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Abstract

:

A wind-tunnel investigation was carried out to characterize the spatial distribution of the integral time scale (   T u   ) within, and in the vicinity of, two model wind farms. The turbine arrays were placed over a rough wall and operated under high turbulence. The two layouts consisted of aligned units distinguished only by the streamwise spacing (    Δ x    T    ) between the devices, set at five and ten rotor diameters    d T    (or     S x  = Δ  x   T   /  d T  =    5 and 10). They shared the same spanwise spacing between turbines of 2.5   d T   ; this resulted in arrays of 8 × 3 and 5 × 3 horizontal-axis turbines. Hotwire anemometry was used to characterize the instantaneous velocity at various vertical and transverse locations along the central column of the wind farms. Results show that    T u    was modulated by the wind farm layout. It was significantly reduced within the wind farms and right above them, where the internal boundary layer develops. The undisturbed levels above the wind farms were recovered only at ≈    d T  / 2    above the top tip. This quantity appeared to reach adjusted values starting the fifth row of turbines in the     S x  = 5    wind farm, and earlier in the     S x  = 10    counterpart. Within the adjusted zone, the distribution of    T u    at hub height exhibited a negligible growth in the     S x  = 5    case; whereas it underwent a mild growth in the     S x  = 10    wind farm. In addition, the flow impinging the inner turbines exhibited     T u  /  T  i n c  u  < 1   , where    T  i n c  u    is the integral time scale of the overall incoming flow. Specifically,     T u  → β  T  i n c  u     at    z =  z  h u b     , where    β < 1    within standard layouts of wind farms, in particular    β ≈ 0.5    and 0.7 for     S x  = 5    and 10.
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1. Introduction


Installed power capacity from wind energy has been experiencing a monotonic increase worldwide in the last years; it accounted for almost half of all the electricity growth in 2015 [1], with large new installations of 30.75 GW in China [1]. Wind turbines operate under a variety of flow conditions characterized by long periods of high turbulence, which contain a broad range of energetic coherent motions. Understanding the distribution and dynamics of such flow structures is of paramount relevance to quantify the unsteady loading and power output fluctuations of wind turbines [2].



Early field measurements on full-scale 630 kW Nibe wind turbines made by Swift-Hook et al. [3] focused on the wake interaction between two turbines placed five rotor diameters apart; this information was used for the development and validation of various wind turbine wake models [4,5]. Field measurements of Milan et al. [6] showed the dominant role of the turbulence structure on the power output of single turbines and wind farms. They suggested that power dynamics can be considered to follow adiabatic wind dynamics with a similar    f  − 5 / 3     spectral behavior for time scales larger than the regulating time of control systems. Power measurements on a full-scale 2.5 MW wind turbine by Chamorro et al. [7] showed that power fluctuations are strongly modulated by the scales of turbulence in a complex way. They suggested that the spectral content of the power fluctuations,    Φ P   , and that of the incoming flow,    Φ u   , exhibit a relationship that can be characterized by a nonlinear transfer function    G  ( f )  ∝  f  − 2      across relevant length scales. Recently, Tobin et al. [8] introduced a tuning-free model for such transfer function    G ( f )    for single turbines, which was tested across turbine sizes. Overall, this implies that accurate estimation of    Φ u    is essential for the estimation of the corresponding structure of the power fluctuations of wind turbines. Various models have been proposed to estimate this quantity (e.g., [9,10]), where the turbulence levels (   σ u   ) and integral time scale (   T u   ) [11] are key bulk parameters. In the context of wind farms, power fluctuations of wind turbines can be estimated via    Φ u    and    G ( f )    using local incoming flow to each turbine. This is possible with a quantitative description of the spatial distribution of    σ u    and    T u    within wind farms. Even though turbulence levels within wind farms have been characterized in laboratory (e.g., [12,13,14]), field experiments (e.g., [15,16]) and numerical simulations (e.g., [17,18,19,20,21]) as well as through analytical models for single turbine wakes (e.g., [22,23,24]), equivalent characterization for    T u    is very limited. Within the understanding the turbulence structure of wake flows, Lundquist and Bariteau [25] quantified the turbulence dissipation in the wake of a full-scale wind turbine, owing to the coupling between small-scale and large-scale structures and the turbulence dissipation rate in the wake [26].



