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Abstract. The present study deals with the real-time estimation of the wind turbine wake 

meandering and the determination of the best indicators to measure in order to build a real-time 

wake meandering model. Results are obtained through experiments performed in an atmospheric 

boundary layer wind tunnel, where a specific set-up enables to measure simultaneously the 

incoming lateral velocity fluctuations, the lateral force fluctuations applied to the wind turbine 

model and to track in real-time the lateral position of its wake. It is an extension of a previous 

work about the determination of good candidates to build some real-time predictors of the wake 

meandering. The strong correlations between the incoming transverse velocity fluctuations, the 

lateral force fluctuations and the lateral position of the wake farther downstream are quantified, 

confirming that the large-scale turbulent eddies impact directly the wake meandering. Three 

different versions of a wake meandering predictor model are compared. It leads to the conclusion 

that the monitoring of the global force fluctuations applied to a wind turbine could be used to 

predict in real-time the meandering of the generated wake. 

1.  Introduction 

Wind turbine wake interactions are one source of power losses in wind farms. Their predictions are 

inaccurate since the wake models implemented in commercial wind resource assessment models are 

very basic. For instance, they do not take into account the atmospheric flow conditions and its unsteady 

features [1-3]. However, the large scale turbulent eddies contained in the atmospheric boundary layer 

(ABL) represent one source of the meandering process of the wind turbine wake, which is characterized 

mainly by low frequency horizontal oscillations of the whole wake [4-6]. The present study is 

exclusively focused on this source of meandering. Some meandering wake models were developed 

based on this hypothesis [7-9]. PRISME Laboratory from the University of Orléans already performed 

several experiments in its atmospheric boundary layer test section of the Malavard wind tunnel in order 

to prove the existence of this phenomenon and characterize it [10-12]. It had already obtained a transfer 

function between the incoming flow turbulent properties and the wake meandering, giving the 

possibility to predict in real-time the main meandering behavior of the wake just by monitoring the 

incoming flow [13]. This result could be used in numerical models of meandering but one could also 

think of applying this procedure in real time and in real-configurations in order to improve the wind 

farm monitoring and control. On the other hand, it is not yet common to have access to the measurements 
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of the incoming flow of a wind turbine (even if the LIDAR technology is mature enough to enable the 

development of LIDAR-assisted control systems [14]) and our goal in this present work is to determine 

a better candidate than the incoming flow velocity as meandering predictor. 

It is expected that the global unsteady aerodynamic loads applied to the wind turbine could be adapted 

to this application and an experiment had been designed on in order to prove this expectation. 

The results showed that the global drift force fluctuations measured on the actuator disc, which are a 

signature of the integrated transverse velocity fluctuations all over the disc and can be interpreted as an 

unsteady misalignment of the rotor according to the incoming flow, are also correlated with the 

meandering process. A correlation between the vertical torque (yaw) fluctuations and the meandering is 

identified when the modeled wind turbine interacts with an upstream wind turbine wake. It was 

concluded that the yaw fluctuations could be a good indicator of the presence of an upstream wake [13]. 

The present work will be dedicated to combine these results with a model dealing with the horizontal 

wake deviation versus the misalignment angle in order to determine whether this unsteady misalignment 

can be a source of amplification of the meandering. 

2.  Experimental set-up 

The present experiments are based on the physical modelling in a wind tunnel of the ABL and of the 

wind turbine at a very reduced geometric scale (1:400). This ABL modelling approach is extensively 

used in atmospheric dispersion applications for 50 years and more recently in wind energy applications. 

Several referenced guidelines and articles described precisely the rules to properly reproduce an ABL 

in a wind tunnel and the limitations of this modelling [15-19]. For instance, the fact that the characteristic 

Reynolds number of the model is much smaller than in full scale must be particularly studied. Even if a 

critical Reynolds number based on the obstacle dimensions of 10,000 had been established to ensure the 

Reynolds independency of obtained results, this independency must be checked by reproducing 

experiments at different reference velocities. Additionally, any element composing the model must be 

smooth in order to avoid the re-laminarization process. These constraints were taken into account in the 

present set-up. The strategy to model the wind turbine was also driven by these constraints: the rotor is 

modelled by a porous disc made of metallic mesh. The flow through a porous grid (i.e. a turbulence 

grid) is known to be Reynolds independent [20]. Additionally, this modelling concept eliminates the 

unsteady flow signatures due to the blade motion (blade wake, rotational momentum, tip vortex, root 

vortex) and due to the massive separation (Van Karman-type vortices as in a bluff-body wake). It 

therefore ensures that, if a meandering process is detected, it is only due to the interactions between the 

incoming turbulent length scales and the wind turbine [11, 12]. The remaining discrepancies related to 

the relatively low Reynolds number is the modification of the dissipation scales but they do not play a 

role in the present scenario of meandering process, based on the large turbulent scales. 

