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Abstract

:

This wind tunnel study was conducted to investigate the similarity laws involved in the reasonable simulation of the wake characteristics of a full-scale wind turbine. A 5 MW scaled wind turbine model was designed using an optimization method based on the blade element momentum (BEM) theory. Subsequently, wind tunnel tests were carried out on the geometrically similar model and the thrust-optimized model, with different yaw angles and under various upstream flow conditions. The results indicated that the wake development of the wind turbine model was closely related to the thrust forces of the wind turbine, and both kinematic and dynamic similarity laws should be observed to achieve wake characteristics that are reasonably similar to those of a full-scale wind turbine. This study investigated the aerodynamic similarity principles of small-scale wind turbine models to develop a more effective method for simulating full-scale turbine wake characteristics in wind tunnel tests. The outcomes of this study revealed the limitations of the anomalously low thrust coefficients in geometrically similar wind turbine models and present reasonable model design methodologies for small-scale wind turbine models in wind tunnel tests.
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1. Introduction


With the increase in the severity of the energy crisis and environmental pollution, wind energy, as one of the most commercialized forms of energy production, has developed rapidly. The height of turbines and the size of their blades have been increased to improve the utilization rate of wind energy. However, the wake effect between turbines reduces the wind speed and increases the turbulence at the downstream turbine, lowering its power generation efficiency and increasing its fatigue load [1,2]. Research has demonstrated that the wake distribution of wind turbines is mainly affected by the atmospheric boundary layer, wind turbine type, wind turbine yaw angle, and thrust coefficient [3]. Some studies have shown that the yaw operation of the upstream turbine can change the distribution area of the wake, reducing the impact of the wake on the downstream turbine and significantly improving its output power. The wake effects of turbines have become an important research topic [4].



Due to their low cost and high flexibility, wind tunnel tests are often used to study the wake characteristics of wind turbines. The wakes of a horizontal-axis wind turbine (HAWT) were extensively studied and comprehensively reviewed in [5]. The researchers experimentally investigated the distribution characteristics of turbine wakes under operating conditions through wind tunnel tests using small-scale models. The experimental results facilitated the understanding of the wake evolutionary characteristics, as well as the validation and development of numerical models (such as large-eddy simulation (LES) and Reynolds-averaged Navier–Stokes (RANS)) and analytical wake models [6,7]. Currently, most studies focus on the geometrical and kinematic similarities of scaled wind turbine models in wind tunnel tests, and there is a lack of comprehensive studies on the dynamic similarity. Thus, using wind tunnel tests to design scaled models that demonstrate wake characteristics with a reasonable degree of similarity to those of the corresponding prototypes is important. Generally speaking, to ensure that the wake distribution of a small-scale model wind turbine, as measured by a wind tunnel experiment, reflects that of a full-scale wind turbine, the model must be accurately scaled and designed to comply with the similarity principle. For wind turbine blades, the real wake characteristics can only be simulated when the tip speed ratio and Reynolds number of the model are the same as those of the full-scale wind turbine. In wind tunnel tests, it is easy to meet the requirements of the blade tip speed ratio. The authors of [8] noted that if the blade tip speed ratio of the full-scale wind turbine is matched, the blade tip vortex of the wind turbine model presents the same spiral structure.



However, when the wind turbine rotates, the aerodynamic phenomenon of the blade depends on the Reynolds number of the flow. As it is usually limited by the scale ratio in a wind tunnel experiment, the Reynolds number of most scaled wind turbine models is generally in the range of Re ≈ 104. Researchers have demonstrated that the lift, drag, and stall behaviors of thick airfoils in wind turbines are highly sensitive when the Reynolds number is in the range of Re ≈ 104, while thick airfoils in geometrically similar models perform poorly in this low-Reynolds-number flow state, resulting in lower aerodynamic performance [9]. The Reynolds number of a full-scale wind turbine is 2~3 orders of magnitude higher. It is impossible to maintain the Reynolds number of a full-scale wind turbine in a wind tunnel experiment, because the high speed required to achieve Reynolds similarity would compromise the similarity of the blade tip speed ratio between the full-scale wind turbine and the scaled model.