Recently, Jin et al. [27] analyzed the distribution of the large-scale motions and integral length scale (   Λ u   ) in the wake of a wind turbine within a uniform flow under very low and high turbulence levels. They showed the distinctive effects of background turbulence on    Λ u    in the intermediate and far field wake; however, its growth rate was approximately linear regardless of the background turbulence. Chamorro et al. [28] proposed an approach to quantify a wake flow recovery, which is based on the development of integral length scale along the wake centerline. They also reported that the evolution of    Λ u    is roughly independent of the turbine tip–speed ratio. Furthermore, Singh et al. [29] pointed out that wind turbines reduce the intermittency and asymmetry in the wake by breaking and deflecting the large-scale flow structures; the non-local transfer between large and small scales is strongly attenuated, resulting in the more homogenized velocity structure as compared to the base flow. Numerical simulations by Blackmore et al. [30] showed that the increase in    Λ u    of the incoming flow might speed up the wake recovery and increase the wake span.



Despite the various efforts to characterize the flow around turbines, the distribution of large scale motions and, in particular    T u    or    Λ u   , within wind farms has not been characterized in detail. Quantification of the spatial distribution of    T u    within turbine arrays is essential for analytical models for predicting power output fluctuations. Consequently, understanding this phenomenon is instrumental to optimize the operation of wind farms and improve operation of power grids, among others. In this experimental study, we inspect the spatial distribution of this quantity in the vicinity of two model wind farm layouts with Cartesian configuration. Section 2 describes the experimental setup; Section 3 presents the results and discussion. Main remarks are summarized in Section 4.




2. Experimental Setup


A laboratory experiment was performed in the Eiffel-type boundary-layer wind tunnel of the University of Illinois at Urbana-Champaign’s Renewable Energy and Turbulent Environment Group. The wind tunnel has a test section of approximately 6.1 m long, 0.91 m wide, and 0.45 m high (see Figure 1a). The wind-tunnel ceiling is fully adjustable to control the pressure gradient along the test section, which was set to nearly zero during these experiments. More details of the facility can be found in Adrian et al. [31].



Two miniature wind farms were placed and operated under high incoming turbulence, which was induced with an active turbulence generator located at the entrance of the test section. The turbulence generator has horizontal and vertical rods, separately driven by an electric stepper motor, and rotated at a frequency of 0.1 Hz with random changes in the direction; additional information of the turbulence generator can be found in Jin et al. [27]. The resulting structure of the turbulence contained a well-developed inertial subrange that spanned two decades. A surface roughness consisting of 5 mm thick chains laid in the spanwise direction every 0.2 m between chains [32] was added along the test section. The resulting turbulent boundary layer of the incoming flow had a well-defined log region with a friction velocity of     u ∗  ≈    0.55 ms     − 1    , an aerodynamic roughness length of     z o  ≈    0.12 mm and a thickness of    δ /  z  h u b   ≈ 2.2   , where     z  h u b   = 125    mm is the hub height of the turbines. A similar roughness configuration was used in wind tunnel experiments by Ohya [33] and Chamorro et al. [32] to study stable boundary layers and wind turbine wakes over rough surfaces, respectively. Figure 1b shows vertical profiles of the mean velocity    U /  U  h u b     , turbulence intensity     I u  =  σ u  /  U  h u b      and integral time scale     T  i n c  u   U  h u b   /  d T     of the incoming flow, and also included selected velocity spectra at hub height    Φ u    (incoming flow, and 3   d T    downwind of the 1st and 5th rows). Here,     U  h u b   =    9.33 ms     − 1     and     d T  =    120 mm are the incoming velocity at hub height and rotor diameter, whereas    σ u    is the standard deviation of the streamwise velocity fluctuations. The incoming flow at hub height has a     T  i n c  u   ( z =  z  h u b   )  ≈ 1.3  U  h u b   /  d T    , which is equivalent to an integral length scale     Λ  i n c  u   ( z =  z  h u b   )  ≈ 1.3  d T    .



