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Abstract 

Roughness and obstacles on terrain can greatly influence the power output of a 

wind farm. In this essay, the effects of such surface roughness on a wind farm are 

explored using a micro wind farm model placed in a wind tunnel. Moreover, building 

upon recent studies that raised the possibility to increase power output by using 

windbreaks, the potential of windbreaks is also investigated by wind tunnel 

measurements. In this study porous disc models are used as a model for the wind 

turbines, allowing the measurement of the power output, thrust force and spatially 

averaged incoming velocity for every turbine. The model wind farm consists of 100 

wind turbine models. Experimental results show that additional surface roughness can 

significantly reduce the total power output of a wind farm. Results also show that the 

negative impact of windbreak wakes for an aligned wind farm will outweigh the local 

inviscid speed-up and thus not provide increased power output.  
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1. Introduction 

Along with the development of the global economy, fulfilling the quickly 

increasing demand of energy is a major issue that humans are facing (Leung and 

Yang, 2012). In addition, conventional fossil fuels, such as coal, oil and natural 

gas, will eventually become scarce and have become a concern because of 

environmental disruption and climate change. Hence, there is an urgent need for 

capacity expansion of clean and renewable energy. Among many of the clean and 

renewable energies, such as solar, tidal and geothermal energy, wind energy is 

most technologically mature and thus has the most immediate promise in terms 

of commercial potential (Deal, 2010). In short, the growing popularity of wind 

energy and its trend of becoming one of the most profitable renewable energy 

sources bodes well for the its future (Ackermann and Söder, 2002). Still, further 

optimized and improved designs of wind farms are needed, which require a 

better understanding of the interaction between wind farms and the terrain under 

them. The local wind speed, as a major contributor to power output of wind 

turbines, is affected by the friction against the ground surface – upon which wind 

farms are built. When constructing wind farms on flat terrain, one has to account 

for the impact of different crops, forests, fencerows and buildings to maximize 

the local speed at every wind turbine. Wind tunnels have been used with great 

success since the dawn of aviation as a tool to engineer new concepts in 
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aerodynamics. While wind tunnel experiments have been widely used to study 

wind farms and associated fluid dynamics (Cal et al. 2010, Chamorro & 

Porté-Agel, 2009, Bossuyt et al. 2017), wind tunnel studies on how ground 

surface roughness affects the energy harvested by large wind farms have not 

been carried out yet.  

1.1 Wind farm research using wind tunnel 

The method of exploring wind farm performance, especially for wind 

turbine efficiency, by conducting wind tunnel experiments has been employed by 

a number of previous researchers. Surface inhomogeneities (roughness and 

topography) and thermal stratification are two important factors that influence 

the turbulent boundary layer, which is the lowest region of the atmospheric 

boundary layer (ABL). Since wind turbines operate in this region, they are 

affected by the same factors. Thermal stratification has been the focus of prior 

research of Zhang et al. (2013), who mainly focused on the effects of wind 

turbine wakes in a convective boundary layer. By changing the properties of the 

turbulent ABL, thermal stability affects the behavior of wind-turbine wakes. 

To characterize forces acting on the turbine structure, the National 

Renewable Energy Laboratory (NREL) conducted the Unsteady Aerodynamics 

Experiment (UAE) (Simms et al., 2001). As part of that project, accurate 
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quantitative aerodynamic and structural measurements were conducted by Hand 

et al. (2001) on an extensively instrumented wind turbine in the giant 

NASA-Ames 24.4 m by 36.6 m cross-section wind tunnel, which is 

representative of now medium-scale turbine machines in both geometry and 

dynamics. 

A combined result from wind tunnel tests and simulations helps to build 

better prediction models. Based on wind tunnel tests of model turbines (at NTNU 

Trondheim) with diameters of about ~0.9 m, a series of blind test calculations 

were made by researchers. A wide range of methods, such as standard Blade 

Element Momentum (BEM) and Large Eddy Simulation (LES), were used to 

predict the performance and the wake development for the model wind turbines 

(Krogstad & Eriksen, 2013; Pierella, 2014; Krogstad et al., 2015). 