The lift, drag, thrust, and torque are the main aerodynamic parameters of an airfoil and the key factors affecting the operation of a wind turbine. The authors of [10] showed that the wake expansion of a wind turbine model is related to the thrust coefficient. Scholars have also carried out research to determine the specific relationship between the thrust of a turbine model blade and the change in the Reynolds number. The authors of [11] developed a 1:50 scale model wind turbine to simulate the Froude number needed to analyze the overall motion and response of offshore floating wind turbines. The model used a flat-plate airfoil (naca-ag24 airfoil) with a low Reynolds number that was able to produce a thrust coefficient equivalent to that of the full-scale wind turbine, thus achieving the experimental purpose. Unfortunately, this study did not investigate the wake characteristics. In developing a wake model for a single wind turbine, the authors of [12] matched the thrust coefficient of a full-scale 2 MW wind turbine by adjusting the pitch angle of the blade with a low Reynolds number. It remains unclear whether a thrust coefficient as high as that of a large-scale wind turbine is suitable for a wind tunnel test. In a previous study, it was shown that, although the limitations of the wind tunnel experiment meant that the Reynolds number failed to match that of the full-scale turbine, the scaled model could reproduce the blade tip vortex, root vortex, and wake rotations observed in the wake development of the full-scale turbine [13]. The above research shows that, in order to reproduce the turbine wake in a wind tunnel, the Reynolds number similarity can be relaxed to some extent, as long as the thrust of the model wind turbine is consistent with that of the full-scale wind turbine.



In [14], it was suggested that, in contrast to the near wake region, the flow characteristics in the far wake region are greatly weakened by the aerodynamic characteristics of the wind turbine blades and are transformed into environmental turbulence, which plays a major role in the wake flow in this region. Generally, it is believed that there are three main turbulence sources in the far wake: atmospheric turbulence, caused by surface roughness and surface thermal convection; mechanical turbulence, caused by the wind turbine and tower; and wake turbulence, caused by tip vortex breaking. For instance, by comparing the particle image velocimetry (PIV) data of a scaled model with those of a full-scale turbine, one study came to the interesting conclusion that the velocity recovery rate in the far wake region mainly depends on atmospheric turbulence [15]. This conclusion was also confirmed by two experimental investigations [16,17]. It is commonly recognized that the higher the atmospheric turbulence intensity, the faster the wake velocity deficit recovery. The reason for this is that the mechanical turbulence caused by the nacelle and tower of the wind turbine is greatly weakened. This study will mainly focus on the effects of the oncoming flow conditions and the aerodynamic performance of the blade airfoil based on dynamic similarity.



For a large-scale wind turbine, the aerodynamic characteristics of an airfoil geometrically scaled from a high-Reynolds-number full-scale wind turbine airfoil are reduced in the wind tunnel test, resulting in a low Reynolds number, which causes the obvious differences in wake distribution between the scaled wind turbine model and the full-scale turbine. The purpose of this study was twofold: firstly, to clarify the influence of dynamic similarity on wake modeling using a scaled wind turbine in a wind tunnel test; and secondly, to confirm the necessity of achieving thrust similarity in a wind tunnel test of turbine wake characteristics. In this study, a wind turbine model with thrust-optimized blades was designed to mimic the thrust coefficient of a full-scale wind turbine by varying the blade airfoil, chord length, and twist angle. We elucidated the problem of the insufficient thrust of geometrically similar blades through experimental measurements and the analysis of aerodynamic principles. Additionally, the specific aerodynamic performance parameters that most substantially affected the wake characteristics were quantitatively identified. We carried out a systematic study to compare the differences in wake characteristics between the wind turbine model designed according to geometric similarity and motion similarity (i.e., all characteristic dimensions of the wind turbine model were consistent with the full-scale wind turbine) and the wind turbine model designed according to thrust similarity.




2. Experimental Setup


The experiment was conducted in the open-type wind tunnel laboratory of Chongqing University (CQU). The test area was 15.12 m (length) × 2.4 m (width) × 1.8 m (height), and the maximum wind speed of the wind tunnel was 35 m·s−1. Passive devices including baffles, spires, and roughness cells were implemented to generate the atmospheric boundary layer (ABL) flow, as shown in Figure 1a. The inflow conditions are shown in Table 1. The power law adopted for the upstream flow conditions was as follows:


     u ¯   ( z )       u ¯    h u b     =    (   z   z  h u b      )   α   



(1)