The turbine rotors were 3D printed from Objet Vero material at University of Illinois rapid-prototyping laboratory. The geometry of the representative rotor is based on a reference model turbine designed at Sandia National Laboratory [34,35]. A Precision Microdrive 112-001 Micro Core 12 mm Direct Current (DC) motor acted as the loading system, which resulted in a rated power     P 0  ∼    1 W [8,36]; additional information on the model turbine can be found in Tobin et al. [37]. The two wind farm layouts consisted of aligned turbines with streamwise separation of     S x  = Δ  x   T   /  d T     = 5 and 10, which shared the same spanwise separation of     S y  = Δ y /  d T  = 2.5   . This resulted in two arrays of 8 × 3 and 5 × 3 turbines. The last row was omitted from the present results to avoid boundary effects. For these layouts, the incoming Reynolds number was    R e =  U  h u b    d T  / ν ≈ 7.5 ×  10 4    , and rotor tip–speed ratio of    λ = ω  d T  /  ( 2  U  h u b   )  ≈ 4.9   , where   ν   is the kinematic viscosity of air and   ω   is the angular velocity of the rotor.



Single-point velocity measurements were obtained at various locations with a hotwire anemometer. It was calibrated against a pitot-static probe in the freestream region of the wind tunnel in the absence of the turbulence generator. The calibration was performed at the beginning and the end of the experiments to ensure negligible voltage drift of the data acquisition system. A 2D Velmex traversing system allowed automatic motions of the probe in the spanwise and vertical directions. The anemometer was positioned downwind of each of the central turbines every    Δ x /  d T  =    0.5 and 1 for the     S x  = 5    and 10 layouts. At each of these streamwise locations, velocity profiles were taken at the central plane (   y = 0   ) for heights ranging from    z =    25 mm to    z =    225 mm (i.e.,    z /  z  h u b   =    0.2 to 1.8) every    Δ z =    10 mm (   Δ z /  z  h u b   = 0.08   ) and from    z =    225 mm to    z =    305 mm (i.e.,    z /  z  h u b   =    1.8 to 2.44) every    Δ z =    20 mm (   Δ z /  z  h u b   = 0.16   ). See Figure 2a. Complementary wall-parallel measurements were taken within the plane    z =  z  h u b      for a spanwise range    y ∈ [ − 120 ,  120 ]    mm (i.e.,    y /  d T  =    [−1, 1]) every    Δ y =    10 mm along the same streamwise locations as those of the vertical profiles. See Figure 2b. The hotwire was connected to a Dantec dynamic system, which sampled the sensor voltage signatures at 10 kHz for measurement periods of 120 s. Throughout the calibration and experiments, the room temperature was kept at    23 ± 0.5   ∘    C to avoid thermal drift of the voltage signals.




3. Results and Discussion


The integral time scale    T u    at the given location is computed via the integral of the autocorrelation function of the streamwise velocity    r ( τ )   , as follows:


      r  τ  =    u ′   t   u ′   t − τ   ¯  /  σ u 2  ,      



(1)






       T u  =  ∫  0  ∞  r  τ  d τ ,      



(2)




where   τ   is the time lag,    u ′    is the streamwise velocity fluctuations and    σ u 2    is the corresponding velocity variance. For practical purposes, the integral in Equation (2) is evaluated up to a time lag where    r ( t )    is sufficiently low [28]; here, it is set at    r = 0.05    in all interrogated locations.



