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ABSTRACT  

It is presented a study for the definition of a windbreak, necessary to create a sheltering effect on a 
sport complex. The study is directed towards a large sport complex, consisting in a long rowing 
channel, under development, designed for high-levels of competition. Both experimental and 
computational (CFD) techniques are used. The erosion technique was used in some of the wind tunnel 
tests, complemented by wind-speed measurements using a wind-direction sensitive probe.  

The numerical results are confronted against the experimental data, and the agreement between the 
two sets is quite satisfactory.  Different shelter barriers are computationally modeled, with various 
geometric and porosity configurations, to define the optimal solution.  

 1. INTRODUCTION 

Shelterbelts or, as commonly also addressed as windbreaks, have been used for centuries to reduce 
wind speed in windy sites of relatively small areas. Beyond of that, they can also be used for other 
reasons like, for example, to control heat and moisture transfer, control pollutant diffusion (Wang et 
al., 2001). Among others, the following are also of common use: prevention of soil aeolian erosion, 
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protection of agricultural cultures, increasing productivity of cows and other farming animals. Also, 
windbreaks are frequently indicated to prevent the erosion and dust releases from stockyard piles of, 
for example, coal or industrial residuals (Borges & Viegas, 1988, Lee & Lim, 2001, Huang et al., 
2005). 

The primary effect of any shelterbelt or windbreak system is to reduce wind speed, modifying the 
microclimate in the sheltered zone. The level of sheltering, and the extension of the sheltered zone, 
depends on several barrier parameters, like its porosity, thickness, shape, and orientation relatively to 
the incoming wind. 

In the present case, the study was directed toward the achievement of nearly wind-uniform 
conditions across a long rowing-channel where high-level competition activities, like free-water 
swimming or canoeing, are foreseen. 

The actual rowing channel, of which a sky view can be seen in Fig. 1, is being extend, both in 
length and width, and its total length will be nearly 2000m long. The dimensions of a cross section of 
the channel, corresponding with the white dashed line in Fig. 1, will be as indicated in Fig. 2. For the 
present work, the x and z axis, orientated toward the transverse and vertical directions, respectively, 
are as indicated in Fig. 2, being the origin of the axis coincident with the center of the rowing channel. 
The free surface of the water corresponds to z = 0. 

 

  
Figure 1: Sky view of the actual rowing channel, and identification of the prevailing 
wind direction (Source: Google Earth. Coordinates 40º 10’ N; 8º 38’ W). 

 
Figure 2: Cross section shape and full-scale dimensions of the rowing channel. 
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According with the past experience, several athletes complained about uneven wind conditions 
across the channel’s width, being said that the wind speed is weaker near the NW edge relatively to 
the opposite side. Under such conditions, the competition would be unfair, and the City Hall of 
Montemor-o-Velho, the promoter of this sport facility (named CARMOV), in conjunction with 
ADAI, enrolled in a study aiming the definition of a solution to overcome such drawback. 

Taking into account the surroundings of the water channel, the accepted solution should produce a 
minimal environmental impact, as the sport complex is located in a large agricultural area. The 
solution for the barrier should be then made out of vegetation. To achieve the best solution, several 
configurations were then tested, both experimental and computationally.   

 2. EXPERIMENTAL AND COMPUTATIONAL MODELING 

In this section, a brief description of the wind-tunnel is given, and also a quick explanation of the 
simplifications adopted for the computational modeling. 

2.1 Wind-tunnel setup 
The experimental tests were conducted on the wind-tunnel installed in the Industrial Aerodynamics 
Laboratory - University of Coimbra. The model, built at a scale of 1:200, was placed with the rowing 
channel axis perpendicular to the incoming flow (Fig. 3), as the on-site prevailing wind direction is 
from the NW quadrant, as indicated in Fig. 1. 

The working chamber of the wind-tunnel is 5m long, and no roughness elements were used. The 
approaching boundary layer, measured upstream, and quite close from the competition channel, has 
the shape shown in Fig. 4. In that graph, H is the height of the trees, equal to 30m in full scale, as it 
will be discussed 3.2 of the present work, and z the distance measured from the water-level.     
 