Blade loads and pressure distribution measurements as well as extensive 

PIV flow field measurements were conducted by Schepers et al. (2012) on a 4.5 

m diameter wind turbine to validate and improve aerodynamic wind turbine 

models. Further comparison between additional wind tunnel tests and 

comparative CFD simulations was conducted by Schepers et al. (2014) as well as 

in follow-on research (see e.g. the review by Stevens & Meneveau, 2017).  

Wind-tunnel experiments were performed to study turbulence in the wake 

of a model wind turbine by Chamorro and Porte-Agel (2009). In their research, 
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they placed a model wind turbine in a boundary layer developed over surfaces 

with different turbulence levels. Over both rough and smooth surfaces, they 

characterized the cross-sectional distribution of mean velocity, turbulence 

intensity and kinematic shear stress using hot-wire anemometry. Important 

factors affecting turbine power generation in wind farms such as the spatial 

distribution of the velocity deficit and the turbulence intensity were studied in 

particular. Further research on the instability mechanisms in wind turbine wakes 

using wind tunnel tests was conducted by Iungo (2015). In his study, wind tunnel 

velocity measurements of wakes produced by down-scaled wind turbine models 

were presented. The turbulence data acquired for a uniform incoming flow were 

used to predict the hub vortex instability observed in the near wake of a wind 

turbine. 

The characteristics of unsteady loading and spatiotemporal power output in 

wind farms were demonstrated by wind tunnel measurements conducted by 

Bossuyt et al. (2017). A micro wind farm model composed of 3cm diameter 

porous disk wind turbine models was tested under multiple layouts in order to 

determine the turbine-to-turbine cross correlation of the power output. 

None of studies stated above was focused on the ground surface roughness 

effects underlying wind farms. In the present study, we will use the same facility 

and wind turbine models as in the study of Bossuyt et al. (2017) to determine the 
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influence of multiple kinds of ground roughness situations on the resulting mean 

power output of the farm. 

1.2 Roughness effects 

The effects of roughness and roughness elements on the ABL have been 

studied for many years. For instance, Tani and Sato (1956) made measurements 

in the boundary layer along a flat plate placed in a low turbulence wind tunnel. 

They attached a fine rod to the plate as a two-dimensional roughness element and 

investigated the resulting transition from laminar to turbulent flow with hot-wire 

equipment. Blom (1969) specifically looked into the influence of changes in 

surface roughness on the development of the turbulent boundary layer in the 

lower layers of the atmosphere, which is where wind turbines operate. He 

described the development of an internal turbulent boundary layer in a neutral 

atmosphere downwind of an abrupt change in surface roughness. Meanwhile, a 

theory for predicting the variation of the wind profile as a function of surface 

roughness and stability was introduced by Irvin (1979) using the formulation of 

Nickerson and Smiley (1975) for specifying the vertical profile of horizontal 

wind velocity. Essa et al. (2003) made comparisons between various estimates of 

the power-law exponents from various sources. Ragheb (2012) explained how 

wind shear is related to different classes of surface roughness around wind 
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turbines and corresponding contributions to wind energy production potential at 

a given site. Chen et al. (2015) investigated and compared the behaviors of 

overland flow resistance from multi-scale configurations of different roughness 

elements. In their study, the decreasing vegetation density – only in spacing 

between individual vegetation rows – tended to reduce the flow resistance. 

Mattuella et al. (2015) utilized wind tunnel experiments to perform detailed 

analyses of complex terrain effects for wind turbine micrositing in a wind energy 

project. The combined use of wind tunnel and mesoscale numerical modeling 

represents an even better approach for wind power site assessment in a complex 

terrain. De Paepe et al. (2016) simulated the ABL over suburban terrain in an 

industrial-scale wind tunnel. In their study, two different Barrier Mixing Device 

(RBMD) methods for simulating the ABL were used, including the well-known 

combination of Counihan quarter ellipses and roughness elements and a new 

configuration based on truncated Irwin spires and roughness elements. Effects of 

roughness on the fundamental structure of turbulent boundary layers are 

reviewed in Jimenez (2004). 

1.3 Windbreaks 

The role that topography plays in the performance of a wind farm is 

undeniably an important one. There are many ways to artificially modify the 
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topography at a particular site. For example, agriculturalists have used 

windbreaks as an efficient way to modify the topography of farmlands for 

hundreds of years. Systematic generalization of windbreak application is difficult 

even though there have been many experiments applied to specific contexts. The 

interest in windbreaks arises due to their wide range of practical applications. 