3.1. Vertical Distribution of the Integral Time Scale


Iso-contours of     T u   ( x , y = 0 , z )  /  T  i n c  u   ( z )     in the vertical plane coincident with the axis of the turbines at the center of the wind farms for the cases     S x  = 5    and     S x  = 10    are illustrated in Figure 3. As expected,    T u    is substantially reduced within the wind farms, which also occurs right above the top tip as a result of the development of an internal boundary layer. Like the momentum or turbulence levels, this quantity also offers an alternative way to characterize the flow development inside a wind farm. Indeed, note that the distribution of    T u    in the wind farm with     S x  = 5    reaches an apparent equilibrium starting the wake of the fifth row of turbines. There, the downwind turbines are impinged by a flow with     T u  /  T  i n c  u  ≈ 0.5    in most of the rotor. Note, however, that this is not the case for the wind farm with     S x  = 10   ; there, the distribution is roughly adjusted starting the third row of turbines with     T u  /  T  i n c  u  ≈ 0.7    in the vicinity of those rotors. The substantially larger spacing between turbines allows better entrainment from the top, and the development of the turbulence structure. In addition, the entrainment process from the top leads to a relatively asymmetric distribution of    T u    with larger values towards the top tip.



To further illustrate the evolution of    T u   , selected profiles at the hub height (   z /  z  h u b   = 1   ), at the top tip (   z /  z  h u b   ≈ 1.5   ) and a radius above the top tip of the wind farms (   z /  z  h u b   ≈ 2   ) are shown across the streamwise distance in Figure 4 for the two layouts. The profiles are superimposed to illustrate the effect of the turbine spacing at various heights. At    z /  z  h u b   = 1   , the magnitude and growth rate of    T u    appear roughly insensitive up to     S x  < 5    (Figure 4a). In contrast,    T u    significantly differ at the top tip of the wind farms; this quantity is consistently larger in the     S x  = 10    across    x /  d T     (Figure 4b). This indicates that the internal boundary layer developed right above the wind farms exhibits a turbulence structure that is strongly affected by the layout. Interestingly,    T u    also exhibits a clear growth with    x /  d T     from the second row of turbines in the     S x  = 5    layout. As expected, such growth is locally interrupted right behind each turbine. In light of the results at the hub height, the structural changes of the turbulence appear to mostly have an impact around the top tip. Further above, the effects of the layout and turbines in the evolution of    T u    become gradually reduced. This is illustrated in Figure 4c at    z /  z  h u b   = 2   .



The representative log-log evolution of    T u    for the adjusted rows at    z /  z  h u b   = 1    along the rotor axis is illustrated in Figure 5. It exhibits negligible increase past    x /  d T  ≥ 2    in the     S x  = 5   . This is not the case in the     S x  = 10    layout, where    T u    undergoes a modest monotonic growth (    T u  /  T  h u b  u  ∝   ( x /  d T  )  a  , a ∼ 0.24    with a correlation coefficient ≈0.74). Note the higher    ∂  (  T u  /  T  h u b  u  )  / ∂  ( x /  d T  )     in the very near wake, namely    x /  d T  ≤ 2   . This particular behavior was noted by Jin et al. [27] in the wake of a single turbine under uniform flow with very low incoming turbulence and negligible integral scale. They also noted that such phenomenon is not present when the turbine was operated under high turbulence (    I u  = 11.5 %   ) with large     T  i n c  u   ( z =  z  h u b   )   U  h u b   /  d T        ( = 2.5   ). Here, the turbines within the adjusted region are exposed to intermediate     T  i n c  u   ( z =  z  h u b   )     and    ∂  (  T u  /  T  h u b  u  )  / ∂  ( x /  d T  )     with respect to the cases with single turbine wake under negligible and high turbulence. This is, consequently, consistent with those measurements. For practical purposes, however,    T u    trends in the intermediate and far wakes are of interest; in particular, those impinging the turbines within wind farms. Extrapolation of Figure 5 suggests that, for common spacing of wind turbines within wind farms,    T u    levels are likely lower than that of the global incoming flow.




