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Abstract

:

We experimentally explored the impact of a wind turbine with truncated blades on the power output and wake recovery, and its effects within   2 × 3   arrays of standard units. The blades of the truncated turbine covered a fraction of the outer region of the rotor span and replaced with a zero-lift structure around the hub, where aerodynamic torque is comparatively low. This way, the incoming flow around the hub may be used as a mixing enhancement mechanism and, consequently, to reduce the flow deficit in the wake. Particle image velocimetry was used to characterize the incoming flow and wake of various truncated turbines with a variety of blade length ratios   L / R = 0.6  , 0.7, and 1, where L is the length of the working section of the blade of radius R. Power output was obtained at high frequency in each of the truncated turbines, and also at downwind units within   2 × 3   arrays with streamwise spacing of   Δ x /  d T  = 4 ,   5, and 6, with   d T   being the turbine diameter. Results show that the enhanced flow around the axis of the rotor induced large-scale instability and mixing that led to substantial power enhancement of wind turbines placed 4  d T   downwind of the   L / R = 0.6   truncated units; this additional power is still relevant at 6  d T  . Overall, the competing factors defined by the expected power reduction of truncated turbines due to the decrease in the effective blade length, the need for reduced components of the truncated units, and enhanced power output of downwind standard turbines suggest a techno-economic optimization study for potential implementation.
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1. Introduction


Wind energy has received substantial attention in the past few decades due to its potential as a renewable energy resource. It has multiplied worldwide; in the US, wind energy increased from less than 1% to more than 6% in the last decade [1]. Although wind energy is one of the most competitive options in the portfolio of renewables, the Levelized cost of energy (LCOE) is still higher than traditional energy sources [2].



Particular attention has been placed on improving turbine rotors of full-scale units; investigations have ranged from the use of new materials and composites to the application of flow control strategies aimed at reducing the unsteady loading and increasing their performance. The use of winglets, pitch, and yaw controls have been widely explored as strategies to alter the turbine blade aerodynamic characteristics. Saravanan et al. [3] reported that winglet increases the pressure difference between the windward and leeward surfaces of blades. Tobin et al. [4] experimentally showed that winglets could produce a noticeable increase in the power and thrust coefficients. Recent work by Khaled et al. [5] numerically explored the influence of winglet length and cant angle on the turbine blade performance; they noted the best improvement of power coefficient with a winglet length of 6.32% of the rotor radius and a cant angle of ≈48°. The aerodynamic efficiency of turbine blades and structural loading can be adjusted with changes in the pitch of the blades. Experiments by Nagai et al. [6] on a 3 kW turbine showed that by feathering the pitch angle, structural damage may be significantly reduced even in a typhoon-like conditions. Pitch adjustment is also a way to produce constant power output (e.g., [7]); this is challenging, especially under high winds.



Yaw control has been explored as a mechanism to optimize the bulk power output of a wind farm. For instance, upwind turbines may operate misaligned to the incoming flow direction. This implies reduced power output on the units; however, the wake can be deflected strategically to reduce the impact on downwind turbines. The combined effect may result in higher bulk power production. Numerical work by, e.g., Gebraad et al. [8] noted that yaw control in a wind farm may result in an increase of the power production and reduction of the aerodynamic loads. They applied this concept on a wind plant based on the Princess Amalia Wind Park and obtained an annual energy production increase of   5 %  . Qian and Ishihara [9] investigated the wake characteristics of a turbine under yaw control and found that high incoming turbulence level reduces the wake deflection. Howland et al. [10] used steering control schemes in a wind farm in Alberta, Canada, and pointed out that the variability of the power generation can be reduced significantly.



