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Abstract


Future wind power developments may be located in complex topographic and harsh environments; forests are one type of complex terrain that offers untapped potential for wind energy. A detailed analysis of the unsteady interaction between wind turbines and the distinct boundary layers from those terrains is necessary to ensure optimized design, operation, and life span of wind turbines and wind farms. Here, laboratory experiments were carried to explore the interaction between the wake of a horizontal-axis model wind turbine and the boundary layer flow over forest-like canopies and the modulation of forest density in the turbulent exchange. The case of the turbine in a canonical boundary layer is included for selected comparison. The experiments were performed in a wind tunnel fully covered with tree models of height   H /  z  h u b   ≈ 0.36  , where   z  h u b    is the turbine hub height, which were placed in a staggered pattern sharing streamwise and transverse spacing of   Δ x /  d c  = 1.3   and 2.7, where   d c   is the mean crown diameter of the trees. Particle image velocimetry is used to characterize the incoming flow and three fields of view in the turbine wake within   x /  d T  ∈  ( 2 ,  7 )    and covering the vertical extent of the wake. The results show a significant modulation of the forest-like canopies on the wake statistics relative to a case without forest canopies. Forest density did not induce dominant effects on the bulk features of the wake; however, a faster flow recovery, particularly in the intermediate wake, occurred with the case with less dense forest. Decomposition of the kinematic shear stress using a hyperbolic hole in the quadrant analysis reveals a substantial effect sufficiently away from the canopy top with sweep-dominated events that differentiate from ejection-dominated observed in canonical boundary layers. The comparatively high background turbulence induced by the forest reduced the modulation of the rotor in the wake; the quadrant fraction distribution in the intermediate wake exhibited similar features of the associated incoming flow.
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1. Introduction


Wind energy has become a competitive contributor in the energy portfolio, and, as a consequence, it has experienced monotonic growth. Future developments are expected to occur in complex topographic and harsh environments due to reduced advantageous sites. Characterization of wind turbines operating in difficult terrains requires significant attention [1]. Particular scenarios include wind turbines operating in forest terrains. There, the interaction of multiple wakes with the canopy can result in turbulent exchange that may modulate the local ecological equilibrium and climate and the performance of large arrays of turbines.



Characterization of coherent motions in boundary layer flows developed over forestry, and vegetative canopies, have been of high relevance over past decades due to their impact on mass, momentum, and energy exchange in the mixing process [2,3,4]. Proposed by Lu and Willmarth [5], quadrant analysis has been an instrumental tool to quantify the impact on momentum transfer from coherent motions and has been applied in many related phenomena, including flow over various vegetation canopies [6,7,8,9]. Yue et al. [10] and Poggi et al. [7] showed that rigid canopies exhibit a predominance of sweeps within the canopy that evolves to ejection dominated away from the canopy tip for a range of Reynolds numbers. Field measurements over forest by Arnqvist et al. [11] showed that coherent structures are dominated by large-scale mixing processes; they also found that local upwind and topography heterogeneity in a forest only have a minor effect on the measured wind statistics. Numerical simulations, e.g., [12,13], and experiments, e.g., [14,15], have provided substantial insight on the dominant motions induced from the mixing layer in relatively dense canopies. The mixing layer dynamics reduce as the density of canopy decreases [16,17] and velocity fluctuates [18]. The distinct structure of the turbulence above forest canopies may strongly modulate turbines’ performance and wake; its impacts on the performance and unsteady loading, among others, on wind turbines remain as open problems.



Numerical and experimental studies have explored this problem and have provided quantitative understanding. A numerical analysis of a wind turbine operating over a forest by Schröttle et al. [19] using large eddy simulations (LESs) showed faster wake recovery and vertical asymmetry in the wake, and forests may enable tighter spacing of wind turbine arrays. However, LESs of forest effects on large wind turbine arrays by Agafonova et al. [20] showed comparatively shorter, but wider, turbine wakes may be induced in forest terrains. They pointed out that stronger mean shear and higher turbulence intensity may reduce turbine life span. Agafonova [21] also noted that turbine arrays placed in a forest incurred a significant power loss as compared to the non-forest case; improper blade pitch of the turbines was determined as a major cause of the reduced power performance. LES investigation by Nebenführ and Davidson [22] showed fatigue load on a wind turbine is larger in the boundary layer developed over a forest.