3.2. Wall-Parallel Distribution of the Integral Time Scale


For completeness, isocontours of     T u  /  T  i n c  u     within the wall-parallel plane    z /  z  h u b   = 1    are shown in Figure 6 for both     S x  = 5    and     S x  = 10    wind-farm layouts. The region considered in each case include a transverse range between    y /  d T  =  [ − 1 ,  1 ]     with respect to the central row of wind turbines. It reveals that    T u    is roughly symmetric with respect to the central axis    y = 0   , and the values of    T u    impinging each rotor are consistent with those obtained from the vertical profiles. Similar to the internal boundary layer above the wind farms,    T u    undergoes similar phenomenon laterally. This implies that the flow within wind–turbine arrays with reduced lateral spacing may have    T u    lower than that of the incoming flow. Due to the lateral flow development,     T u  /  T  i n c  u    |   z =  z  h u b        converges to ∼0.6 and ∼0.7 in the outer vicinity of the lateral tips for the     S x  = 5    and 10 cases, respectively.



Finally, the compensated velocity spectra    f  Φ u     at    z /  z  h u b   = 1    along the rotor axes is shown in Figure 7 to illustrate the distribution of the contributing turbulent motions across scales. Enhanced levels of    f  Φ u     are mostly contained within the spectral region defined by the reduced frequency    f  d T  /  U  h u b   ∼  [  10  − 1   ,  10 0  ]     with larger values around    x /  d T  ∼  [ 2 , 4 ]    . Within this spatial region, the tip vortices lose coherence and the shear layer enhances a multiscale mixing across the span reaching the wake axis, which is reflected in the distribution of the compensated energy content of    f  Φ u    . The increased levels of    f  Φ u     in the scales larger than the rotor (   f  d T  /  U  h u b   <  10 0    ) reveal a strong modulation of the wake on the power output fluctuations of the turbines. Figure 7 also show the influential effect of the layout on the turbulence impinging the turbines within wind farms and, therefore, power output fluctuations at the wind-farm scale (     Φ p    w f    ). Here, the local velocity spectrum is essential for estimating      Φ p    w f    . Indeed, the structure of the turbulence-driven power fluctuations of a    M × N    wind farm (M and N refer to the number of columns in the transverse and streamwise directions) was recently explored by Liu et al. [38]. They proposed a model that takes into account the turbulent interaction between the flow and turbines, and the advection between turbine pairs. It is given as follows:


      Φ p    w f   = M  ∑  i = 1  N     Φ p   i  + 2 M  ∑  i = 1  N   ∑  j > i  N     Φ p   j  c o s  2 π f  τ  i j    × exp  −   2 3    π 2   f 2     τ  i j    2     I j   2   ,   



(3)




where     τ  i j   =  ( j − i )   S x   d T  /  U j     represents the advection time between turbines i and j, and    I j    denotes the local turbulence intensity    I u    of the turbine j. The building block of      Φ p    w f     (Equation (3)) is the local power output spectrum    Φ  P i    , which can be estimated from the velocity spectrum via transfer function as     Φ P  ∝ G  ( f )   Φ u     [7]. Tobin et al. [8] proposed a tuning-free model for    G ( f )    and suggested using the von Kármán model for    Φ u    [10], which is defined as:


    Φ P   ( f )  = G  ( f )   Φ u  =    3 / 2  C P  ρ A  U  h u b  2     1 +   2 π  t i   4      ×    4  σ u 2   T u     1 + 70.8   f  T u   2    5 / 6     .   