Duquette and Visser [11] studied the effect of solidity on untwisted blades, and showed that higher power coefficient may be achieved with higher solidity throughout a wide range of tip-speed ratios. Optimization methods are often used in practice. For instance, Kenway and Martins [12] showed a possible 3–4% increase in the power output using the optimum blade shape determined by a multidisciplinary design feasible (MDF) approach, and Clifton-Smith and Wood [13] employed a differential evolution method focusing on improving the turbine starting performance. Other multi-criteria design methods aim to solve an optimization problem of minimizing blade vibration and maximizing the output power under the constraint of sufficient blade structure stability [14,15,16,17].



The size of wind-turbine rotors has undergone a monotonic increase over time, which poses new engineering challenges. The blades are the second most expensive component of a wind turbine, with approximately 20% of the total construction cost of a utility-scale unit [18,19]. Innovative rotor blade designs considering a balance between manufacture cost and efficiency are crucial for this growing industry. Here, we propose a new concept of a wind-turbine rotor that does not use the flow around the hub. The lift-producing section is left in the outer part of the rotor, where most of the torque is generated. The associated reduction in efficiency resulting from this strategy may promote faster flow recovery in the wake. This can be particularly beneficial in wind farms, where energy is mostly supplemented from above.



Here, we experimentally investigate the wake and power output of model wind turbines with various blade length ratios using model turbines. Experimental details are given in Section 2, results and discussion are presented in Section 3, and main conclusions are provided in Section 4.




2. Experimental Setup


Horizontal-axis model wind turbines with truncated rotors sharing the same bulk diameter, but different effective blade lengths were operated in the Eiffel-type wind tunnel at the Talbot laboratory of University of Illinois at Urbana-Champaign. The test section of the wind tunnel has dimension of 0.914 m wide, 0.45 m high, and 6.1 m long. The ceiling can be adjusted along the test section, which was set to produce a nearly zero pressure gradient during this experimental study. More details of the facility can be found in Adrian et al. [20].



The truncated rotors had blades with lift-producing sections restricted to the outer region, where the torque is higher. In the vicinity of the hub, the airfoil section of a blade was replaced with a structure that did not produce net lift; it allowed the incoming flow to inject momentum to the wake. The rotor investigated had blade length ratios of   L / R = 0.6  , 0.7, and 1, where L is the length of the blade that produced lift and R is the rotor radius. Winglets were added to both tips of the lift-producing sections to reduce negative end effects [4]; see figure general setup and details of the rotors in Figure 1. The rotors were printed at the rapid-prototyping laboratory located at University of Illinois using an Objet Vero material. Geometry of the rotor is chosen to match with the model turbine designed at Sandia National Laboratory [21,22] for the   L / R = 1   case. Precision Microdrives 112-001 12 mm core DC Motors were used in all model turbines as loading system to control their angular velocity,  Ω , set to give a tip-speed ratio of  λ  =    d T  Ω / 2  U  h u b   ≈   5 for the full-blade model (hereon base case), 4.2 for the   L / R = 0.7   rotor and 3.5 for the   L / R = 0.6   case. In the configurations inspected, the load on the turbines were kept constant; the values of  λ  for the three cases are relatively comparable with ≈80% and ≈70% of that of the base case. See Tobin et al. [4] for more details on the base case.



High incoming turbulence was induced with an active turbulence generator (TG) placed at the test section entrance. The TG consists of three horizontal and eight vertical rods. Independent electric stepper motors are used to rotate the rods at a frequency of 0.1 Hz with random direction changes; additional information of the TG setup can be found in Jin et al. [23]. The resulting turbulence structure contained a well-developed inertial subrange spanning approximately two decades [24]. Surface roughness was also added to promote the development of the turbulent boundary layer (TBL); it consisted of 5 mm bulk diameter chains placed in the spanwise direction every 0.2 m along the test section [25]. The resulting TBL had a friction velocity of    u *  ≈   0.55 m   s  − 1   , with roughness length of    z o  ≈   0.12 mm, and thickness   δ /  z  h u b   ≈   2, where   z  h u b    = 0.12 m is the hub height of the model turbines. The turbulence intensity    I u  =  σ u   /  U  h u b    at the turbine hub height resulted    I u  ≈ 10 %  , where   U  h u b    = 8.65 m   s  − 1    is the mean incoming velocity at that location. The resulting Reynolds number based on rotor diameter   d T   = 0.12 m was   R e   =    U  h u b    d T  / ν ≈   6.9   ×  10 4   . Basic details of the incoming TBL are illustrated in Figure 2.