Agriculture, forestry, soil conservation and wind farms are all potential target 

areas. (Judd et al., 1996). However, as we are still not able to reliably predict the 

aerodynamic performance of windbreaks, they remain a subject of active 

research, especially when applied to windfarms. 

Tobin et al. (2017) recently proved that windbreaks are capable of diverting 

low-level flow to the level at wind turbine hub-height. In their study, the 

prediction that perturbed hub-height velocities may be able to increase power 

production by around 10% was corroborated with power-production 

measurements from a wind tunnel experiment using a single model turbine. 

Results showed that the net impact on power production is positive for short 

windbreaks, and negative for tall windbreaks. However, their study failed to 

predict windbreak effects on large wind farms where wake interactions are 

critical. Most recently, Tobin and Chamorro (2017) explored windbreak effects in 

a large wind farm using simplified analytical model formulations. The results of 

their study suggested that the negative impact of windbreak wakes for an infinite 
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wind farm will outweigh the local inviscid speed-up for realistic inter-turbine 

spacings. Only wind farms with wind turbine spacing of more than ~25 rotor 

diameters were expected to achieve higher power output due to wind breaks. 

However, physical experimental investigations are required to properly assess 

the net effects of windbreaks in large wind farms.  

In the current study we use a wind tunnel physical experimental setup to 

quantify the effects of windbreaks in large windfarms. We make use of 100 

porous disk models within a micro-scale wind farm to perform measurements of 

the power output of each turbine under multiple surface conditions, including the 

implementation of various levels of surface roughness as well as windbreaks. 

Among the 100 porous disk models, 60 are equipped with strain gages. For each 

of them, correlations between bending moment, thrust, wind velocity and power 

output are derived from the stain signal data collected as function of time. 

Polyester stripes are implemented among wind turbine model rows as roughness 

elements, and corrugated plastic sheet blocks are installed to mimic the function 

of windbreaks. This study provides an opportunity to understand the effects of 

ground roughness and windbreaks on wind farm performance using 

well-controlled wind tunnel experiments. Also, the results presented here are 

ideal for instructing the wind farm design initially focused on enhancing power 

efficiency. The set-up of the micro-scale wind-farm and measurement 
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capabilities are described in section 2 and section 3, respectively. Average row 

powers under various ground surface settings are studied in section 4. 

2. Experimental set-up 

This thesis makes use of the Stanley Corrsin Wind Tunnel at the Johns 

Hopkins University. This closed loop, two-storey facility has a test section of 

length of approximately 10m and a cross-sectional area of 0.9m by 1.2m. It has a 

primary contraction ratio of 25:1 and a secondary one of 1.27:1, which helps to 

develop a smooth inflow starting at the beginning of the test section. The 

cross-sectional area is designed to gradually increase downstream to compensate 

for wall boundary layer development. The background turbulence intensity is 

about TIu≈0.12%, which is relatively low. The boundary layer developing on 

the lower plate is tripped by three metal chains placed across the start of the test 

section and is allowed to develop naturally for 5 m before encountering the 

micro wind farm, as shown in Figure 1.  

2.1 Porous disk wind turbine model 

To enable building a large wind farm model with 100 wind turbine models 

in a relatively small wind tunnel test section, a porous disk model is adopted. It is 

conveniently small-sized, easily manufactured and reproduces wind turbine 
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wakes appropriately （Lignarolo et al., 2014; Bossuyt et al., 2017）. The model 

wind farm set-up to be used in the present experiments is shown schematically in 

Figure 1. After being tripped by the metal chains at the entrance of the test 

section, the boundary layer develops naturally through the first half of the wind 

tunnel. It reaches a height of δ99 = 0.18𝑚 at the front end of the model wind 

farm, which corresponds to 4.5 times the porous disk top-height. (Bossuyt et al., 

2017) 

Figure 1 Schematic representation of the measurement set-up 

Fitting 100 turbine models into the 1.2m wide wind tunnel at typically 

realistic spacing of Sx = 7D and Sy = 5D in the streamwise and cross-stream 

directions, respectively, where D is the turbine diameter, requires small turbine 

model diameters. We select D = 0.03m, which corresponds to a scaling factor of 

1: 3,333 when compared to a full scale representative turbine of diameter 100m. 