(4)







Here,    C P    is the power coefficient,   ρ   is the air density, A is the swept area of the turbine rotor and    t i    is the inertial timescale [8]. An example of the measured    Φ P    of the turbine in the first row is illustrated in Figure 8; it also includes    Φ u    and    G ( f )    for reference to visually understand the distinctive power–law trends of    Φ P   . Within wind farms, Equation (4) can be used to estimate     Φ P   ( f )  →  Φ  P i      with     T u  → β  T  i n c  u     at    z =  z  h u b     . Our study indicates that    β < 1    within standard layouts of wind farms; in particular,    β ≈ 0.5    and 0.7 for     S x  = 5    and 10.





4. Conclusions


Understanding the distribution of the integral time scale within wind farms is the key to estimating the spectral features of the flow impinging the inner turbines. Such information is particularly useful to predict power fluctuations of individual turbines and, consequently, those at wind-farm scale. The experimental inspection of the flow within, and in the vicinity of, two model wind farms revealed strong modulation of the wind farm layout on    T u   . It also defined the location where adjusted values are reached, which provides an alternative way to assess the turbulence development in large turbine arrays.    T u    impinging inner turbines underwent significant reduction with respect to that of the incoming flow as a result of the dampening of the very large-scale motions. The results indicate that     T u  → β  T  i n c  u     at    z =  z  h u b     , where    β < 1   ; in particular,    β ≈ 0.5    and 0.7 for     S x  = 5    and 10. This quantity used in the context of Equations (3) and (4) provides a robust estimation of the structure of the power fluctuations at wind-farm scale.
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Figure 1. (a) photograph of one of the model wind farms in the test section of the wind tunnel; (b) incoming boundary layer statistics: time-averaged streamwise velocity profile    U /  U  h u b     , turbulence intensity     σ u  /  U  h u b     , integral time scale     T  i n c  u   U  h u b   /  d T     and velocity spectra at hub height    Φ u    (incoming flow, and 3   d T    downwind of the first and fifth rows).     U  h u b   =    9.33 ms     − 1     and     T  i n c  u   ( z =  z  h u b   )  ≈ 1.3  d T  /  U  h u b   ≈ 1.7 ×  10  − 2      s. 
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Figure 2. (a) Detail of the hotwire measurement locations in a vertical plane within representative rows i and    i + 1   ; (b) same as (a) but within a wall-parallel plane at hub height. 
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Figure 3. Isocontours of the normalized integral Time scale     T u   ( x , y = 0 , z )  /  T  i n c  u   ( z )     within a vertical plane along the central column of the wind farms. (a)     S x  = 5   ; (b)     S x  = 10   . The two horizontal dotted lines mark the location of turbine top and bottom tips. 
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Figure 4. Normalized integral Time scale     T u   ( x , y = 0 , z )  /  T  i n c  u   ( z =  z  h u b   )     along the central column of the wind farms. (a) at the hub height (   z /  z  h u b   = 1   ); (b) at the top tip (   z /  z  h u b   ≈ 1.5   ); (c) a radius over the top tip (   z /  z  h u b   ≈ 2   ). 
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Figure 5. Log-log distribution of the normalized integral time scale     T u  /  T  i n c  u     at    z =  z  h u b      along the rotor axes in the adjusted rows. (a)     S x  = 5   ; (b)     S x  = 10   . 
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Figure 6. Isocontours of the normalized integral time scale     T u   ( x , y , z =  z  h u b   )  /  T  i n c  u   ( z =  z  h u b   )     within a wall-parallel plane along the central column of the wind farms. (a)     S x  = 5   ; (b)     S x  = 10   . The two horizontal dotted lines mark the location of turbines’ lateral tips. 
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Figure 7. Compensated velocity spectra    f  Φ u     at    z /  z  h u b   = 1    along the rotor axis in the adjusted rows (shown the last row in each layout). (a)     S x  = 5   ; (b)     S x  = 10   . 
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Figure 8. Spectra of the incoming flow at hub height     Φ u   ( z =  z  h u b   )     (black), and turbine output power of the first row    Φ p    (red). The transfer function of the turbine    G ( f )    is included as a reference; it allows a visual understanding of the distinctive power–law trends of    Φ p   . 
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