The incoming flow and wake statistics along the central axis of single, truncated turbines were characterized using a planar particle image velocimetry (PIV) system from TSI in three distinct fields of view (FOVs). The FOVs covered regions of approximately 240 mm × 340 mm (  Δ x /  d T  ≈ 2   and   Δ z /  z  h u b   ≈ 2.8  ) and were located at   x /  d T  ∈  [ − 3 ,  − 1 ]   , [2.3, 4] and [5.3, 7]. The coordinate system is defined here with the origin at the wall and coincident with the rotor plane.



A 250 mJ/pulse double-pulsed laser (Quantel) was used to create a 1-mm thick laser sheet to illuminate the FOVs of the PIV, where the flow was seeded with 1  μ m olive oil droplets. Two thousand image pairs were collected for each experimental case at a frequency of 4 Hz using a 16-bit frame-straddling 8 MP (3312 pixels × 2488 pixels) CCD camera. A recursive cross-correlation method provided in Insight 4G (version 11) software package from TSI was used to interrogate the image pairs. The final interrogation window was 24 × 24 pixels in size and had a 50% overlap. High-quality vector fields with more than 95% valid vectors and a grid spacing of   Δ x = Δ z =   1.3 mm resulted from this process.



Complementary single-point, high-frequency flow measurements in the wake of single, truncated turbines along the rotor axis were taken with hotwire anemometer within   x /  d T  ∈  [ 1 ,  7 ]    every   Δ x /  d T  = 1  . Negligible voltage drift from the data acquisition system was ensured by comparing the calibrations of the hotwire at the beginning and the end of the experiments. Automatic motions of the probe were controlled with a two-dimensional Velmex traversing system. A Dantec dynamic system was connected to the hotwire for sampling the sensor voltage signature at a rate of 10 kHz for periods of 60 s. The laboratory temperature was maintained at   23 ± 0.5   °C during the measurements to minimize the thermal drift of the voltage signals.



Mean power output and fluctuations were obtained in each of the truncated turbines, and at downwind units within   2 × 3   arrays with streamwise spacing of   Δ x /  d T  = 4 ,   5 and 6, and spanwise spacing of   Δ y /  d T  = 2.5   (Figure 1c). The power output was obtained from a USB-1608HS datalogger for sampling periods of 120 s at a frequency of 1 kHz. Power was measured from a NI data acquisition (DAQ) system; it was obtained from the applied voltage and the resistance across the terminals of the generators.




3. Results and Discussion


In this section, we present and discuss the distinct influence of turbine blade length ratio on the structure and statistics of the wake and associated power output of the units.



3.1. Wake Characteristics


The truncated blade induced distinct dynamics in the wake dominated by relatively large-scale instability that led to the development of energetic coherent vortices at heights coincident with the inner tips, as illustrated in the snapshot of swirling strength    Λ  c i    d T  /  U  h u b     field in Figure 3. The   Λ  c i    is the magnitude of the imaginary part of the complex eigenvalues of the velocity gradient tensor [26], as shown in Equation (1). There,   ν r  ,   ν  c r    and   ν  c i    are the eigenvectors corresponding to the real eigenvalue,   Λ r  , and a pair of complex conjugate eigenvalues,   Λ  c r    and   Λ  c i   , respectively. The sign of   Λ  c i    indicates the orientation of the swirl [27].


  ∇ u =   d i  j  =       ν r   ν  c r    ν  c i             Λ r    0   0     0    Λ  c r      Λ  c i       0    −  Λ  c i       Λ  c r              ν r   ν  c r    ν  c i        T  .  