Experimental studies have particularly focused on continuous forested-like fetch and forest edge effects on wind turbine wake, among others. Rodrigo et al. [23] studied the flow over porous foam sections and the effects on wind turbines in a clear-cut and noted a significant increase in turbulence, wind velocity, and wind shear leading to a decrease in energy output. They suggested that the clearance between the turbine rotor and the ground should be at least twice the height of the forest when the wind is perpendicular to the clear-cut axis. If the roles are flipped, however, and a porous windbreak is introduced into a relatively flat ‘plains-like’ environment, the power gained from a wind turbine increases. Indeed, Tobin and Chamorro [24] found that the porosity of windbreaks plays a significant role in the power output enhancement of a wind turbine but has a minor effect on the power output of a very large wind farm. Odemark and Segalini [25] modeled a forest with cylindrical pins to test different forest densities and the effects of heterogeneous forest structures such as clearings. They also varied the hub height of the wind turbine to study its impact on turbine performance and found minor changes in the maximum power output. This suggests that effects imposed on the wind turbine power output from incoming forest canopy boundary layers are not strongly dependent on the forest’s structure. Chougule et al. [26] investigated the wind characteristic and turbine load in forested and agricultural sites. They observed a much higher turbulent kinetic energy (TKE) dissipation rate over forestry landscapes. Another essential consideration can be gleaned from field experiments by Zendehbad et al. [27], who have shown considerable increases in turbulence intensity and aeroelastic tower deflection of wind turbines in a forested fetch as well as a significant energy loss in a forested fetch, as compared to unforested fetch.



Overall, forests are one type of terrain that offers untapped potential for wind energy; likewise, the changes in the local mean shear and turbulence may also induce distinct differences in the transport of scalars in forestry terrains. Despite the substantial progress on characterizing forest boundary layer and induced turbulence and the insights into wind turbine performance, the unsteady interaction between turbine and wake with forest-modulated turbulence and the effect of distinct energetic motions in wind turbines are still far from well understood and should be explored in detail to inform optimized operation and extend the life span of the units.



Here, we aim to contribute to understanding the flow over forest canopies and wind turbine wake interaction by exploring the turbulence statistics. Such a characterization is needed for, e.g., multi-criteria decision support systems on wind farm site selection within forestry terrains [28]. Section 2 describes the experimental setup, Section 3 discusses the common and distinct flow statistics of wind turbine wakes over forest canopies, and Section 4 summarizes the main conclusions.




2. Experimental Set-Up


Wind tunnel experiments were performed to characterize the effects of a forest-like canopy and associated density on the wake and power output fluctuations of a model wind turbine. The experiments were carried out in the Eiffel-type wind tunnel of the University of Illinois at Urbana-Champaign. The test section is 6.1 m long, 0.914 m wide, and 0.47 m high; the top wall is fully adjustable to set pressure gradients, which was minor in the experiments. Details on the wind tunnel can be found in Adrian et al. [29].



An active turbulence generator was placed at the beginning of the test section to induce high-turbulence levels on the order of 10% with a well-developed turbulence structure with an inertial subrange spanning two decades at the turbine location for the base turbulent boundary layer (TBL) case without the presence of forest; additional details are found in Cheng et al. [30]. The forest canopies consisted of regular arrays of   H =   40 mm high model maple trees of 30 mm crown diameter, with a trunk height of 15 mm and a crown height of 25 mm. They were placed along the test section over a 13 mm thick foam in two regular staggered patterns with streamwise and spanwise spacing of   Δ x = Δ y =   80 and 40 mm, henceforth the intermediate and dense forests; see details in Figure 1. The canopy arrangements resulted in porosity   φ =  V V  /  V T    of 0.65 and 0.88, where   V V   is the void volume, and   V T   is the total volume.



The model turbine was fabricated following a design by the Sandia National Laboratories [31,32], with the 3D printed nacelle and blades using the Object Eden 350 machine at the University of Illinois Rapid-Prototyping Lab. The unit consists of a three-bladed horizontal-axis rotor of diameter    d T  = 120   mm, a hub height of    z  h u b   /  d T  = 0.93   resulting in a ratio between the hub and tree heights of    z  h u b   / H = 2.8  , which provided a proper geometrical scaling. The loading system of the turbine model consisted of a Precision Micro-drive 112-001 Micro core 12 mm diameter, which produced a rated power of    P 0  ∼ 1   W and allowed power measurements at high frequency. The angular velocity of the rotor  ω  was controlled by the resistance of the DC generator and operated with a tip-speed ratio of   λ = 0.5  d T  ω /  U  h u b   ≈ 5  . The turbine power output was measured at 1 kHz for 300 s using a Measurement Computing USB-1608HS datalogger, and power was calculated from the applied resistance and the voltage measured across the generator terminals by a data acquisition system (DAQ). See Tobin et al. [33] for more details on model turbine features.