The experiments were carried out in the “Lucien Malavard” wind tunnel located at the PRISME 

Laboratory from the University of Orléans (Fig. 1). The wind tunnel is equipped to model a neutrally 

stratified ABL flow at a geometric scale of 1:400. In order to obtain a model of a moderately rough 

ABL, the 14m development plate is covered with perforated steel sheet. Furthermore a turbulence grid, 

combined with turbulence generators, is located at the entrance of the wind tunnel section in order to 

initiate appropriate mean velocity and turbulence intensity profiles. Although the return test section is 

4m×4m, the effective test area is 3m wide and 1.5m high. 

Properties of the obtained boundary layer (mean velocity, turbulence intensity and integral length 

scale profiles) are checked and are in agreement with the standards for ABL flows [15-19]. The ABL is 

representative of a moderately rough terrain, with a roughness length of z0 = 5.10-5m (equivalent full 

scale roughness length of 0.02m), a power law exponent of  = 0.14 and a friction velocity of u* = 

0.29m.s-1. The mean velocity measured at hub height is U∞ = 6.9 m.s-1. The turbulence intensity profiles 

are within the expected range for this type of terrain and the expected ratio between the turbulence 

intensities 5.0IuIw  is obtained. The streamwise integral length scale Lux is relatively constant at the 

height of interest and is 2 to 4 times larger than the rotor diameter. This ensures that the meandering 

process due to the presence of large turbulent eddies in the incoming flow can exist. 
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The modelling concept of the wind turbine is based on the actuator disc theory as described by 

Aubrun et al [10]. The rotor is reproduced with a disc of metallic mesh of 200mm of diameter (D) (80m 

at full scale). The solidity of the porous disc is 45% (wire diameter of 1mm and thread spacing of 

3.2mm), leading to an equivalent axial induction factor of a = 0.19 (defined in $3.2) and a thrust 

coefficient of CT = 0.62. The center of the porous disc is located at a variable hub height Hhub with a 

threaded rod with a 0.05D diameter.  

 
 

Return test section 
44m² 

Vmax = 12.5 m/s 

Main test section 
22 m2 

Vmax = 50 m/s  

Figure 1. The “Lucien Malavard” wind tunnel of PRISME Laboratory, University of 

Orléans. Measurements were performed in the return test circuit, adapted to model a 

neutrally stratified atmospheric boundary layer 

 

A horizontal hot wire rake composed of 5 hot wire probes (four 55P11 single probes, one 55P61 X-

probe and anemometers from Dantec Dynamics) located at a distance L=5D downstream of the wind 

turbine is used to determine the instantaneous horizontal wake position (Fig. 2).  

The choice is made to focus the whole study only on the horizontal meandering since it has been 

observed that it is the main meandering direction due to the fact that the horizontal turbulent velocity 

fluctuations in a turbulent boundary layer are larger than the vertical ones, which is itself a consequence 

of the blockage effect by the ground [11, 18]. 

 

 

Figure 2. Experimental set-up and dimensions.  

 

On one side of the rake, the X hot-wire probe is used in order to measure the local transverse velocity 

fluctuations. The uniform spacing between probes is Δy = 0.4D. The methodology to calculate the 

horizontal wake position is based on the computation of a weighted average of the locations of each 

0.55 
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probe (which are fixed), where the weighting is chosen as the exponential of the instantaneous local 

velocity deficit (see details and validation in [13]). 

A 55P61 DANTEC hot wire X-probe is located 0.55D upstream of the wind turbine model of interest, 

measuring the horizontal components of the velocity. 