(1)







The particular wake dynamics induced by the blade length ratio,   L / R  , resulted in faster flow recovery in the wake to the standard turbine. This is first evaluated with the time-averaged streamwise velocity shown in Figure 4. It includes the wake for the   L / R = 0.6   and 0.7 rotors and that for the base case, i.e., standard turbine or   L / R = 1  . By removing the lift-producing mechanism on the blades, the wake experienced noticeable changes, which are significant in the near field. There is a jet-like flow that diffused in the radial direction. This is better illustrated with selected profiles of the velocity difference   Δ U =  U  i n c    ( z )  − U  ( x , z )    at   x /  d T  = 2.6  , 3.8, and 6 in Figure 5. The flow in the near wake is recovered substantially with the two truncated rotors. It is worth noting that the impact of the momentum injection in the   L / R = 0.6   case is still noticeable at the intermediate wake (Figure 5c). The flow recovery at the hub height shown in Figure 6 offers a complementary insight into the effect of the blade truncation along the streamwise distance. The additional jet-like flow may be particularly useful in wind farms with dense turbine arrangements as well as in heterogeneous rotors and hub heights.



The bulk dynamics of the wake is quantified with the turbulence kinetic energy   T K E =  〈  u  ′ 2   +  w  ′ 2   〉  / 2  U  h u b  2    distribution shown in Figure 7; here,   u ′   and   w ′   are the velocity fluctuations in streamwise and vertical directions. This quantity illustrates the strong influence of the blade length ratio on the levels of velocity fluctuations in the wake. It is worth stressing that a reduction of the flow fluctuations of scales larger than the rotor has a positive impact on downwind turbines as indicated in Chamorro et al. [28]; then, truncated rotors may produce reduced unsteady loading on other units when placed within an array. Please note that the secondary peak of   T K E   around the hub height that merges with the primary peak at the top tip of the base case (Figure 7c), which results in maximum levels at   x /  d T  ∼   4–5, which does not occur in the cases with   L / R < 1  . Selected vertical   T K E   profiles at the same locations to those of the mean velocity are shown in Figure 8. The turbulence levels of the   L / R < 1   rotors appeared relatively constant up to approximately the top tip height; the enhanced levels there diffused with downwind distance. The   T K E   profiles illustrate the noticeable reduction of   T K E   in the intermediate wake. The kinematic shear stress distribution   −    u ′   w ′   ¯  /  U  h u b  2    shown in Figure 9 further illustrates the distinctive effect of the blade length ratio on the wake dynamics. It is worth pointing out the two minor peaks near the hub height within   x /  d T  ≤ 3   for the cases with   L / R < 1   (see the rectangular region in Figure 9b), which is modulated by the mean shear changes triggered by the blade gap close to the rotor center, which also causes the generation of energetic coherent structures shown in Figure 3. The mean shear is stronger in the near wake and diffuses notoriously by   x /  d T  = 3 − 3.5  . These changes are better illustrated in the profiles of Figure 10; the near-distribution is substantially different from that of a standard turbine.



A basic assessment of the representative scales in the wake can be obtained through the integral time scale,   T u  , defined as:


      T u  =  ∫  0  ∞  ρ  ( τ )  d τ       ρ  ( τ )  =    u ′   ( t )   u ′   ( t − τ )   ¯  /  σ u 2  ,     



(2)




where  τ  is the time lag, and   σ u 2   is the streamwise velocity variance. For practical purposes, Equation (2) is evaluated up to a time lag where   ρ ( τ )   is sufficiently low [29]; here, the low threshold is taken at   ρ = 0.1   for all interrogated locations. The modulation of   L / R   on   T u   along the axis of the rotor, normalized with respect to that of the incoming flow   T  i n c  u  , is shown Figure 11. In general, the integral time scale distribution reveals the strong influence of the blade length ratio on the large-scale motions;   T u   increased with reduced   L / R  . Interestingly, the largest   T u   of the   L / R = 0.7   truncated rotor within the distance investigated (up to   x /  d T  = 7  ) was located in the very near wake (  x /  d T  ≤ 2  ). The   L / R = 0.6   turbine exhibited minor changes of   T u   throughout the streamwise location interrogated. The change of the integral length scale with   L / R   may indicate a redistribution of the turbulent energy across a frequency band relevant for the unsteady loading and power output fluctuations of the turbines [30].