Fabricating and operating rotating blades for such large number of small turbines 
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is not practical for our experiments. However, a porous disk model is capable of 

correctly characterizing the wake structure（Lignarolo et al., 2014）. Instead of 

extracting energy from the flow, a porous disk generates small-scale turbulence 

in the near wake. Thus, it acts like a momentum sink and also dissipating kinetic 

energy. Unlike rotating models which not only introduce tip and hub vortices but 

also rotational momentum and turbulence from the blades (Zhang et al., 2012), 

porous disk models produce near-wake by a grid. Since ambient velocity 

fluctuations in the atmospheric boundary layer have been shown have shown to 

effectively quickly overshadow any blade signatures and rotational momentum 

in the far wake (Aubrun et al., 2013), porous disk models have been proven to be 

effective in wind farm modeling in wind tunnels. 

By measuring the thrust coefficient and the thrust force of each wind turbine, 

estimating the local wind speed at the porous disk model is possible. The 

equivalent wind turbine power then can be further estimated by momentum 

theory using standard relations, which will be described next. Still, using porous 

disks, measurements of high frequency characteristics of the power output is 

beyond reach. Basically, the thrust force is determined by measuring the amount 

of bending of the model tower with a strain gage fixed to every model tower. A 

strain gage (model Omega SGD-3/350-LY11) is attached to the “tower” as 

shown in Figure 2. And a half-bridge configuration with an Omega iNET-423 



12 

 

and iNET-555 acquisition device is used to dynamically collect measurement 

data. Assuming that the material properties remain relatively constant over time, 

the measured strain responds linearly to the resulting bending momentum of the 

tower where the strain gage is located (see Figure 3). 

 

Figure 2 Photograph of the porous disk model. Dimensions are given in mm. 
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Figure 3 Schematic representation of the force distribution on the porous disk 

and the bending strain measurement by the strain gage. 

Under static load and uniform load distribution situation, the bending 

moment of the model tower equals to the product of total thrust force multiplied 

by the distance between disk center and the strain gage center. Assume that this 

distance is represented by L and the load per unit area represented by 𝑝(y, z). 

Then the instantaneous total thrust force is 𝐹 = ⟨𝑝⟩𝐴, and the moment is given 

by 

𝑀 = ∫𝑝(𝑦, 𝑧)𝑧𝑑𝐴
𝐴

= 〈𝑝〉〈𝑧〉𝐴 = 𝐹𝐿 

The load distributions in our study are non-uniform, which means that the 
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center of the thrust force is no longer the center of the disk, but shifted a little. 

According to Bossuyt et al. (2017), this effect is taken into account by 

decomposing the force distribution in a spatially averaged component and 

spatially fluctuating component as follows. 

𝑝(𝑦, 𝑧) = 〈𝑝〉 + 𝑝(𝑦, 𝑧) 

𝑀 = 〈𝑝〉〈𝑧〉𝐴 + ∫𝑝(𝑦, 𝑧)𝑧𝑑𝐴
𝐴

 

The second term of the right hand side of the static bending moment 

equation indicates the expected mean measurement error due to shear in the 

mean velocity profile. This static offset was estimated in Bossuyt et al. (2017) to 

be on the order of +4% using the incoming mean velocity profile and assuming a 

constant thrust coefficient over the disk. The thrust measurements of models of 

wind turbine models in the first row of the wind farm are corrected for this offset 

by multiplying the readings with a correction factor of 0.96. According to 

Chamorro and Porté-Agel (2011), the incoming velocity profile is significantly 

more uniform due to mixing in the wake for all downstream models. As a result, 

no correction is applied to turbines in subsequent rows. 