where      u ¯    h u b     is the average wind speed at the hub height    z  h u b    ;    u ¯   ( z )    is the average wind speed at the height above ground z; and α is the exponential value of terrain exposure type A, stipulated in the wind load code of China. The experimental tests in this study were conducted to investigate the effects of the tip speed ratio and yaw angle on the aeromechanical performance and wake evolution of the wind turbine. The scale ratio of the wind turbine model was 1:250, it had a diameter of 608 mm (D) and a hub height of 550 mm (   H  h u b    ), and the rotor had three blades, as shown in Figure 1b. A comparison of the parameters between the scaled wind turbine model and the full-scale turbine is presented in Table 2. The model was installed in the center of the turntable, and its position was about 8 m downstream from the inlet of the test area. Figure 2 shows the profiles of the mean wind speed and turbulence intensity and the wind velocity spectrum simulated in the wind tunnel tests. Additionally, we measured the flow characteristics at the wind turbine model installation position (2D) and behind the wind turbine model (4D) to check the horizontal homogeneity of the upstream flows in the test region. The maximum deviation of these velocity profiles from the target ABL flow was no higher than 3%, demonstrating that the inflow had fully developed before reaching the wind turbine. Meanwhile, the blockage ratio of the wind turbine model in the wind tunnel test was about 4.47%. It has been found that when the blockage ratio of an experimental model is less than 10%, the wake expansion is similar to that in free flow [9]. Therefore, the influence of the side wall and ceiling of the wind tunnel on the wind turbine wake could be ignored when ensuring the full development of the wake in the test area.



The geometrically similar wind turbine model was designed by directly scaling a working 5 MW wind turbine and maintaining strict geometric similarity, while the airfoil of the thrust-optimized wind turbine model was redesigned using the optimization methodology proposed in our previous research. The redesigned blade airfoils could appropriately mimic the thrust performance under low-Reynolds-number conditions. The geometric dimensions of the wind turbine tower and nacelle were similar to those of the prototype. Both types of blade were made of aluminum alloy by three-dimensional printing, and the surface was polished and painted to ensure smoothness. The rotational frequency of the turbine model was controlled by the servo motor placed inside the turbine nacelle to ensure kinematic similarity, which meant that the blade tip speed ratio (  λ = ω R /  U  h u b    ) of the turbine model was consistent with that of the full-scale wind turbine. Under the incoming flow conditions of 6 m·s−1, as shown in Table 1, the rotary speed of the wind turbine was 1942 rpm, while under the incoming flow conditions of 9 m·s−1, the rotor speed of the wind turbine was 2835 rpm. The full-scale wind turbine usually operates at a blade tip speed ratio ranging from 6 to 8. Therefore, our model was designed to operate at the optimum tip speed ratio. The Reynolds number based on the blade tip velocity and chord length was defined by Equation (2). The total length of a 5 WM full-scale wind turbine blade is 73.5 m, and an airfoil with a thickness-to-chord ratio of 23.95 and radial lengths ranging from 23 m to 53 m is used. The airfoil Reynolds number (Rec) of the geometrically similar blades was 3.1 × 104, while that of the thrust-optimized blades was 4 × 104, revealing that the Reynolds number of the blade airfoil was two orders of magnitude lower than that of the full-scale wind turbine operating under atmospheric flow.


  R  e c  =    U  t i p   c  ν   



(2)




where    U  t i p     is the tip velocity,   c   is the chord length, and  ν  is the kinematic viscosity of the air.



The tower of the wind turbine model was made of a stainless-steel tube to ensure its stiffness and stability under the high wind and rotary speeds. The model was almost rigid, so the influence of wind turbine vibration on the wake could be ignored. In the present study, a high-accuracy multi-axis force/torque sensor (ATI-DELTA) was mounted at the tower base of the wind turbine model to measure the dynamic wind loads acting on the wind turbine model. This sensor can provide instantaneous measurements of the aerodynamic forces and moment (torque) along all three axes. The measurement range of the ATI-DELTA multi-axis force/torque sensor is 165 N for x-axis forces and 15 N·m for torque, as shown in Table 3. During the experiments, the sampling rate of the wind load data was 1 kHz. For each test case, the sampling time was set to 60 s to obtain sufficient samples of thrust forces. The force/torque sensor was deliberately calibrated before the wind tunnel tests, and the accuracy of the load balance was verified within ±1%. The drag force of the tower was excluded from the measurements by separately testing the parked wind turbine model; thus, the net thrust forces acting on the swept area of the turbine blades could be deducted.



A TFI Cobra Probe anemometry system was installed in the three-dimensional traversing mechanism in the wind tunnel to measure the turbulence in the far wake regions 4D, 5D, and 6D behind the wind turbine model. The experimental setup is shown in Figure 3, in which the streamwise direction is the x-axis, the spanwise direction is the y-axis, and the vertical direction is the z-axis. By using this Cobra Probe, all three components of the velocity vector could be measured instantaneously. During the experiments, the maximum flow velocity measured in the wind tunnel was approximately 10 m·s−1. Both a pitot-static tube and a temperature probe were used to calibrate the inflow velocity at the hub height. The accuracies of all the other velocity values measured in the present study were within ±0.15 m·s−1. The sampling rate of the instantaneous velocity measurement was 500 Hz, with a sampling period of 60 s at each point of interest.