The expected redistribution of the energy content in the wake of each truncated rotor to that of the incoming flow is evident in Figure 12 with the difference between the compensated velocity spectra of the wake and incoming turbulence at hub height, i.e.,   Δ  ( f  Φ u  )  = f  Φ u     |  w a k e   − f  Φ u  |   i n c     along the streamwise distance. The   L / R   alters the turbulence energy distribution across relevant frequencies and along the wake (  x /  d T   ).




3.2. Effect of Blade Length Ratio on the Power Output


Insight on the influence of blade length ratio on the turbine performance can be obtained with the mean power,   P ¯  , and structure of the power fluctuations (  P ′  ) of the turbines in each of the cases. The mean power of the   L / R = 0.7   turbine was    P ¯  /   P ¯  0  ≈ 0.61  , where    P ¯  0   is the mean power of the base case (standard turbine,   L / R = 1  ); the power of the   L / R = 0.6   turbine resulted    P ¯  /   P ¯  0  ≈ 0.41  . Reduction in the swept area and local inner tip effects are mainly responsible for the power decrease of the truncated units. The truncated rotors also exhibited reduced power fluctuations, as indicated in the spectral distribution,   Φ P  , shown in Figure 13. The reduction of power fluctuations was monotonic with a reduction of   L / R   and occurred across the frequency range.



The changes in the wake dynamics induced by the truncated turbines are expected to produce a positive impact on standard turbines placed downwind of the truncated units. In light of the mean velocity distributions discussed earlier, a truncated turbine may offer benefits in dense arrays. To illustrate this phenomenon, we measured the power of a standard turbine (  L / R = 1  ) downwind of a truncated unit, both located at the central row of a   2 × 3   wind farm; see basic schematic in Figure 1c. The power output of the interrogated turbine was obtained in 9 scenarios, namely turbine arrays with three streamwise turbine separations (  Δ x /  d T  = 4  , 5 and 6) and three types of upwind turbines (  L / R = 0.6  , 0.7 and 1). These scenarios are summarized in Figure 14. It is worth noting the comparatively significant power increase with a change from the   L / R = 0.7   to   L / R = 0.6   of the upwind turbine regardless of the array layout. Note also that the power gain of the downwind turbine decreased non-linearly with the turbine separation; this is particularly relevant for dense turbine arrays.





4. Conclusions


The truncated rotors produced a jet-like flow in the wake that induced relatively large-scale instability and generated distinct small-scale vorticial motions. As a result, the mean flow in the wake increased with increasing blade length ratio (  L / R  ); the mean shear and turbulence levels reduced with increasing   L / R  , and the vertical profiles of the Reynolds shear stress exhibited local minimum and maximum in the near wake induced by the relatively high shear at heights coincident with the inner tips. The mean power reduced significantly with increased   L / R  . However, standard turbines placed downwind of the truncated counterparts produced more power than those in the wake of other standard units. The relative power gain of the downwind units increased non-linearly with reduced inter-turbine separations. In the content of a wind farm, there are various competing factors that determine the potential benefit of this strategy. Indeed, the reduced power production of truncated turbines may be compensated with the reduced need for structural and electro-mechanical components as well as with the enhanced power output of downwind turbines. These competing factors suggest a techno-economic optimization study for potential implementation; within this approach, different rotor sizes and hub heights are factors worth being considered. Future work will focus on the characterization of various parameters in a wind-farm context including the aforementioned rotor and hub height variability as well as topographic modulation and the role of relative position of a truncated turbine.
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Figure 1. (a) Basic schematic of the experimental setup illustrating the PIV locations; (b) details of the modified rotors with the lift-producing section restricted to the outer part of the rotor highlighting the winglets at both ends; (c) diagram of the   2 × 3   turbine array with a truncated unit. 






