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An experimental study was conducted to investigate the interferences of wind turbines sited 

over hilly terrains in order to elucidate underlying physics to explore/optimize design para-

digms of wind turbines sited over complex terrains for higher power yield and better dura-

bility. The experiments were conducted in a large wind tunnel with of wind turbine models 

sited over a flat terrain (baseline case) and a 2D-ridge with non-homogenous atomospheric 

boundary layer winds. In addition to measuring dynamic wind loads (both forces and mo-

ments) and the power outputs of the wind turbine models, a high-resolution digital Particle 

Image Velocimetry (PIV) system was used to conduct detailed flow field measurements to 

quantify the flow characteristics of the surface winds and wake interferences among multi-

ple wind turbines over flat (baseline case) and complex terrains.  The detailed flow field 

measurements were correlated with the wind load measurements and power outputs of the 

wind turbine models to elucidate the underlying physics associated with turbine power gen-

eration and fatigue loads acting on the wind turbines. 

1 NOMENCLATURE 

D   Diameter of the rotor  

H   Hub height 

R   Radius of the rotor 

c   Blade chord 

)(zU    Wind speed at height z 

0U    Wind speed at hub height 

U    Free stream wind speed 

x    Axial coordinate 

y    Vertical coordinate 

z    Transverse coordinate 

0z    Roughness height 

    Rotational speed of the rotor 

    Tip speed ratio,  VR /)(  

    Air density 

DC    Drag coefficient, 22
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2 INTRODUCTION 

Wind energy, one of the cleanest renewable energy sources, is drawing more and more attention in recent years be-

cause it is widely available, relatively cheap, simple to harness electrical power, and it doesn’t pollute the atmos-

phere. Recently, a target of 20% of US electricity from wind energy by 2030 has been set up by the U.S. Department 

of Energy (DOE), National Renewable Energy Laboratory (NREL), and American Wind Energy Association 

(AWEA). According to the 2010 annual report of International Energy Agency (IEA), wind energy only provides 

approximately 2.3 percent of total U.S. electricity generation by the end of 2010. To produce 20 percent of ther elec-

tricity by 2030, U.S. wind power capacity will need to exceed 300 gigawatts (Schreck et al., 2008). Suppose if each 

wind turbine could generate 2MW, which corresponds to large wind turbines with their diameters about 80m, it 

would take approximately 150,000 wind turbines to meet this goal. It could be imagined that this would require a 

large number of wind turbines arranged in a wind farm. Turbine dynamics, micrositing and array effects have been 

delineated as the significant topics amongst the four most focus areas in research needs for wind resource characteri-

zation (Schreck et al., 2008). Specifically, detailed measurements and computational modeling were recommended 

to characterize the inflows and turbine flow field in order to attain the accuracy levels in aerodynamic loads that will 

be required for future mechanical design. The focus area on micrositing and array effects is to target improvement of 

mean structure and turbulence statistics of wake models in atmospheric boundary layer corresponding to various at-

mospheric stabilities and complex topographies. 

The present research effort on wind turbine interactions and complex terrain effect was motivated by the re-

search needs as mentioned above. It was realized that it is essential to understand the effects of wind turbine interac-

tions in a large wind farm in order to optimize the arrangement of turbines to characterize energy capture losses as 

well as dynamic wind loads. Comprehensive literature reviews on single wind turbine wake research are given by 

Vermeer et al. (2003). Even though it is of significance to conduct fundamental study on a single freestanding wind 

turbine, we have to pay more attention to the more realistic wind turbine array over different topographies. It has 

been found that a power generation could lose up to 40% when the wind turbine operates within an array other than 

with free incoming flow (Barthelmie et al., 2007; Corten et al., 2004).  Lebron et al. (2009) conducted an experi-

mental study on the interaction between a wind turbine array and turbulent boundary layer with the main aim of col-

lecting velocity data in sufficient detail to address questions such as the mechanisms for kinetic energy entrainment 

into the wind turbine array field, how to model wind turbines in atmospheric boundary layer in large-scale computer 

simulation, and thus providing tools for placement optimization. From the same project, Cal et al. (2010) carried out 

an experimental study of the horizontally averaged flow structure in a model wind-turbine array boundary layer. 