The wind turbine model is fixed on a 6-axis aerodynamic balance (ATI Mini40), which is located 

underneath the floor. The three components of the aerodynamic force (𝐹𝑥 , 𝐹𝑦, 𝐹𝑧) and the three 

components of the associated torque (𝑇𝑥 , 𝑇𝑦, 𝑇𝑧) computed according to the center of the rotor model 

are measured. The 6 channels of the aerodynamic balance are simultaneously acquired with the hot wire 

time series so as to allow time correlations. 

3.  Results and discussion 

3.1.  Coherence and phase shift 

In order to assess the relationship between the upstream large scale turbulence, the global load 

fluctuations and wake meandering, the coherences and the associated phase shifts are computed between 

the upstream transverse velocity 𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚, the lateral force 𝐹𝑦 and the wake position 𝑦𝑤  (Fig. 3). The 

coherence is defined as a dimensionless value deduced from the cross-spectrum and in the range between 

0 (no correlation) and 1 (full correlation), as a function of the frequency. 

 

 

Figure 3. Coherence and phase shift between physical values.  

 

The coherence between the upstream transverse velocity 𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 and the lateral force 𝐹𝑦  shows a 

very high level of coherence over a broad frequency range and reaches the value of 0.8 for low 

frequencies. The associated phase shift presents a linear law versus the frequency that is representative 

of a convective phenomenon. The slope of the linear law is directly linked to the time delay between 

both signals. It is assessed to 𝜏F/v= 16.4 ms, which leads to a convection velocity 𝑈𝑐𝐹/𝑣 =D 𝜏F/v  = 

0.98U∞. It illustrates that the lateral load fluctuations measured on the wind turbine model are directly 

driven by the incoming transverse velocity fluctuations, with a time delay due to the streamwise 

advection. 

The coherence between the upstream transverse velocity 𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 and the lateral wake position 𝑦𝑤  

shows a lower level of coherence since it reaches only a value of 0.6 and the frequency range of 

correlation is also narrower. Indeed, the coherence tends to zero for 𝑓. 𝐷 𝑈∞⁄  = 0.3. One can associate 

this cut-off frequency to length scales of 0.33D, leading to the conclusion that only the turbulent eddies 

larger than 0.33D contribute to the wake meandering signature that is captured in the present experiment. 
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On the other hand, previous results showed that the spectral content of the meandering process was 

assessed to be significant up to 𝑓. 𝐷 𝑈∞⁄  = 0.5 [13]. The long distance between both signals L+0.55D = 

5.55D, which is higher than 2 times Lux is the reason of the correlation loss for the intermediary turbulent 

eddies. They are more rapidly distorted and renewed than the larger ones during the advection process.  

The associated phase shift between upstream transverse velocity 𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 and the lateral wake 

position 𝑦𝑤  presents also a linear law versus the frequency. The time delay between signal is assessed 

to 𝜏𝑣/𝑦= 202.2 ms, which leads to a convection velocity 𝑈𝑐𝑣/𝑦=D 𝜏𝑣/𝑦 = 0.8U∞ ≈ (1-a) U∞. This 

information confirms that the meandering process, illustrated here by the lateral wake position 

fluctuations 𝑦𝑤, is mainly driven by the transverse velocity fluctuations that impact the wind turbine 

model. 

The coherence between the lateral force 𝐹𝑦 and the lateral wake position 𝑦𝑤, the associated phase 

shift and convection velocity 𝜏𝐹/𝑦 are similar as the previous one. The maximum level of coherence is 

slightly higher with 0.7 instead of 0.6. This information is of interest since lateral force fluctuations are 

an image of the interactions between the yawed flow and the actuator disc. Having a higher coherence 

level between the position of the wake and the force than between the wake and the velocity tends to 

indicate that theses interactions should not be neglected into the wake meandering models. 

 

3.2.  Unsteady yaw effects. 

The presence of transverse velocity fluctuations can be considered as an unsteady yaw effect, where 

𝛾(𝑡) is the angle between the instantaneous horizontal velocity vector and the streamwise direction. This 

instantaneous yaw angle is assessed with the following equation:  

 

𝛾(𝑡) = 𝑡𝑎𝑛−1 (
𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚(𝑡)

𝑈∞
)                                                            (1) 

 

According to the vortex cylinder theory of a yawed actuator disc [21], the induced velocity that actually 

impacts the disc is skewed from an angle , with  the skew angle of the wake, which is related to the 

axial induction factor 𝑎 and the yaw angle 𝛾: 

 

𝜒 = (0.6𝑎 + 1)𝛾                                                               (2) 

 

With 𝑎 = 1 −
𝑈𝑑𝑖𝑠𝑐

𝑈∞
=

1

2
(1 −

𝑈𝑤𝑎𝑘𝑒

𝑈∞
), 𝑈𝑑𝑖𝑠𝑐  is the streamwise velocity at the disc location and 𝑈𝑤𝑎𝑘𝑒 is 

the streamwise velocity in the far-wake. 