3. Theoretical Basis and Verification of the Dynamic Similarity


This section presents the similarity analysis of the scaled wind turbine model wake and the verification of the scaled wind turbine model’s dynamic similarity.



3.1. Similarity Analysis of Wake Characteristics of Scaled Wind Turbine Model


To further elucidate the differences in aerodynamic performance between the wind turbine model with geometrically similar scaled blades and the full-scale wind turbine blades, this section summarizes the basic similarity principles of wind tunnel tests for wind turbine wakes. It is generally believed that kinematic and dynamic similarity should be satisfied to reasonably reproduce wake characteristics. The tip speed ratio (λ) is usually kept the same as the corresponding full-scale turbine in terms of kinematic similarity, while it is quite challenging to resolve the inconsistency in the Reynolds number between a full-scale wind turbine and a scaled model, due to the limitations of wind tunnel test areas. Instead, the thrust force of the swept area of an operating wind turbine is the key factor, as it represents the relationship between the inflow characteristics and the rotor dynamic behaviors similar to the full-scale wind turbine. In this paper, the dynamic performance of the wind turbine is expressed by the thrust coefficient parameter,    C T   , which is defined as follows:


   C T  =  T   1 2  ρ  U ∞    2   A D     



(3)







The relationship between the force acting on the wind turbine and the momentum sink could be derived based on the non-rotating actuator disk theory of momentum conservation under one-dimensional steady flow. It is generally believed that the actuator disk causes the attenuation of the wind speed, and the speed of airflow changes by    U ∞  −  U W      when passing through the swept area of a wind turbine. According to the theory of momentum conservation, the momentum sink of the flow is equal to the change in the wind speed multiplied by the mass flow rate, which is equal to the thrust acting on the wind turbine, as follows:


  T =  (   p D +  −  p D −   )     A D  =  (   U W  −  U ∞   )  ρ  A D   U ∞   (  1 − a  )   



(4)







The Bernoulli equation was used to obtain the relationship between the flow potential energy at inflow infinity and in front of the wind turbine, as well as the relationship between the air potential energy at wake infinity and behind the wind turbine, thereby obtaining the pressure difference before and after the wind turbine, as follows:


   p D +  −  p D −  =  1 2  ρ  (   U ∞ 2  −  U W 2   )   



(5)







By substituting Equation (4) into Equation (3), the relationship between wake velocity and incoming velocity could be obtained, as follows:


   U W  =  U ∞   (  1 − 2 a  )   



(6)







From this,    C T  =  T   1 2  ρ  U ∞ 2   A D    =   2 ρ  A D   U ∞ 2  a  (  1 − a  )     1 2  ρ  U ∞ 2   A D    = 4 a  (  1 − a  )   ,   a ≈  1 2   (  1 −   1 −  C T     )    could be derived, and so Equation (5) could be simplified as follows:


     U W     U ∞    =   1 −  C T     



(7)




where  T  is the thrust force received by the rotor,  ρ  is the air density,    A D    is the swept area of the rotor,    U ∞    is the incoming flow velocity,    U W    is the wind speed of the distant wake,    p D +    is the static pressure in front of the wind rotor,    p D −    is the static pressure behind the wind rotor,    p ∞    is atmospheric pressure, and  a  is the axial induction factor.



In summary,    C T    is only related to the incoming flow velocity    U ∞    and the wind speed at wake infinity    U W   . Therefore, the thrust coefficient is an important factor determining the development of the wake.