At the turbine location, the mean incoming flow velocity at hub height was set to    U  h u b   ≈ 7.7   m s    − 1   ; specifically,   7.6   m s    − 1    and   7.8   m s    − 1    for the intermediate and dense canopy cases. This resulted in roughness lengths    z o  ≈ 4.1   mm and   4.4   mm with displacement heights of    h 0  = 9   mm and 14 mm. As a complement, we include the case of the turbine in a canonical turbulent boundary layer with a boundary layer thickness of   δ /  z  h u b   ≈ 2  , roughness length of    z 0  ≈ 0.12   mm. Figure 2 illustrates dimensionless vertical profiles of the incoming flow   U /  U  h u b    , turbulence intensity    I u  =  σ u  /  U  h u b    , and kinematic shear stress   −    u ′   w ′   ¯  /  U  h u b  2    of the boundary layers over the forests near the turbine location; the complementary case without a forest is also included for reference. Here,   σ u   represents the standard deviation of the streamwise velocity fluctuations.



Planar particle image velocimetry (PIV) was used to obtain velocity fields in four wall-normal fields of view (FOVs) at the rotor center plane; three of them in the wake within   x /  d T  =  [ 2.25 ,  3.25 ]   , [4.25, 5.25] and [6.25, 7.25], which shared the same vertical span of   z /  z  h u b   ≈  [ 0.4 ,  2.4 ]   ; here, the origin of the coordinate system was set at the wall and coincident with the rotor plane. Another FOV was obtained upwind of the turbine; see details in Figure 3. In each FOV, 2000 image pairs were collected by an 11 MP (4000 pixels × 2672 pixels), 12 bit CCD camera at a 1 Hz sampling rate. Olive oil droplets of 1  μ m ejected from Laskin nozzles were used to seed the flow, which was illuminated with a 1 mm laser sheet provided from a 250 mJ/pulse double-pulsed Quantel laser. The image pairs were interrogated using a recursive cross-correlation with the TSI Insight 4G software. The final, uniform vector grid spacing was   Δ x = Δ y = 0.97   mm with an interrogation window of 24 pixels × 24 pixels with 50% overlap. Minor adjustments in the PIV setup including camera misalignment, light sheet plane alignment, resolution on the PIV setup, and PIV processing were revised, resulting in a standard deviation of approximately   1.2 ×  10  − 2    U  h u b     [34,35].




3. Results


This section discusses the impact of the forest-like canopy and its density in the wind turbine wake statistics and turbulent transport above the forest canopy in the near and intermediate wake regions. The case without trees is used for selected comparison.



3.1. Mean Wake Characteristics


Inspection of the time-averaged streamwise velocity fields,   U  ( x /  d T  , y /  d T  = 0 , z /  d T  )  /   U  h u b    , of the incoming flow and wake of the wind turbine over the intermediate and dense canopies, illustrated in the four fields of view in Figure 4, reveals minor differences but a substantial departure from canonical scenarios in a turbulent boundary layer over rough, flat terrain; see, e.g., [30,32,36].



A closer look at the relative velocity deficit at selected streamwise locations,   Δ U =  U  i n c    ( z /  d T  )  − U  ( x /  d T  , z /  d T  )   , is provided in Figure 5, where   U  i n c    is the incoming boundary layer velocity profile. This figure shows that the velocity deficit within heights coinciding with the top and bottom tips is lower in the intermediate canopy scenario. The difference in   Δ U   is larger in the intermediate wake region as the rotor strongly dominates the near wake. The larger inter-tree space promotes flow instability and, consequently, enhanced turbulent exchange; such exchange should approach a wall boundary layer case with increasing canopy density with very packed trees.



It is worth noting the similar   Δ U   distributions over the rotor area of the two cases in the near wake at   x /  d T  = 3   shown in Figure 5. Figure 6 illustrates the normalized turbine hub height velocity as a function of streamwise distance. As the near wake characteristics are largely affected by the presence of the turbine, the velocity profiles exhibit minor differences between the canopies; relatively large differences downwind as the effect of the forest terrain dominates over the turbine at distances   x /  d T  ≳ 4  . It is also worth mentioning that the hub height flow recovery in the turbine wake in both cases is faster than that with a canonical TBL. For instance,   U /  U  h u b   ≈ 0.8   and 0.6 [30,32] over the forest and TBL cases at   x /  d T  ∼ 4  .