However, wind turbine interaction arranged in an array over complex terrains has not been explored fully.  

In the present study, a high-resolution Particle Image Velocity (PIV) system was used to study the wake be-

hind a wind turbine placed at different locations within wind turbines in tandem over a flat open terrain and a 2D-

ridge. The tests were conducted in an Atmospheric Boundary Layer (ABL) wind tunnel, where in addition to the 

flow measurement, dynamic thrust and power outputs were measured. The evolution of tip vortices and nacelle 

wake flow were revealed clearly in the PIV measurement results. The unsteady features of vortex strength, locations 

and propagation of the near wake flow were also obtained from the PIV measurements. The main focus of this paper 

will be on the velocity deficit in the wake and its effect on power output and wind loads with the wind turbines sit-

ing on two different terrains. The detailed flow field measurements were correlated with the wind load and power 

output measurements to elucidate the underlying physics associated with the energy loss and fatigue life. The quanti-

tative wake information can be used to verify CFD codes with respect to “real world” issues such as wind shear and 

turbulence effect. 

 

3 WIND TUNNEL ABL SETUP AND MODEL DESCRIPTION 

3.1 Atmospheric boundary layer wind tunnel  

Scaled models (1:320) of wind turbines were mounted in an Aerodynamic/Atmospheric Boundary Layer (AABL) 

Wind and Gust Tunnel (Sarkar and Haan, 2008) at Iowa State University. This wind tunnel is a closed circuit wind 

tunnel with a capacity of generating a maximum wind speed of 50m/s in the test section of 2.44m × 2.29m. An open 

terrain atmospheric boundary layer was applied in this study. Two wind turbines, with a distance of 1.52m in flow 

direction apart from each other, were placed first over a flat terrain and then on a 2D-ridge in two separate case stud-

ies. The roughness elements used for generating the boundary layer consist of numerous chains and spires. 29 rows 

of chains were arranged on the floor with the row spacing of 0.425m. The nearest row of chain was set apart from 

the upstream turbine with a distance of 0.28m. Three spires with a height of 1.55m and base-to-height ratio of 0.11 

were fixed 1.2m upstream of the chains in order to generate desired power law exponent of the boundary layer flow. 

The distance between spires was 0.61m. A wall with a height of 0.30m was attached to the spire.  
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The mean velocity and the turbulence intensity profiles at the center line of the wind tunnel where the model 

was located were measured using a Cobra probe (multi-directional anemometer), the measurement results are shown 

in Fig. 1. The horizontal axis represents non-dimensional averaged wind velocity U/U(z10) in Figure 1 (a), where 

U(z10) is the reference velocity with a value of 3.1m/s at a height of z10= 0.03125m (10m in full-scale with the scale 

ratio of 1:320). In Figure1 (b), the horizontal axis represents the turbulence intensity URMS/U. It is well known that 

the streamwise mean wind velocity profile follows logarithmic law or power law. Both logarithmic and power laws 

were used to fit the mean velocity data where the power law exponent of the fitted curve for the open terrain ABL 

used in this study was 0.165. The turbulence intensity profile was compared with that of the AIJ (Architectural Insti-

tute of Japan) standard. The turbulence intensity was about 18% at hub height. 
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Fig. 1. Open terrain velocity profile and turbulence intensity distribution 

 

3.2 Wind turbine and terrain models 

The wind turbine model was made using a model scale of 1:320 which was determined by the atmospheric boundary 

layer height ratio as mentioned above. The wind turbine has a rotor radius of 127 mm, corresponding to a large wind 

turbine blade with a full-scale length of 40m, as shown in Figure 2. The blade swept area to wind tunnel area ratio is 

1:110, which is small enough to neglect the blockage effect.  