3.2. Experimental Verification of Thrust Forces of Scaled Wind Turbine Model


The thrust coefficients of the scaled wind tunnel models with geometrically scaled blades and thrust-optimized blades measured in the wind tunnel tests are shown in Figure 4. The thrust coefficient of the geometrically similar blades was only 35–40% of the full-scale targets under a low Reynolds number, resulting in significant deviations. The thrust forces acting on the blades resulted from aerodynamic lift and drag, which were caused by the pressure drop of the airflow through the blade. The lift coefficient and drag coefficient of the wind turbine blade airfoil are the key components of the airfoil section distributed lift    F L    and distributed drag    F D   . The blade of a 5 WM full-scale wind turbine adopts an airfoil with a thickness-to-chord ratio of 23.95 and a span ranging from 23 m to 53 m. The calculation of the lift and drag coefficient of the airfoil plays a key role in analyzing the main factors affecting the difference in aerodynamic performance between a geometrically similar scaled wind turbine model and a full-scale wind turbine, contributing to a better understanding of the reasons for the degradation in wind rotor performance. The calculation of the lift and drag coefficient relied on the simulation calculation method to analyze the parameter sensitivity of the airfoil for blade analysis and design. As shown in Figure 5, the lift coefficient of the thick airfoil under low-Reynolds-number operation was much smaller than that under high-Reynolds-number operation. It is worth mentioning that there is little difference in the drag coefficient between the conditions of two Reynolds numbers. This result is attributed to the fact that the lift coefficient of the thick airfoil with a high Reynolds number adopted by the full-scale blade was highly sensitive in the low-Reynolds-number operating environment, while the drag coefficient was not sensitive to the large change in Reynolds number, resulting in a reduction in the performance of the thick airfoil in the low-Reynolds-number operating environment. The overall performance difference was determined by the mismatch between the aerodynamic performance of the geometrically similar model wind turbine under the conditions of a low Reynolds number and the full-scale wind turbine. The above theoretical analysis explains the reason for the poor aerodynamic performance of the wind turbine in Figure 4.



A significant change in the Reynolds number had a significant impact on the performance of the wind turbine, which was realized by changing the airfoil lift coefficient    C L    and drag coefficient    C D   . However, it remained necessary to verify this theoretical analysis with experiments. The optimization algorithm was used to redesign and process the model blade. The lift and drag coefficient of the thrust-optimized blade were calculated by numerical simulation, as shown in Figure 5a. Good agreement was observed between the thrust-optimized model and the full-scale turbine in the pitch angle range of −10°~10°. The same scenario was reproduced in the laboratory, and the thrust coefficient test was conducted again to obtain experimental data for comparative analysis, as shown in Figure 5b. Under the conditions of a low Reynolds number, the thrust coefficient of the thrust-optimized blades reached the same level as the thrust coefficient of the full-scale turbine, and the error was no more than 5% when the wind speed was lower than 10 m·s−1.





4. Results and Discussion


Figure 6 shows the normalized average velocity profile (a) and turbulence intensity profile (b) of the geometric similarity model and thrust-optimized model at the hub height and the streamwise distance of x/D = 4, 5, and 6 for an inflow velocity of 6 m·s−1 and turbulence intensity of 6%. The results of the geometric similarity model and thrust-optimized model are represented by black dashed lines and orange dashed lines, respectively.



4.1. Comparison of Wake Characteristics between Geometrically Scaled Model and Thrust-Optimized Model


A quantitative experimental analysis of the wake flow development of the wind turbine model was carried out to verify the feasibility of the blade optimization method. As shown in Figure 6, the wake width of the geometrically similar model was much smaller than that of the thrust-optimized model, which could indicate that the wake expansion of the wind turbine model is associated with the thrust coefficients. This is consistent with the conclusion obtained by the authors of [10]. Even though the wake distribution profiles of the geometrically similar model in this study maintained favorable self-similarity in their patterns, the magnitude of the variation in the lateral mean velocity profiles at different streamwise positions remained insignificant. This indicates that the velocity deficit in the wake of the geometrically similar model required a longer distance to recover the freestream flow conditions. The reason attributed to this phenomenon is that the flow attachment of this airfoil was not in a similar state to that of the full-scale blade. This resulted in the low-Reynolds-number flow of a low-Reynolds-number field environment, leading to the lower turbulence and slower velocity recovery of the wake, due to the relatively large chord thickness of the geometrically similar blade. In contrast, the recovery of the velocity deficit in the wake of the thrust-optimized model was much faster, and it can be speculated that the formation, shedding, and breaking of non-constant vortices in the wake of the optimized blade model turbine had faster dissipation and earlier wake vortex breakup relative to the direct scale model. There was stronger turbulence intensity and greater mixing in the wake, which promoted the vertical transport of kinetic energy. This resulted in the entrainment of high-speed airflow from around the wake, and the kinetic energy recharging led to faster velocity recovery. These conditions were also confirmed in the lateral wake turbulence intensity profiles obtained at different locations downstream, where the geometrically similar model had significant shortcomings as compared to the thrust-optimized model in terms of turbulence intensity and influence range. In general, the wake distribution of the geometrically similar model differed significantly from the thrust-optimized model due to the smaller thrust coefficients, which were far from those of the target turbine. Accordingly, there was a significant difference between the lateral mean velocity profiles extracted at a further downstream location for these two cases.