Also as analyzed by Bossuyt et al. (2017), in a dynamic load situation, in 

which the thrust force fluctuates with the turbulent velocity field, the relation 

between bending moment measured by the strain gage and thrust on the disk is 
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more complicated. By modeling the structural response of the model as a 

harmonic oscillator using its first and dominant natural frequency, the dynamic 

thrust force behavior can be reconstructed from the strain measurements by using 

the equation, 

𝐹(𝑡) = 𝑘 (
1

𝜔𝑛
2

𝑑2𝜀(𝑡)

𝑑𝑡2
+ 2𝜁

1

𝜔𝑛

𝑑𝜀(𝑡)

𝑑𝑡
+ 𝜀(𝑡)) 

where 𝜔𝑛 = √𝑘/𝑚 = 2𝜋𝑓𝑛. To this end, the natural frequency 𝑓𝑛, spring 

coefficient 𝑘 and damping coefficient 𝜁 are determined for every porous disk 

model from a static and dynamic calibration, allowing us to obtain measured 

values of the thrust force 𝐹(𝑡) from the measured strain time signal. With the 

thrust coefficient, the incoming spatially averaged velocity signal 〈𝑈〉(𝑡) is 

reconstructed based on: 

𝐹(𝑡) = 𝜌〈𝑈〉2(𝑡)𝐶𝑇𝐴/2 

where A = π𝐷2/4 is the rotor area. Then we get the expression: 

〈𝑈〉(𝑡) = √
2𝐹(𝑡)

𝜌𝐶𝑇𝐴
 

which represents the equivalent disc-averaged incoming velocity which would 

result in the same thrust force as measured. The reconstructed velocity allows 

us to estimate the equivalent power signal of the model as: 

𝑃(𝑡) = 𝜌〈𝑈〉3(𝑡)𝐶𝑃𝐴/2 
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where 𝐶𝑃 is the power coefficient. Note that the results to be presented in 

this paper focus on the ratio of turbine power to the power of the first row so 

that they are effectively independent of the actual power coefficient. 

2.2 Roughness elements 

A change from a smooth to a rough ground surface will increase the surface 

friction stress and consequently lead to a slow-down of wind above the surface. The 

increased shear will pass upwards through the surface layer until the wind throughout 

the entire boundary layer is slowed down. At that point the boundary layer returns to 

equilibrium with the surface. To reach equilibrium there must be a sufficiently long 

stretch of a given ground roughness. In such a condition, it is possible to still use a 

modified logarithmic law to describe the profile of the boundary layer. In this section 

we will use wind tunnel measurements to obtain a more intuitive view. 

In this experiment we use fiber strips as roughness elements. They are placed 

transverse to the incoming flow and they span the wind tunnel width. To model the 

impact of buildings, woods and fence rows at a scale commensurate with that of real 

wind farm turbines, the height of the roughness elements must be properly scaled to 

the size of the wind turbine models. We assume that modern commercial wind 

turbines have an average diameter of 100 m, and typical heights of wind blocking 

roughness elements are about 10~20 m. For our model with a turbine diameter of 3 
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cm, the model roughness element should therefore be of a height of about 0.3~0.6 cm. 

Therefore, a 3/16 inch (approximately 0.47 centimeter) diameter braided polyester 

rope is chosen as a model roughness element for wind blockage in our micro wind 

farm model. 

Figure 4 Photograph of the roughness elements applied to the micro wind farm 

in the wind tunnel 

The boundary layer transition provoked by a rod-like roughness element can 

cause mean velocity fluctuations that are closely correlated with distance parallel to 

the ground (Tani & Sato, 1956). In order to ensure that the mean power output for 

each row of the model wind farm can equally reflect the impact from roughness 

elements, fiber stripes are placed with equal horizontal distance to model turbine rows. 

The layout of the transverse ropes is shown in Figure 4. A schematic representation is 
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shown in Figure 5. Two cases, where the roughness elements are placed only inside 

the wind farm region or where they are also placed upstream of the wind farm region 

with identical spacing as inside the wind farm area, are tested. 
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Figure 5 Schematic representation of the model wind farm layout with 5 

columns in the streamwise direction and 20 rows in the spanwise direction. 

Roughness elements, represented by blue lines, are applied both inside and upstream 

of the wind farm model region. Vertical arrow indicates inflow direction. 
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2.3 Windbreaks 

Among efforts trying to optimize the energy harvest efficiency of wind turbines 

by manipulating the interaction between the turbines and the atmospheric boundary 

layer, windbreaks is a relatively newly proposed methodology. 