3.2. Turbulence Statistics


Bulk turbulence statistics reveal a relatively minor impact between the two forest densities in the turbine wake. In particular, Figure 7 shows the streamwise,    I u  =  σ u  /  U  h u b    , wall-normal,    I w  =  σ w  /  U  h u b    , turbulence intensity and the kinematic shear stress   −    u ′   w ′   ¯  /  U  h u b  2    distributions with an iso-contour corresponding to their hub height values. Here,   σ i   denotes the standard deviation of the   i −  velocity velocity fluctuations.



The   I u   distribution exhibits larger values around the turbine top tip, where shear layer instability and tip vortices dominate that region [37,38]. Within this region, maximum values are roughly   x /  d T  ∼ 5   for turbines placed within TBL [30,32], whereas it occurs closer to the turbine at roughly   x /  d T  ∼ 2  , indicating more energetic instability mechanisms under higher background turbulence. Bulk distributions of the kinematic shear stress exhibit shared features; however, the differences in the magnitudes may reveal distinct modulation of the sweep and ejection near the top of the canopies that interact with the wake. This is explored as follows.



The so-called quadrant hole analysis is performed to understand better the turbulence modulated by the forest–turbine interaction. Here, the quadrant-hole analysis is modified from those used in Lu and Willmarth [5], where the velocity fluctuations are decomposed into four quadrant domains. Each quadrant indicates the strength of certain events in the flow, where the second and fourth quadrants represent sweeps and ejections, whereas the first and third quadrants denote the outward and inward interactions.



The parameter H, also referred to as hyperbolic hole, splits regions with hyperbolic curves defined by    |   u ′   w ′   | = H |     u ′   w ′   ¯   |   . The hole size H here is defined as the percentage of the total Reynolds shear stress following Yue et al. [10]. The mean quadrant events as a function of hole size H can then be defined as


   S  i , H   =  1 T   ∫  0  T   u ′   ( x , z , t )   w ′   ( x , z , t )   I  i , H , t     u ′  ,  w ′   d t  



(1)




with i indicating events of a specific quadrant and T is the sampling period for the velocity fluctuations. The piecewise function   I  i , H , t    is introduced for conditional sampling, where


   I  i , H , t     u ′  ,  w ′   =      1 ,      for    u ′  ,  w ′    in  quadrant  i  and    u ′   w ′   ≥ H     u ′   w ′   ¯         0 ,      otherwise  .       



(2)







The quadrant fraction of the turbulent stresses can be calculated as    S  i , H  f  =  S  i , H   / S  , where S is the mean stress    |     u ′   w ′   ¯   |   . Figure 8 shows   S  i , H  f   as a function of H at two elevations; one near the wall at    z ′  /  z  h u b   ≈ 0.11  , where   z ′   is the relative height defined with respect to the topography top and another at the turbine top tip,   z /  z  h u b   = 1.6  . Interestingly, all three topographies exhibit a similar   S  i , H  f   at the lower elevation near the wall and canopy top in the incoming boundary layer flow. However, an opposite trend occurred between the TBL and the forestry terrains at   z /  z  h u b   = 1.6  . The TBL scenario shows a significant increase in the   Q 2   fraction, leading to ejection-dominated events, but forestry cases are sweep-dominated there, similar to the findings of Yue et al. [10]; this implies fast-moving downward fluctuations produced by the forests. It also shows that the trees modulate the structure of the Reynolds stress more significantly away from the canopy top, inducing a non-negligible interaction with the wake. The sweep–ejection dynamics are known to be modified by plant canopies due to the additional drag induced by the plants [3].