4.2. Comparison of Wake Characteristics of Thrust-Optimized Model and Gaussian Model


Analytical models for wake flow are generally based on idealized assumptions and derived through experimental or theoretical analysis. This model has a more concise format, lowers the complexity of flow–rotor interaction, achieves a faster calculation speed, ensures a certain computational accuracy, and is widely used in engineering. The author of [12] proposed a Gaussian analytical model of wake flow considering the effects of ambient turbulence intensity, thrust coefficient, and yaw angle through numerical simulation studies. The Gaussian wake model predicts the wake deflection, velocity deficit, and net turbulence intensity of the wake in the far wake region, achieving good agreement with the numerical simulation results. The Gaussian wake model parameters are determined as a function of the ambient turbulence intensity and thrust coefficient, which makes the model applicable under various conditions. The authors compared the experimental data of the thrust-optimized model under no yaw angle with the normalized mean velocity profile and turbulence profile of the Gaussian wake model in the hub-height horizontal plane at different locations downwind, as shown in Figure 7. The normalized mean velocity profiles of the experimental data at different locations downwind displayed essentially similar trends to the Gaussian wake model, and the velocity deficit distribution of the wake showed good symmetry. The experimental data were consistent with Gaussian distribution and self-similarity. The authors of [18] pointed out that the wake generated by wind turbines presents a very complex vortex flow, which comprises various spatial and temporal scales of wake vortex structure. In addition to the periodic shedding of tip vortices and root vortices at the tip and root of the wind turbine blades, non-constant vortex structures were found to be generated on the upper and lower surfaces of the wind turbine nacelle that were similar to the shedding of von Karman vortex streets in the tower. It was found that the formation, shedding, and breaking of non-constant wake vortices were the main factors affecting the flow characteristics in the posterior near wake region of the wind turbine. It is noteworthy that the experimental data showed a difference in the peak velocity deficit between the wake profiles at different locations downwind and the Gaussian wake model. This is significant since the Gaussian wake model does not consider the effect of the nacelle and tower on wake development, resulting in a lower turbulence intensity in the analytical model relative to the real model and variations in the turbulence intensity profiles at different downstream locations in the thrust-optimized model flow direction. This phenomenon also occurred in the larger-scale vortices generated at the nacelle when separated from the fragmentation, which resulted in a stronger turbulence intensity in the near wake and faster velocity deficit recovery. However, this effect gradually dissolved into the background turbulence in the far wake region, and the normalized mean velocity profile and turbulence intensity profile gradually agreed with the developmental regularity of the Gaussian wake model.



The two-dimensional cross-section of the flow field data measured with the Cobra Probe shows the detailed physical characteristics of the wake in the vertical direction x–z, which reflects the contours of the wake of the nacelle and tower, the non-uniform velocity field, the turbulence intensity distribution, and the wake width. In the velocity contour plot in Figure 8 and the turbulence intensity contour plot in Figure 9, the black dashed line surrounds the area where the mean wind speed was equal to 95% of the freestream speed, indicating the wake boundary, and the white solid circle represents the center of the wake minimum wind speed, which was calculated by identifying the position of the minimum wind speed. By comparing the two-dimensional flow field cross-section of the experimental data with the contour plot of the spatial gradient distribution of the Gaussian wake model, it was found that the height of the center of the minimum wind speed for the wind turbine wake in the wind tunnel experiment gradually decreased with increasing distance, and the turbulence measurements showed a wake behavior similar with that of the velocity measurements. The above characteristics may be related to the slight inhomogeneity of the axial velocity distribution in the wind tunnel and the influence of the bottom wall. The effect of constraining and pulling down the wake was the main cause of the wake deformation, which was seen more clearly further downstream. In conclusion, the thrust-optimized model roughly matched the wake distribution range and velocity deficit magnitude in the far wake region of the Gaussian wake model.




4.3. Effects of Incoming Flows and Yaw Angles on the Wake Characteristics


The wake distributions under different inflow conditions were compared to verify whether the change in inflow wind speed had a significant impact on the wake distributions of the thrust-optimized model. Figure 10 shows the profiles of the horizontal normalized mean wind speed and turbulence intensity at several downstream positions of the wind turbine model. The average velocity profiles and turbulence intensity profiles extracted at different downstream locations of the flow direction were in good agreement, maintaining consistent self-similarity, wake recovery rate, and wake distribution range. This indicates that the variation in the inflow wind speed was not a key factor affecting the wake development.