Based on the ERS-100 prototype of wind turbine blade developed by TPI, the blade model sections were gen-

erated using SolidWorks software, which mathematically applies a spline in tension to interpolate between the de-

fined input stations. The software used a constant circular section from the root of the blade to a distance of 5% ra-

dius of blade (R) and three NREL airfoils (S819, S820, S821) placed at various locations as inputs to generate the 

blade profile. The S821 root airfoil was used between 0.208R and 0.40R, the S819 primary airfoil was positioned at 

0.70R, and the S820 tip airfoil was specified at 0.95R. Finally, the dimensions were scaled down to generate the tur-

bine blade models for the present experimental study. A rapid prototyping machine was used to make all wind tur-

bine parts including the turbine blades. The specific dimension parameters of the test model are given in Fig. 2 and 

Table 1. The mean rotational speed of the turbine during the tests was measured by using a tachometer. The wind 

speed at hub height was set to 4.0m/s and 4.7m/s, respectively for the present study. Hence, the tip-speed ratio 

(TSR=tip speed/wind speed) was 2.5 and 2.75. The corresponding chord Reynolds number was about 6,000 for the 

present study, which is much smaller than those of full-scale wind turbines. The 2D-ridge model was designed using 

a Gaussian curve in x-y, with a crest height (h) of 285mm, h/L of 1.0, where L is the length measured in the flow di-

rection between y=h/2 and y=h. The 2D-ridge model was made by constructing a wooden frame with Gaussian 

curve and covering it using a thin film piece.                                                                  
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Figure 2. The schematic of a wind turbine model and picture of a typical wind turbine array 

 

Table 1. Wind turbine model parameters 

Parameter R H 
rodd  nacceled

 


 

a a1 a2 

Dimension (mm) 127 225 18 18 5
o 

78 15 50 

3.3 Experimental setup  

An aluminum rod that was used to model the tower of the wind turbine was connected through a hole on the ground 

plane of the wind tunnel to a high-sensitivity 6-component load cell (JR3, model 30E12A-I40). The precision of the 

load cell for force and moment measurements is ±0.25% of the full range (40N). In the present study, the thrust and 

bending moment (along x and z direction, respectively, as shown in Figure 3) coefficients were calculated by using 

the formulae 22

0/2 RUTCT  , and HRUMC zM z

22

0/2  , where  is air density, 
0U  is the mean velocity at 

the hub height, H. The wind loads data were sampled at a rate of 1000 Hz for 60 seconds for each tested case. The 

power outputs were measured by using an electric circuit in which the resistance of the circuit can be varied in order 

to get the maximum power output. The voltage data was scanned at a rate of 1000 Hz for 60 seconds as well. 

 

Fig. 3: Experimental setup for PIV 

 

5.5D 



5 

 
 
 

 

A digital Particle Image Velocimetry (PIV) system was used to conduct detailed flow field measurements to 

quantify the evolution of the unsteady vortex and turbulent flow structures behind the wind turbine model. For the 

PIV measurements, the flow was seeded with ~ 1 μm oil droplets by using a droplet generator. Illumination was 

provided by a double-pulsed Nd:YAG laser (NewWave Gemini 200) adjusted on the second harmonic and emitting 

two pulses of 200 mJ at the wavelength of 532 nm with a maximum repetition rate of 10 Hz. The laser beam was 

shaped to a sheet by a set of spherical and cylindrical lenses. The thickness of the laser sheet in the measurement re-

gion was about 1.5mm. The time interval between two laser pulses was set to 240 s . A high resolution 14-bit CCD 

camera (PCO2000, CookeCorp) was used for PIV image acquisition with the axis of the camera perpendicular to the 

laser sheet. The CCD camera and the double-pulsed Nd:YAG lasers were connected to a workstation (host comput-

er) via a Digital Delay Generator (Berkeley Nucleonics, Model 565), which controlled the timing of the laser illumi-

nation and the image acquisition. Instantaneous PIV velocity vectors were obtained by a frame to frame cross-

correlation technique involving successive frames of patterns of particle images in an interrogation window of 

3232 pixels. An effective overlap of 50% of the interrogation windows was employed in PIV image processing. 