Insight on the turbine–forest interaction is given in Figure 9b, where all near-wall quadrants show a higher fraction compared to those at the hub height due to stronger   Q 1   and   Q 3   events. The turbine wake redistributes turbulent structures and evens out the quadrant distribution along the vertical. This is better illustrated with the sweep-to-ejection ratio,   Q 4 / Q 2  , shown in Figure 9 as a function of streamwise distance from the turbine. Comparatively close   Q 4 / Q 2   ratios between the near wall and top tip location occur in the near wake (Figure 9(b1,b2)) by comparing to the incoming boundary layer (Figure 9(a1,a2)). However, this feature is noted only in the TBL case in the intermediate wake region at   x /  d T  ≈ 6.5   due to the higher   Q 2   near the wall and lower   Q 4   at the top tip (Figure 8c). Relatively large separation similar to those observed in the incoming flow is shown in the intermediate wake of the forest canopies. It is also worth noting that the TBL   Q 4   fraction at   z /  z  h u b   = 1.6   in Figure 9b,c demonstrates a sharper decrease as the hyperbolic hole increases; this indicates that the turbine filters large-scale structures in the TBL and amplifies small-scale ones as pointed out in Chamorro et al. [39]. However, this is not the case for turbines placed within forest terrain, where the   d  S  f  Q 4 , H    / d H   slope is similar to that observed in the incoming flow. All these observations of the quadrant-hole analysis offer information about the temporal structure of the turbulent momentum transfer [40] and demonstrate a strong role of forests in modulating the turbulent structure in the near and intermediate wake regions, which is consistent with the results shown in Section 3.1 and in line with those observed for turbine wake under high background turbulence discussed in Jin et al. [41].



Inspection of the probability distribution functions (PDFs) of the normalized streamwise velocity fluctuation    u ′  /  σ u    in Figure 10 further shows the signature of velocity fluctuation structure. Bimodal shapes with peaks near   ± 0.6  σ u    characterize the incoming boundary layer near the wall, similar to those reported by Laskari et al. [42], indicating horizontal sloshing motions near the canopies [3]. The forest terrains have a more evenly distributed   u ′   showing the footprint of multi-scale structures. At the higher elevation,   z /  z  h u b   = 1.6  , these trends skew towards the negative side for TBL and toward slightly positive for both forest cases. It shows that the forest mitigates the influence of the upwind draft motions inducing   Q 4   and   Q 2   dominated events. The modulation of the turbine is evidenced in the near wake (Figure 10b), where the bimodal shape changes to a more Gaussian-like distribution. The far wake structure shows a combination of the bimodal characteristic of the coherent structures from the boundary layer and those created from the turbine. The forest terrain cases are subjected to stronger motions and thus show a distribution closer to those in the incoming boundary layer at   x /  d T  ≈ 6.5  .



Finally, bulk assessment on the modulation of the forest on the turbine performance can be obtained by measuring the relative turbine performance and power fluctuations. In particular, Figure 11 shows the ratio between the mean power output,   P ¯  , and the cube of the incoming velocity at hub height,   U  h u b  3  , as a first-order estimation of the forest-modulated impact on the power coefficient or performance; the TBL scenario is also added for comparison. Note that    P ¯  /  U  h u b  3    is lower in the turbine over the forest canopies. This is indicative of a lower turbine performance associated with lower blade performance, likely due to increased local flow separation promoted by the enhanced turbulence levels of the incoming flow (Figure 2b). This shows that local flow control on the blade and real-time rotor control are two engineering challenges that need more attention in turbines operating in high-turbulence flows.



As expected, the power fluctuations are higher in the forest scenarios due to the higher turbulence, as velocity fluctuations of the incoming flow are a central source of power fluctuations, e.g., [43]; only minor differences in   σ P   between the forests are obtained due to the similar turbulence (Figure 2). Inspection of the power output structure shown in Figure 11b with the compensated spectra shows that the power fluctuations in the forest cases are dominated by comparatively high energy content in the smaller scales, consistent with the smaller turbulence length scale observation in Agafonova et al. [20]. This explains the reduced bulk power fluctuation ratio between forest cases and the TBL case (i.e.,    σ  u , f o r e s t   /  σ  u , T B L   >  σ  P , f o r e s t   /  σ  P , T B L    ) seen in Figure 11a, as Chamorro et al. [44] pointed out that power fluctuations of turbines are insensitive to the upwind coherent structures smaller than the rotor size.





4. Conclusions


The experiments with a model wind turbine operating within two forest terrains with different densities showed similarities and distinct departures with the case of a turbine in a canonical turbulent boundary layer. As expected, the presence of forest produced stronger background turbulence, which resulted in faster wake recovery. The forests imposed a non-negligible effect on the mean turbine wake and associated second-order statistics compared to a TBL scenario. The forest density imposed a minor impact on the bulk features of the wake, but the less dense forest induced a faster flow recovery in the wake.