Experiments investigating the wake characteristisc of a wind turbine model under yawed conditions are essential to establish and validate wake information. Under non-yawed conditions, only wake diffusion occurs, while under yawed conditions, both deflection and diffusion of the wake occur simultaneously. The wake behavior of wind turbines under yawed conditions in non-constant flow is not yet fully understood. This study elucidated the effect of the wake behavior of upstream wind turbines on the performance of downstream wind turbines. Figure 11 reflects the variation in the lateral normalized mean velocity profile according to downstream distance for the thrust-optimized model under the same inflow conditions. In comparison to the development of the wake that produced only axial flow for the 0° yaw angle, the wake under the 10°, 20°, and 30° yaw angles was significantly deflected, as was expected. With the increase in the yaw angle, the offset distance of the maximum velocity deficit gradually increased; the offset distance also gradually increased with the increase in the downstream distance. The lateral offset distance at position x = 6D under a 30° yaw angle was close to 0.7D. At this point, the center of the maximum wake deficit of the upstream wind turbine avoided the main windward side of the downstream wind turbine. Therefore, the wake effects of the upstream wind turbine under yawed conditions could be significantly mitigated for the downstream wind turbine, which significantly improved its power generation efficiency and fatigue lifetime. The wake deficit also recovered gradually with increasing downstream distance, but the recovery of the deficit rate during wake development was slightly slower compared to the non-yawed conditions. It should also be noted that the turbulence intensity distribution in the wake became asymmetric when the wind turbine was yawed. This resulted in asymmetric recovery rates on both sides of the wake, leading to an asymmetric wake velocity deficit profile in the wake spreading direction. These findings are similar to those in [19].





5. Conclusions


In this paper, the wake characteristics of geometrically similar and thrust-optimized models, designed by considering only geometrical similarity and motion similarity, respectively, were investigated in depth. Subsequently, we carried out further study of the wake characteristics of the thrust-optimized model. The major observations, results, and conclusions are listed below:




	
The thrust coefficient of the geometrically similar model was only 35%–40% of that of the full-scale wind turbine. The wake characteristics of the geometrically similar model differed significantly from the thrust-optimized model in terms of the normalized mean velocity deficit and the recovery rate. This indicates that obvious deviations in reproducing the wake characteristics of a full-scale wind turbine occur if only geometric and kinematic similarity are considered.



	
The wake distribution of the thrust-optimized model showed good agreement with the Gaussian wake model in the far wake region. Furthermore, it was found that the height of the center of the wake’s minimum velocity in the wind tunnel test decreased gradually with increasing downstream distance; a similar lowering of the wake center was observed for changes in the turbulence intensity. Furthermore, it is worth mentioning that the turbulence intensity distribution of the wake became asymmetric when the wind turbine was under yawed conditions. This led to an uneven recovery rate on both sides of the wake and an asymmetric wake velocity deficit profile in the spreading direction.



	
The normalized mean velocity profile and turbulence intensity profiles under the two inflow velocity conditions were identical, and the results for self-similarity, recovery rate, and wake distribution range were consistent. This indicates that the variation in the velocity of the inflow was not a key factor affecting the wake development.



	
Compared with the wake development under non-yawed conditions, the wakes under 10°, 20°, and 30° yaw angles were significantly deflected, as expected. The larger the yaw angle, the more obvious the deflection effect. The maximum lateral deflection distance downstream was close to 0.7D. The variation in the lateral normalized mean velocity profile according to the downstream distance for the thrust-optimized model under yawed conditions was verified.








The results of this study show that the problem of the mismatched performance between subscaled model blades and prototype blades was resolved. This experimental study combined theoretical analysis and experimental data in an attempt to solve the difficulties of aerodynamic evaluation in wind tunnel experiments involving geometrically similar models designed based on geometric and kinematic similarity with full-scale wind turbines. We revealed the mechanisms of the aerodynamic performance differences between geometrically similar models and full-scale wind turbines. Addtionally, we proposed a method for improving the aerodynamic performance of blades by using optimized airfoil shapes applicable to low-Reynolds-number conditions. The outcomes of this study could provide a useful reference and reasonable guidance for future wind tunnel tests of turbine wakes and supply the benchmark data for validating and verifying numerical simulations of wind turbine wakes.
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Figure 1. Experimental setup of scaled wind turbine in the wind tunnel test: (a) photo of passive devices for ABL flows; (b) scaled model of the wind turbine. 
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Figure 2. Upstream atmospheric boundary layer flows simulated in the wind tunnel tests: (a) vertical profiles of normalized mean wind velocity; (b) wind velocity spectrum of      U    hub     = 6 m/s. 
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Figure 3. (a) Schematic diagram of the experimental setup and measurements in the wind tunnel; (b) the layout of the measurement positions. 
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Figure 4. Comparisons of aerodynamic forces of scaled wind turbine models with geometrically scaled blades. (a) Thrust coefficient (   C T   ) of the scaled wind turbine model; (b) lift coefficient    (   C L   )    and drag coefficient    (   C D   )    of the blade airfoil. 
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Figure 5. Comparisons of aerodynamic forces of scaled wind turbine models with the thrust-optimized blades. (a) Lift coefficient    (   C L   )    and drag coefficient   (  C D  )   of the blade airfoil; (b) thrust coefficient    (   C T   )    of the scaled wind turbine model. 
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[image: Energies 15 06165 g005]