After the instantaneous velocity vectors (
ii vu , ) were determined, the averaged velocity ( VU , ) distributions were ob-

tained from a cinema sequence of 848 frames of measured instantaneous velocity fields with the laser frequency set 

as 0.96 Hz, which was not a harmonic frequency of the blade rotation. The measurement uncertainty level for the 

velocity vectors was estimated to be within 2.0%. 

 

4 RESULTS 

4.1 Wake of a wind turbine in open terrain 

PIV measurements were carried out around the wind turbine and further downstream, in order to examine the wake 

development. PIV measurements were performed in three locations downstream of the turbine. Figure 4 shows the 

combined flow field downwind a wind turbine over a flat terrain. Through subtracting the streamwise velocity dis-

tribution from the incoming flow velocity profile, the velocity deficit distribution induced by the wind turbine was 

obtained as shown in Figure 5. A parallel travel system for PIV was utilized to guarantee the continuity of the three 

measurements, although one may still observe some trivial difference of the velocity distribution near the interface 

line at about X/D=1.63 and X/D=3.4 (D is the diameter of the rotor), especially in the velocity deficit distribution as 

shown in Figure 5. It can be observed that the velocity deficit extend a long distance. It is distinct even at X/D=5.5 

downstream of the turbine. 
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Fig. 4: Streamwise velocity in the single wake (D is the diameter of the rotor) 
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Fig. 5: Streamwise velocity deficit in the single wake (D is the diameter of the rotor) 
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Fig. 6: (a) Averaged velocity profiles at different downstream locations; (b) Streamwise turbulence intensity profiles 

at different downstream locations; (c) Streamwise velocity deficit profiles at different downstream locations; (d) De-

cay of the streamwise velocity deficit. 

 

Streamwise velocity profiles at four locations downstream locations were compared with the inflow profile as 

shown in Figure 6. Due to the effects of the non-uniform incoming boundary layer velocity profile (logarithmic or 

power law type), the velocity distribution inside the turbine wake as shown in Figure 6(a) does not show axisymmet-

ric behavior as that in free-stream flow. The velocity reduction, decelerated by the turbine, is superimposed on the 

logarithmic distribution of incoming velocity, leading to a non-axisymmetric wake. However, after subtracting the 

wake velocity from the incoming velocity distribution, the velocity deficit profiles as shown in Figure 6(c) show ap-

proximately axisymmetric with its axis of symmetry located slightly below the hub height, which could be easily fit-

ted by Gaussian curve formulations. The streamwise turbulence intensity profiles were presented in Figure 6(b) even 

though the transport properties of the turbulence will not be the focus in this paper. Obviously, the turbulence inten-

sity increases in the wake flow especially between Y/D=-0.5~0.5 which is mostly affected by the rotating blades. 

One may note that the turbulence intensity is 18% at the hub height of the inflow, which is beyond the level in most 

previous studies (Vermeer, 2003). This also causes the “noisy” turbulence distribution in the wake. Figure 6(d) 

shows the decay of the velocity deficit in the wake along the dash line shown in Figure 5 which is following the cen-

ter line of the contour distribution of the deficit. The existence of the tower restricts the recovering of the flow veloc-

ity under the hub height, and it leads the wake center to a lower position under the hub height. Therefore the dash 

line starts slightly lower than the hub height. A power law fits the decay of streamwise velocity deficit data points 

quite well. Therefore, this result supports the power law assumption in most model predictions of the decay in wake 

velocity deficit. 