This formula is demonstrated for a steady yaw but it is attempted to extrapolate it to the present unsteady 

analysis, considering that a hypothesis of quasi-steadiness (succession of steady states) is acceptable for 

yaw modifications at low frequency. 

If one expects that the lateral force fluctuations 𝐹𝑦(𝑡) are directly related to the induced velocity 

fluctuations that impact the disc, and that the instantaneous angle between the horizontal force vector 

and the streamwise direction 𝜃𝐹(𝑡) is equal to the angle between the instantaneous induced velocity 

vector and the streamwise direction: 

 

𝜃𝐹(𝑡) = 𝜒(𝑡) = (0.6𝑎 + 1)𝛾(𝑡 − 𝜏F/v ) = 𝐺𝜃𝐹/𝛾𝑡ℎ𝑒𝑜
. 𝛾(𝑡 − 𝜏F/v )                   (3) 

 

With 𝐺𝜃𝐹/𝛾𝑡ℎ𝑒𝑜
= 1.11 in the present configuration. 

Fig. 4 shows the gain of the transfer function between the angles 𝛾(𝑡)  and 𝜃𝐹(𝑡) deduced from the 

experiments, 𝐺𝜃𝐹/𝛾𝑒𝑥𝑝
(𝑓). It is relatively constant all over the presented frequency range at a value of 

0.4. Even if this is the right order of magnitude, it shows that the relationship between the unsteady yaw 

angle and the unsteady drift (lateral force Fy) needs to be improved. One explanation might be that the 
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velocity probe measuring the incoming flow is to close to the disc (0.55D) and that the local flow is 

already distorted due to the whole stream tube deflection or that the force vector is not aligned with the 

averaged induced velocity at the disc location. This point must be checked in a future measurement 

campaign. 

 

 

3.3.  Wake meandering models 

This experimental set-up gives the opportunity to test and validate some assumptions that are used in 

wake meandering models as the passive transport of the wake “emitted” from the wind turbine by the 

incoming turbulent flow [7]. The lateral wake position at an instant 𝑡𝑖 and at a fixed downstream distance 

L is expected to be totally driven by the transverse velocity fluctuations that impact the disc at the instant 
(𝑡𝑖 − 𝑈 𝐿⁄ ), with 𝑈 the mean streamwise velocity. In the present study, the convection velocity has been 

assessed to Ucv/y=0.8U∞, thanks to the phase shift between the upstream transverse velocity fluctuations 

and the wake position fluctuations. It will be therefore used in the tested wake meandering model: 

 

𝑦𝑤/𝑣(𝑡) =
𝐿

𝑈𝑐𝑣/𝑦
𝑣𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚(𝑡 − 𝜏𝑣/𝑦)                                               (4) 

 

In their model, the notion of passive transport of the wake is a very strong hypothesis that ignores 

the effects of interactions between the flow and the wind turbine model. Indeed, there is a strong 

coupling between the wind turbine misalignment characterized by the yaw angle and the skewed wake 

characterized by the skew angle. This can be taken into account into an alternative wake meandering 

model, considering that the meandering is directly due to the skewness of the wake: 

 

𝑦𝑤/𝛾(𝑡) = 𝐿. 𝑡𝑎𝑛 (𝜒(𝑡 − 𝜏𝑣/𝑦)) = 𝐿. 𝑡𝑎𝑛 ((0.6𝑎 + 1) 𝛾(𝑡 − 𝜏𝑣/𝑦)) 

= 𝐿. 𝑡𝑎𝑛 ((0.6𝑎 + 1) 𝑡𝑎𝑛−1 (
𝑣

𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚(𝑡−𝜏𝑣/𝑦)

𝑈∞
))                                          (5) 

 

Figure 4. Gain obtained from the 

transfer function between physical 

values. 