[image: Energies 15 06165 g006 550] 





Figure 6. Wake characteristics of the geometrically similar model and the thrust-optimized model at hub height (geometrically similar model—black solid lines; thrust-optimized model—orange dotted lines). (a) Normalized mean velocity profile; (b) turbulence intensity profile. 
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Figure 7. Wake characteristics of the thrust-optimized model and the Gaussian wake model at hub height (Gaussian wake model—black solid lines; thrust-optimized model—orange dotted lines). (a) Normalized mean velocity profile; (b) turbulence intensity profile. 
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Figure 8. Contours of normalized mean velocity of the Gaussian wake model and the thrust-optimized model for U06-Iu06-γ00-Opt case. (a,c,e) are Gaussian wake model at x/D = 4, 5, and 6, respectively; (b,d,f) are thrust-optimized model at x/D = 4, 5, and 6, respectively. 
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Figure 9. Contours of turbulence intensity of the Gaussian wake model and the thrust-optimized model for U06-Iu06-γ00-Opt case. (a,c,e) are Gaussian wake model at x/D = 4, 5, and 6, respectively; (b,d,f) are thrust-optimized model at x/D = 4, 5, and 6, respectively. 
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[image: Energies 15 06165 g009]







[image: Energies 15 06165 g010 550] 





Figure 10. Comparison of the wake characteristics with different inflow velocities for U06-Iu06-γ00 and U09-Iu06-γ00 (U06-Iu06-γ00-Opt—orange dotted lines; U09-Iu06-γ00-Opt—black rhomb lines). (a) Normalized mean velocity profile; (b) turbulence intensity profile. 
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Figure 11. Comparisons of the wake characteristics with different yaw angles (U06-Iu06-γ00-Opt—orange dotted lines; U06-Iu06-γ10-Opt—red diamond dotted lines; U06-Iu06-γ20-Opt—blue star dotted lines; U06-Iu06-γ30-Opt—black rhomb lines). (a) Normalized mean velocity profile; (b) turbulence intensity profile. 
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Table 1. Experimental scenarios in this study.
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	Experiment Case
	Exponential Value
	     U  hub     ( m / s )    
	     I u    ( % )    
	Model Blade Type
	Yaw Angle γ (°)





	U06-Iu06-γ00-Geo
	0.0617
	6
	6
	Geometrically scaled model
	0



	U06-Iu06-γ00-Opt
	0.0617
	6
	6
	Thrust-optimized scaled model
	0



	U09-Iu06-γ00-Opt
	0.0617
	9
	6
	Thrust-optimized scaled model
	0



	U06-Iu06-γ10-Opt
	0.0617
	6
	6
	Thrust-optimized scaled model
	10



	U06-Iu06-γ20-Opt
	0.0617
	6
	6
	Thrust-optimized scaled model
	20



	U06-Iu06-γ30-Opt
	0.0617
	6
	6
	Thrust-optimized scaled model
	30
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Table 2. Comparison of design parameters between scaled and full-scale wind turbine.
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	Property
	Full-Scale
	Scaled Model





	Rated power
	5 MW
	200 W



	Optimal rotor speed
	7.77/11.34 rpm
	1942/2835 rpm



	Rotor diameter
	152 m
	0.608 m



	Tower height
	137.5 m
	0.55 m



	Blade chord length
	4.187 m
	0.033 m
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Table 3. The performance parameters of the measuring equipment.
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Device

	
Range Ability

	
Accuracy

	
Frequency Response






	
ATI-DELTA Multi-Axis Force/Torque Sensor

	
Fx

	
0~165 N

	
0.5%

	
0~1500 Hz




	
Tx

	
0~15 N·m

	
0.5%

	
0~1700 Hz




	
TFI Series 100 Cobra Probe

	
2~40 m·s−1

	
±0.15 m·s−1

	
0~2000 Hz
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