Close inspection of the Reynolds stress with quadrant-hole analysis using the so-called hyperbolic hole provided insight into the forest modulation on the flow past the turbine. In particular, it shows a strong influence of the forests relatively far above the canopy at a height coincident with the turbine top tip. That region exhibited sweep-dominated events, which are distinct from the ejection-dominated ones observed with turbines in TBL. Additionally, the strong background turbulence induced by the forests reduced the rotor modulation in the near wake region, namely   x /  d T  ≲ 3  . In the intermediate wake at   x /  d T  ∼ 6 − 7  , the quadrant fraction resembled a similar distribution of the incoming flow. In contrast, the impact of the rotor in the TBL, in general, covers an extended region downwind.



The results provide basic information that may be incorporated in, e.g., multi-criteria decision support systems in the context of location selection [28,45], layout design [46], and operation of wind farms [47] within forestry terrains. The study mainly focused on exploring the near to intermediate wake of a model wind turbine placed in a developed forest canopy boundary layer. The canopy layouts are composed of regularly spaced trees in staggered patterns, which deviate from natural forests that exhibit a wide range of height and layout heterogeneity. However, these may induce relatively minor effects in dense forests [25]. However, that may not be the case in low-density forests; the associated impact on wind turbines and wind farms should be assessed in detail.



Future studies will expand current work in a wider forest density range and include additional parameters such as the number of turbines, topography heterogeneity, and pressure gradients.
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	Turbulent Boundary Layer
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Figure 1. (a) Photographs of the wind tunnel with the intermediate and dense tree canopy models; (b) basic dimensions of the model wind turbine and tree; (c) side view of the scenarios; (d) top view of the geometrical layout of the tree arrangements. 
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Figure 2. Characteristics of the incoming turbulent boundary layers. (a) Mean velocity   U /  U  h u b    , (b) streamwise turbulence intensity    I u  =  σ u  /  U  h u b    , and (c) kinematic shear stress   −    u   ′    w   ′    ¯  /  U  h u b  2   . 
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Figure 3. Basic schematic of the experimental setup illustrating two forest models with different tree density, PIV fields of view (FOVs), and basic dimensions. 
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Figure 4. Time-averaged streamwise velocity distributions,   U  ( x , y = 0 , z )  /  U  h u b    , above the (a) intermediate and (b) dense canopies. The horizontal lines indicate the location of the hub, top and bottom tips of the turbine. 
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Figure 5. Vertical profiles of the time-averaged streamwise velocity deficit in the turbine wake,   Δ U =  U  i n c    ( z )  − U  ( x ,  y = 0 , z )   , at   x /  d T    = (a) 3; (b) 5; (c) 7. The horizontal lines indicate the location of the hub, top and bottom tips of the turbine. 
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Figure 6. Non–dimensional hub height streamwise velocity profiles,   U /  U  h u b    , over the intermediate and dense forest canopies. 
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Figure 7. Turbulence intensity of the (a) streamwise,    I u  =  σ u  /  U  h u b    , and (b) vertical,    I w  =  σ w  /  U  h u b    , velocity components; (c) kinematic shear stress,   −    u ′   w ′   ¯  /  U  h u b  2   . The top subfigure in each case denotes the intermediate forest and the bottom subfigure the dense forest case, as indicated by the tree drawing. Iso-contours denote the values to those of the incoming flow at the hub height. 
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Figure 8. Kinematic shear stress fractions   S  i , H  f   versus hole size, H, at   z /  z  h u b   ≈ 0.11   (solid lines) and   z /  z  h u b   = 1.6   (dashed lines) above the forest canopies at (a) incoming boundary layer, (b)   x /  d T  = 3   and (c)   x /  d T  = 6.5  . 
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Figure 9. Ratio of total contribution of sweep (Q4) and ejection (Q2) events in the (a) incoming flow, (b)   x /  d T  = 3  , and (c)   x /  d T  = 6.5   at   Δ z /  z h  u b = 0.11   (solid lines) above the surface and   z /  z  h u b   = 1.6   (dashed lines). 
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Figure 10. Probability density functions, PDFs, of the normalized streamwise velocity fluctuations,    u ′  /  σ u   , at (a) incoming flow, (b)   x /  d T  = 3  , and (c)   x /  d T  = 6.5  ;   z ′   is the relative height with respect to the topography top. 
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Figure 11. (a) Ratio of the time-averaged power output and   U  h u b  3  , and power output intensity,    σ P  /  P ¯   ; (b) compensated power output spectra   f  Φ P   . 
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