Example: 𝐺𝑌/𝑋 corresponds to the gain 

obtained from the transfer function 

estimate between the time series  𝑋(𝑡) 

(input) and  𝑌(𝑡) (output) 
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The same hypothesis of strong coupling between the flow and the actuator disc is now used to find a 

relationship between the lateral force fluctuations and the wake meandering, by considering that the 

force vector is aligned with the induced velocity at the disc location : 

 

𝑦𝑤/𝜃𝐹
(𝑡) = 𝐿. 𝑡𝑎𝑛 (𝜒(𝑡 − 𝜏𝐹/𝑦)) = 𝐿. 𝑡𝑎𝑛 (𝑡𝑎𝑛−1 (

𝐹
𝑦(𝑡−𝜏𝐹/𝑦)

𝐹𝑥̅̅ ̅
))                         (6) 

 

Fig. 4 shows the gain of the transfer functions between the measured instantaneous lateral wake 

position 𝑦𝑤(𝑡) and the assessed ones from the three models:  

- the model 1, based on the passive transport hypothesis 𝑦𝑤/𝑣(𝑡), 𝐺𝑦𝑤/𝑣/𝑦𝑤
(𝑓),  

- the model 2, based on the yaw effect to the skewness of the wake 𝑦𝑤/𝛾(𝑡), 𝐺𝑦𝑤/𝛾/𝑦𝑤/(𝑓).  

- The model 3, based on the yaw effect to the skewness of the wake 𝑦𝑤/𝜃𝐹
(𝑡), 𝐺𝑦𝑤/𝜃𝐹

/𝑦𝑤/(𝑓) 

 

If one model is correct, it is expected that its gain is close to 1 in the frequency range of interest 

(𝑓. 𝐷 𝑈∞⁄  < 0.3).  

The model 1 presents a gain between 1 and 2. It means that the model proposed by Larsen et al. [7] 

overestimates the lateral transport of the wake. For the model 2, the gain is slightly lower than for the 

passive transport hypothesis but still overestimates the meandering. For the model 3, the gain is close to 

0.5 for the whole frequency range of interest In that case, the meandering is overestimated. It seems that 

this latter model based on the measurement of the instantaneous lateral force fluctuations could also be 

a good candidate to predict the wake meandering since these fluctuations are very much correlated with 

the incoming flow fluctuations. But the gain of the transfer function is not more appropriate than the 

ones based on the velocity fluctuations. 

4.  Conclusion 

The present study was performed through atmospheric boundary layer wind tunnel testing, where a 

specific set-up enabled to measure simultaneously the incoming lateral velocity fluctuations, the lateral 

force fluctuations applied to the wind turbine model and to track in real-time the lateral position of its 

wake. It is an extension of the work presented in [13] about the determination of good candidates to 

build some real-time predictors of the wake meandering. The strong correlations between the incoming 

transverse velocity fluctuations, the lateral force fluctuations and the lateral position of the wake farther 

downstream were quantified, showing that, at 5D downstream of the wind turbine model, the large-scale 

turbulent eddies (larger than 3D) impact directly the wake meandering. Three different versions of a 

wake meandering predictor model were compared. The first one was developed by Larsen et al. [7] and 

was based on the classical hypothesis of passive transport of the wake by the large turbulent eddies. The 

second and third ones were proposed in the present study. They were based on the hypothesis that the 

interactions between the incoming flow and the wind turbine model must not be neglected and took into 

account the skewness of the wake due to the unsteady yaw effect. The second one used as indicator the 

incoming velocity fluctuations, whereas the third one used the lateral force fluctuations. It was observed 

that none of them was able to reproduce the right magnitude of meandering. It leads to the conclusion 

that the monitoring of the global force fluctuations applied to a wind turbine could also be used to predict 

in real-time the meandering of the generated wake but the function transfer between this information 

and the meandering magnitude must be improved. 

This study must be extended to multiple configurations through a parametrical study, in order to 

confirm these conclusions. The influence of the disc porosity (and so the velocity deficit and the wake 

skewness), the incoming wind properties (turbulence intensity and turbulence length scales) and the 

streamwise distance between the wind turbine model and the location where the meandering is predicted 

will be tested. The model sensitivity to a steady misalignment (static yaw errors encountered on real 

wind turbines) will be also quantified. This parametrical study might be also accompanied by LES 

computations. 
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