Figure 1. (a) Basic schematic of the experimental setup illustrating the PIV locations; (b) details of the modified rotors with the lift-producing section restricted to the outer part of the rotor highlighting the winglets at both ends; (c) diagram of the   2 × 3   turbine array with a truncated unit.



[image: Energies 13 01810 g001]







[image: Energies 13 01810 g002 550] 





Figure 2. Characteristics of the incoming turbulent boundary layer. (a) Mean velocity   U /  U  h u b    , (b) turbulence intensity    I u  =  σ u   /  U  h u b   , and (c) kinematic shear stress   −    u ′   w ′   ¯  /  U  h u b  2   . The horizontal, dashed line indicates the hub height location of the turbine rotor. 
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Figure 3. Instantaneous swirling strength    Λ  c i    d T  /  U  h u b     in the near wake of the   L / R = 0.6   truncated rotor. The horizontal-dashed lines indicate the inner tips. 
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Figure 4. Mean velocity distribution,   U /  U  h u b    , in the central plane for the turbines with blade length ratios of   L / R =   (a) 0.6, (b) 0.7, and (c) 1. 
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Figure 5. Profiles of the normalized streamwise velocity difference,   Δ U =  U  i n c   − U  , for the turbines with rotors   L / R = 0.6  , 0.7 and 1 at   x /  d T  =   (a) 2.6, (b) 3.8 and (c) 6. 
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Figure 6. Mean velocity distributions   U /  U  h u b     along the turbine rotor axis (hub height) for the rotors with   L / R =   0.6, 0.7, and 1. 
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Figure 7. Turbulence kinetic energy,   T K E =  〈  u  ′ 2   +  w  ′ 2   〉  / 2  U  h u b  2   , for the cases with the turbine (a)   L / R = 0.6  ; (b)   L / R = 0.7  ; (c)   L / R = 1  . 
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Figure 8. Profiles of the turbulence kinetic energy,   T K E =  〈  u  ′ 2   +  w  ′ 2   〉  / 2  U  h u b  2   , for the turbines with rotors   L / R = 0.6  , 0.7 and 1 at   x /  d T  =   (a) 2.6, (b) 3.8 and (c) 6. 
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Figure 9. Kinematic shear stress   −    u ′   w ′   ¯  /  U  h u b  2    for the cases with the turbine (a)   L / R = 0.6  ; (b)   L / R = 0.7  ; (c)   L / R = 1  . 
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Figure 10. Profiles of the kinematic shear stress,   −    u ′   w ′   ¯  /  U  h u b  2   , for the turbines with rotors   L / R = 0.6  , 0.7 and 1 at   x /  d T  =   (a) 2.6, (b) 3.8 and (c) 6. 
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Figure 11. Integral time scale   T u   distribution normalized by that of the incoming flow   T  i n c  u   along the rotor axis for various   L / R  . 
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Figure 12. Difference of the compensated velocity spectra   Δ ( f Φ )   between the wake and incoming flow for the   L / R =   (a) 1, (b) 0.7 and (c) 0.6 rotors at the central plane of the wake within   x /  d T  ≤ 7  . 
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Figure 13. Power output spectra   Φ p   of turbines with various blade length ratios. The subplot shows the standard deviation of power output. 
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Figure 14. Mean power output (  P ¯  ) of a standard turbine (  L / R = 1  ) downwind of a truncated turbine located at the central row of a   2 × 3   wind farm.    P 0  ¯   is the mean power of the isolated base case. 
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