The local inviscid speedup above windbreaks applied to windfarms was 

predicted by Tobin and Chamorro (2017) in a way that is consistent with the method 

outlined in Tobin et al. (2017). The top-down model, which they applied in their study, 

has proven applicable in wind farm research topics such as the economic optimization 

of inter-turbine spacing (Meyers and Meneveau, 2012) and the impact of small 

vertical-axis turbines in large wind farms (Xie et al., 2017). 

An increase in hub-height velocity was predicted when the windbreaks are ~2D 

or longer in the transverse direction compared to the turbine rotor diameters. The 

prediction was based on a perturbation of the two-dimensional Navier–Stokes 

Equations. Then the prediction of the power output of a wind turbine either with or 

without a windbreak, respectively represented as Pwb  and P0 , was obtained as 

follows: 

Pwb =
1

2
𝐶𝑝𝜌𝜋𝐷

2[𝑢̅(𝑧ℎ) + ∆𝑢]3 

P0 =
1

2
𝐶𝑝𝜌𝜋𝐷

2𝑢̅0
3(𝑧ℎ) 

where 𝑢̅0 is the estimate of hub-height velocity without windbreak effects. And 
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the value of ∆𝑢 is dependent on the distance between the wind turbine and the 

windbreak. 

Figure 6 Conceptual schematic of the layout of an infinite wind farm with 

windbreaks in research of Tobin and Chamorro (2017) 

In their research, Tobin and Chamorro (2017) also used large-eddy simulations 

(LES) to make predictions of turbine power output using an approach based on a 

neutrally stratified boundary layer driven by a streamwise body force. Both the wind 

turbines and windbreaks were modelled as porous regions using the actuator disk 

method. An infinite array of wind turbines with rotor diameter D = 100m and hub 

height 𝑧ℎ = 100𝑚, spaced Sx and Sy in the streamwise and transverse directions was 

considered. A windbreak of height h and transverse width b was also placed facing the 
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direction of mean flow a short distance (~5ℎ) upwind of each turbine. A schematic of 

the concept is shown in Figure 6. 

To reproduce this result by wind tunnel measurements, we set up windbreaks 

with similar geometry features in the same model wind farm as used in roughness 

elements measurements. The wind farm remains a streamwise spacing of Sx = 7D and 

spanwise spacing of Sy = 5D with D representing turbine model diameter of 0.03m. 

Tobin and Chamorro (2017) used a windbreak height of ℎ = 12 m and 20 m in their 

simulations. This results in a model windbreak height of ℎ =0.0036~0.006 m under 

the assumption that commercial wind turbine diameters average 100 meters. 

Therefore, a plastic corrugated sheet was chosen as the raw material for 

manufacturing windbreak models. For a windbreak width of ~2D used in the LES, the 

same relative length scale was used here, i.e. 𝑏 = 0.06 m. Models were fixed to the 

wind tunnel floor using mounting tapes adding up to total height of 0.0048 m, which 

is acceptable for present purposes. Also, a distance of ~5h = 0.024 m is set from 

the leading edge of the windbreak model to the wind turbine model. A total of 100 

windbreaks were installed, each in front of a porous disk model to simulate the 

implementation of windbreaks to large-scale wind farms. Photographs of the 

implemented windbreaks are shown in Figures 7 and 8. 
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Figure 7 Detailed photograph of windbreaks applied to porous disk models. 

Dimensions are marked. 

 

Figure 8 Overview photograph of windbreaks applied to micro wind farm in the 

wind tunnel 
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3. Results and Discussion 

The measurement capabilities of the designed micro wind farm are demonstrated 

with wind tunnel measurements integrating data from 60 turbine models within a 

100-turbines model wind farm. The data acquisition method is described in §3.1. The 

mean row power performance with the application of roughness elements is discussed 

in §3.2. The mean row power performance with the application of windbreaks is 

discussed in §3.3.  

3.1 Data acquisition 

Measurements are performed for both the roughness elements and windbreaks 

cases.  

Strain signals are measured with the Omega iNET-423 voltage input cards and 

the Omega iNET-430 16bit A/D converter, which use high frequency noise reduction 

based on internal 4kHz low-pass filterings. The sampling frequency for each model is 

limited to 0.866kHz because of the large number of simultaneous strain gage 

measurements. However, measurements for a single model have shown that the 

aliasing error is small for a frequency range of 0-200Hz (Bossuyt et al., 2017). This 

covers our range of interest. The data acquisition measurement time for each case was 

approximately 10 minutes. 

