁡(−𝐾𝑥(

𝑥

𝐷
− 1))]       (3) 

𝛿𝑤,𝐷𝑍 is the center offset of the wake of a single-pile wind 

turbine; D is the rotor diameter; γ is the yaw angle; x is the 

downstream distance; 𝑡𝑎𝑛𝛾  represents the lateral displace-

ment caused by yaw; 𝐾𝛾  is the yaw response coefficient, 

characterizing the sensitivity of the wake displacement to the 

yaw angle; 𝐾𝑥 ⁡is the downstream development coefficient, 

describing the rate at which the wake displacement grows in 

the downstream direction; both are empirical parameters de-

termined by fitting experimental data; the exponential term 

describes the development process of the displacement in the 

downstream direction. 

Compared to monopile wind turbine, floating wind turbine 
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is subject not only to yaw forces but also to changes in the 

relative inflow caused by platform motion; therefore, the wake 

shift can be further expressed as: 

𝛿𝑤,𝑃𝐹

𝐷
= 𝐾𝛾𝑡𝑎𝑛⁡𝛾(1 + 𝛷𝑚)[1 − 𝑒(−𝐾𝛾(

𝑥

𝐷
−1))]       (4) 

where 𝛿𝑤,PF  represents the center offset of the wake of a 

floating wind turbine; 𝛷𝑚 can be expressed in terms of the 

amplitude of the platform's longitudinal sway, the natural fre-

quency, and the incident wind speed, and is defined as: 

𝛷𝑚 =
2𝜋𝑓𝑆∗

𝑈ℎ
                   (5) 

where 𝑆∗ is the amplitude of the platform's longitudinal os-

cillation; 𝑓⁡is the natural frequency of the platform's longitu-

dinal oscillation; 𝑈ℎ ⁡is the inflow velocity at the hub height. 

This does not alter the overall pattern in which the offset 

gradually decreases with increasing downstream distance; ra-

ther, it primarily manifests as an increase in the magnitude of 

the offset. In other words, floating wind turbines and monopile 

wind turbines exhibit consistent patterns in the development 

of wake offset; however, under rough sea conditions, platform 

motion causes the wake offset of floating wind turbines to ex-

hibit an additional increase at the same yaw angle. 

3.2.2. Experimental Results 

The figure below shows the variation in wake center offset 

as a function of the downstream interface position under two 

sea conditions, and compares the offset differences between 

the floating wind turbine and monopile wind turbine at two 

yaw angles. 

 
Figure 12. Typical sea conditions. 

 
Figure 13. Adverse sea conditions. 

Comparing typical sea conditions with adverse sea condi-

tions, it is evident that the wake offset increases gradually with 

increasing the downstream distance, and exhibits a slowing rate 

of increase in the rear section. This indicates that the lateral dis-

placement of the yaw wake does not develop at a constant rate 

throughout the entire downstream region; rather, it occurs more 

rapidly in the near-field to mid-field areas. As the wake moves 

further downstream, an increased lateral diffusion and a gradu-

ally widening distribution of velocity loss cause the magnitude 

of the wake’s shift toward the yaw side to decrease, resulting in 

a curve that exhibits an overall pattern of initial growth followed 

by a subsequent slowdown. Regarding the influence of the yaw 

angle, a consistent pattern was observed under both sea condi-

tions: the larger the yaw angle, the greater the wake offset, and 

the curves for the 10° and 20° groups consistently maintained a 

stable stratification relationship across all cross-sections. This 

indicates that in this experiment, the yaw angle remains the pri-

mary factor determining the magnitude of the wake offset; 

while changes in sea conditions modulate the offset, they do not 

alter the fundamental pattern of the offset increasing with in-

creasing yaw angle. 

The differences between the floating and monopile platforms 

are primarily evident at the mid-to-far-field interface. At the 

same yaw angle, the displacement of the floating platform is 

generally slightly greater than that of the monopile platform, 

and the difference becomes more pronounced as the yaw angle 

increases. This indicates that the platform motion does not act 

independently of the yaw effect but rather builds upon the lat-

eral displacement of the wake, further amplifying the magni-

tude of the displacement. Particularly in the mid-to-far field re-

gions, where the wake structure is fully developed, disturbances 

caused by the platform motion are more easily accumulated in 

the time-averaged results; therefore, the differences are more 

pronounced in the range of 3.5D-6.5D. 
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4. Conclusions 

Based on the results of wind-wave coupling experiments, 

this paper conducted a comparative analysis of the wake evo-

lution of a floating and a monopile wind turbines under differ-

ent yaw angles and sea conditions. Starting with wake mor-

phology, the study compared the distribution of wake velocity 

loss, diffusion characteristics, and recovery processes for each 

yaw angle under two sea conditions, with a focus on yaw-in-

duced lateral wake displacement and asymmetric wake struc-

tures. The conclusions are as follows: (1) Under stronger sea 

conditions, the coupling effect of platform motion is more pro-

nounced, and the near-field wake structure is more easily dis-

turbed. The originally distinct asymmetric or bimodal features 

are more likely to broaden and merge, while the morphology 

of the wake loss zone tends to become flatter and more dis-

persed, reflecting the significant influence of platform motion 

on the near-field wake structure. (2) The offset of the far-field 

wake centerline remains primarily driven by the yaw, while 

the periodic motion induced by the platform makes a rela-

tively limited contribution to the average offset on the tem-

poral scale. Therefore, the primary effect of sea conditions is 

manifested in the intensity of wake diffusion and recovery. 
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