 

4.2 Flow over a 2D-ridge 

The flow over the top part of the 2D-ridge was measured by using PIV technique. PIV measurements were only 

conducted around the top part because of the limited illustration of laser sheet as well as the view region of the cam-
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era. Figure 7 (a) shows the combination of two measurements at two locations. From the streamwise velocity distri-

bution, an obvious acceleration can be observed in the region near the summit. Thus, a higher rotational speed and 

higher power output would be expected if the wind turbine was installed on the top of ridge. Velocity profiles over 

the crest at the dash line shown in Figure 7(a) were extracted from the PIV results for the case with a wind turbine 

installed 5.5D upstream and the case without interference. Even though the velocity deficit is still observed, the 

wake effect becomes insignificant as the maximum difference is about 0.12m/s, which is only 2.5% of the velocity 

at the hub height shown in Figure 7(b).   
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Figure 7 (a) Flow over the top of 2D ridge; (b) Velocity profiles without and with wake 

 

4.3 Wind turbine interference over a flat terrain and a 2D-ridge 

The data of power output from the wind turbine model and the wind load measured at the tower base, with and 

without wind turbine interference of the upstream turbine in tandem, over the flat terrain and the 2D-ridge are shown 

in Tables 2 and 3. From Table 2, one can observe that the power output for the 2D-ridge case is about 1.7 times of 

that over flat terrain mainly due to the higher velocity over the top of the ridge. Two factors contribute to the speed-

up over the ridge. The first factor is the “compression effect” of the streamlines because of the presence of the ridge. 

The other factor is the fact that wind speed is higher at a higher elevation in an ABL flow. The power deficit due to 

the presence of upstream wind turbine for the 2D-ridge case was only 3%, which is much lower compared to 13% 

for the flat terrain case.  

Table 2: Power output comparison 

Power output (in 10
-3

watt) Single turbine In the wake of the 

upstream turbine 

Power reduction due to 

the wake interference 

Flat terrain 1.14 0.99 13% 

2D-ridge 1.90 1.84 3% 

  

Table 3: Thrust and bending moment coefficient comparison: 

Terrain Flow U0 

(m/s) 

TSR CT CMz 
TC  CMz  

Flat Single 4.0 2.50 0.159 0.160 0.068 0.065 

In the wake 4.0 2.40 0.133 0.141 0.061 0.059 

2D-ridge Single 4.7 2.75 0.194 0.200 0.042 0.041 

In the wake 4.7 2.7 0.174 0.188 0.036 0.036 
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The mean thrust (CT) and bending moment (CMz) at the tower base and their standard deviations as well as 

their standard deviations are presented in Table 3.. It can be seen that the mean thrust and bending moment 

coefficients show higher value for the turbine intalled on the 2D-ridge than that over flat terrain due to the higher 

velocity distribution. When turbine is in the wake of the upstream turbine, the average wind loads decrease due to 

the velocity deficit. Standard deviations of the wind loads represent the fluctuations that could be correlated to the 

fatigue life of the tower. It is interesting that both streamwise and transverse load fluctuations for the 2D-ridge case 

is much lower than that over the flat terrain. In both cases, the wake weakens the fluctuations in the loads.   

Figure 8 shows the flow passing the wind turbine intalled on top of the 2D-ridge and the velocity profiles of 

the inflow and the near wake at X/D=0.5. The inflow velocity for 2D-ridge is much larger than that for flat terrain. 

This difference mainly accounts for the difference in the mean thrust and bending moment. The near wake profile 

for the 2D-ridge shows a similar trend as the wake over flat terrain, but with a higher velocity values as shown in 

Figure 8(b).  
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Figure 8. (a) Flow passing the turbine over a 2D ridge; (b) Velocity prfiles of inflow and in wake 

 

5 SUMMARY AND CONCLUSION 

An experimental study was conducted to characterize wind turbine interactions in atmospheric boundary layer air-

flows over a flat open terrain and a 2D-ridge. Two wind turbine models were arranged to study the wake interfer-

ence of the wind turbines on the power output and dynamic wind loads acting on the wind turbine model. In addition 

to measuring dynamic wind loads (both aerodynamic forces and moments) and power output of the wind turbine, a 

Particle Image Velocimetry (PIV) system was used to make flow field measurements to quantify the evolution of the 

turbulent wake flow and its impact on the downstream wind turbine. It was found that the terrain topology has a sig-

nificant effect on the power output and wind loads acting on the wind turbine. The measurement results suggest that 

complex terrains, comprising of hills and ridges, might be a better choice for the sitting of wind farms compared to 

flat terrain because of several benefits. 
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