Linear creep correction is done by correcting with the remaining strain at the end 
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of the measurement period after the wind tunnel is turned off. This correction is 

typically on the order of 4%. 

To keep the inflow wind speed as a controlled variable, the rotor speed of the 

wind tunnel was manipulated through a dial controller. The wind speed inside the 

wind tunnel was precisely monitored through a pitot tube, which is installed above the 

wind tunnel floor with a position marked in Figure 1. Multiple measurements proved 

that under equal rotor speed, the inflow wind speed differences caused by application 

of roughness elements or windbreaks is negligible. Hence, in order to make 

comparisons, a constant rotor speed is maintained to keep a constant inflow wind 

speed for all measurements. 

3.2 Mean power measurements for two roughness elements cases 

Figure 9 shows the measured normalized baseline power output for an aligned 

layout, calculated from the strain signal data. No ground surface modifications are 

applied to the wind farm in this case. The mean power is normalized by the power of 

the first row. The different symbols indicate individual porous disk models for various 

columns. The mean row power shows good agreement with the classical trend seen 

for aligned wind farms: the power decreases significantly in the first two to three rows 

after which the power deficit becomes approximately constant. The drop in power of 

50% from first row is consistent with measurements for the Horns Rev wind farm 
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shown in Figure 4.2 of M´echali et al. (2006). Measurement uncertainties connected 

to the absolute quantities and the need to average over multiple models per row are 

illustrated by variations within each row. 

 

Figure 9 Mean row power measured by porous disk models for baseline case. 

The different symbols indicate individual porous disk models for various columns. 

Figure 10 shows a measured power output comparison between the baseline case 

and the roughness elements case with roughness elements applied both inside and 

upstream of the wind farm model region, as shown schematically in Figure 5. Strips 

with constant spacing are extended to the horizontal position of the pitot tube. To 

directly observe the impact from roughness elements, the mean row power of 

roughness elements case is also normalized by mean row power of the first row of 

baseline measurement. From the plot we can observe a mean row power deficit of 35% 
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at the first row and generally a constant level of around 25% for the following rows. 

This result, that hub-height wind speed (reflected here by the mean row power), is 

reduced downstream of surface-attached rods, agrees well with the conclusions from 

research investigating boundary-layer modification by roughness elements (Tani & 

Sato, 1956).  

 

Figure 10 Mean row power comparison between measured baseline case and the 

roughness element case with roughness elements applied both inside and upstream  

of the micro wind farm model region, as shown in Figure 5. 

Figure 11 shows a measured power output comparison between the baseline case 

and the roughness elements case where roughness elements are only applied inside the 

model wind farm region. The absence of roughness elements upstream of the wind 

farm thus creates upstream conditions that are equal to those of the baseline 
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measurement case. This case is schematically shown in Figure 12. In Figure 11 the 

power of the roughness elements case is also normalized by the mean row power of 

the first row of the baseline measurement. For the following rows, we can observe a 

significant power deficit that increases from row two to row seven, after which the 

power deficit basically remains at the same level. Figure 13 shows the combined 

measurement results of the baseline case and both roughness elements cases. As can 

be seen, the mean row power deep inside the array, here from row eight to row twenty 

are quite similar between the two roughness elements cases. However, the inflow 

roughness of the second roughness case has a noticeable impact on the mean power 

until row 7. This observation indicates that the formation of a new fully developed 

mean velocity profile requires a certain distance downstream of the ground roughness 

transition and that it depends on the level of inflow roughness. 
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Figure 11 Mean row power comparison between measured baseline case and 

roughness element case without roughness elements upstream of the micro wind farm 

model. 

 

Figure 12 Schematic representation of the model wind farm layout with 

roughness elements only applied inside the micro wind farm model region. Vertical 
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arrow indicates inflow direction. 

 

Figure 13 Mean row power comparison between measured baseline case, 

roughness elements case with and without roughness elements applied upstream of 

the micro wind farm model. 

3.2 Mean power measurements for the windbreaks case 

Figure 14 shows a comparison between the measured power output of the 

baseline case and the windbreaks case with windbreaks applied to each of the 100 

porous disk models within the model wind farm with the aligned layout. To directly 

observe the impact from windbreaks, the mean row power results of the windbreaks 

case is normalized by the mean row power of the first row of the baseline 

measurement. A small power deficit is observed at the first row showing that already 
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for the first row in this case the windbreaks do not appear to increase power. Also, 

further downstream in the wind farm we observe a general 5%~10% power deficit 

compared to the baseline case. The two cases agree with the classical trend seen for 

aligned wind farms: the power decreases significantly in the first two to three rows 

after which the power deficit becomes approximately constant. 

 

Figure 14 Mean row power comparison between measured baseline case and 

windbreaks case 

From basic fluid dynamics in wind farms it can be expected that the combined 

impacts of the inviscid speed-up from flow over windbreaks and the enhanced mixing 

and greater velocity deficits in their wakes is strongly dependent on the details of the 

wind farm layout. Therefore, the applicability of windbreaks in wind farms may not 

be universal and present results may not be applicable to all layouts. Model 
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predictions such as those developed by Tobin and Chamorro (2017), who augmented 

the top-down model with roughness effects of windbreaks and the induced flow 

speed-up in a combined simulation, can provide useful additional information to 

compare our present results. Top-down model calculations and large-eddy simulation 

data shown in Figure 5 of Tobin and Chamorro (2017) for aligned layout at h/zhub = 

4.8mm/23mm ≈ 0.2, prediction made with top-down model indicates a 25% power 

reduction at Sx = 6𝐷, i.e. no increase. Moreover, their LES results suggest even 

larger power reductions, about 35%. It is clearly observed from their Figure 5 that no 

positive windbreaks effect is expected with Sx less than 50 times D. Therefore, 

present wind tunnel measurements agree well with their results, suggesting that the 

net impact of windbreaks on power output for most realistic wind farm spacings is 

negative and not worth pursuing in practical implementations of wind energy. For 

further studies, wind tunnel measurements investigating effects of windbreaks in wind 

farms with larger wind turbine spacings may be needed. 

4. Conclusions 

An experimental wind tunnel study of ground surface effects, including 

roughness elements and windbreaks, on a model wind farm has been carried out. The 

model wind farm contains 100 porous disk wind turbine models arranged in a 5 × 20 

aligned layout. The  3 × 20  model turbines in the center three columns are 
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instrumented with strain gages from which time dependent thrust force has been 

acquired and recorded. Power output for each wind turbine model was deduced from 

calibrated and processed strain signals. 

Strip-like roughness elements with height of 4.7 mm and spacing of 7 times 

turbine diameter, which is equal to streamwise turbine row spacing, were uniformly 

applied inside the model wind farm region and upstream of the model wind farm 

region. Baseline measurements - without surface roughness modification were 

performed. The mean row power results show good agreement with results for the 

Horns Rev wind farm (Méchali et al., 2006) and many other power measurements and 

simulations in aligned wind farms.  

Compared to baseline measurement, a mean row power deficit of 35% at the first 

row and generally around 25% at following rows was observed for the first roughness 

elements case considered, in which an upstream fetch also included roughness 

elements. This result agrees well with the research investigating boundary-layer 

modifications by roughness elements (Tani & Sato, 1956). With the roughness 

elements upstream of the wind farm removed, the mean row power of the first row 

remains the same as in the reference case, and then decreases and approaches that of 

the prior case after the seventh row of turbines, i.e. deep inside the windfarm. 

Identical power deficit results were obtained from row eight to row twenty for both 

roughness elements cases, i.e. the results became independent of whether roughness 
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elements were either applied or not applied upstream of wind farm. These results 

provide information about the effects of upstream roughness on the development 

length of conditions inside the windfarm. 

The measurement result of windbreaks case shows a small power reduction at the 

first row and a general 5%~10% power reduction at following rows compared to the 

baseline measurements. These results agree with the conclusions gained from the 

top-down model predictions and LES results from Tobin and Chamorro (2017), who 

deduced a negative net impact of windbreaks in large wind farms. The current results 

confirm their findings that windbreaks are unlikely to work in realistic windfarm 

conditions.  
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