. 
Figure 3: Scale model (1:200) of the CARMOV placed in working chamber of the 
wind tunnel, during one of the sand erosion tests. 

The first tests were conducted using the sand-erosion technique (Viegas & Borges, 1986), for 
which a thin layer of sieved and calibrated sand is exposed to consecutively larger wind speeds. The 
contours were recorded continuously using a digital video camera, for later image treatment. Using 
such experimental technique, the areas of larger exposure can be quickly identified. 
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Figure 4: Wind-profile measured in the wind-tunnel, close of the NW channel edge 
(circles) and adopted for the computational modeling. 

2.2 Computational modeling. 
As previously indicated, the prevailing wind direction is approximately perpendicular to the 
longitudinal axis of the rowing channel. As the entire length of the channel is quite large – this 
dimension is nearly two orders of magnitude larger than its width – the computational domain was 
assumed two-dimensional. 

Assuming those simplifications, according with Wang & Takle (1997), the continuity and 
momentum conservation equations can be expressed by:  
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In those equations u and w are x- and z- the velocity components, respectively, while u’ and w’ are 
the corresponding velocity fluctuations. As usual, p stands for the pressure and ρ the air density, 
being U the flow velocity magnitude. The last term on the right-hand side of (2) models the pressure 
loss induced by the barrier, being Cd its dynamic drag coefficient, and A the area density (area of 
leaves per volume unity (in m2/m3). 

The pressure drop of the flow, due to a fence, is given by:   
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According with Wilson (1985), the non-dimensional drag coefficient kr is related with the barrier 
porosity (φ) through the following expression: 
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which is graphically represented in Fig. 5.  



 
Figure 5: Drag coefficient as a function of the porosity. 
 

Wilson (1985) points out that “practical windbreaks are usually of fairly high porosity (20 to 50%), 
and may not cause flow separation”. According to several authors, as pointed out in Wilson (1987), 
the optimal values for the porosity lay in the range of 35-50%, being explicitly said that “the mode 
dense windbreak is thought to be less effective overall than the more open”. According with the team 
of architect team involved, the leaves of the trees planned for the site are non-dense, which means a 
relatively high porosity. Tiwary et al. (2005) relate kr with Cd and the local foliage surface area 
density - SAD (m-1), for a vegetation barrier of width W, through the expression: 
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According with those authors, typically SAD can be assumed equal to 4. This way, for a medium 
size tree, with a crown diameter of 4m, one gets kr = 8, which corresponds to a porosity of 30%, nearly 
the mean value of the range indicated by Wilson (1985). Usually Cd = 0.5, although it diminish with 
the increase of the wind speed as the leaves are deflected (Mayhead, 1973). 

For the turbulence modeling, the standard k-ε model of Launder and Spalding (1974) was adopted. 
Wilson (1985) analyzed the use of several models, concluding that the results are nearly insensitive to 
the turbulence model. 

The commercial code CFX was adopted for the computational experiments. Convergence criteria 
was assumed achieved when the all the residuals were smaller than 10-5. For the numerical modeling, 
the experimental results, presented in Fig. 4, were adopted as the boundary condition for the inlet of 
the computational domain. Such profile is identical with the usually seen over large flat areas, as it is 
the case where the rowing channel is located. Several numerical tests were performed to respect the 
grid- and domain size independency. 

 3. RESULTS 

3.1 Erosion technique 
As previously said, the model was placed in the wind tunnel with the rowing channel perpendicular to 
the approaching flow. 

For each test, a 1mm thickness layer of sieved sand (prevailing grains’ size approximately equal to 



0.5mm) was uniformly spread across the entire width of the channel, in a section 1m long as shown in 
Fig. 6. The procedure for the tests consists in the increase of the wind velocity, to steps previously 
defined. The different erosion contours, after digital treatment, for the reference case of no fence, are 
show in Fig. 6. The contour 1.00 corresponds to the minimum flow speed necessary to initialize the 
erosion of some sand placed in the channel. Such velocity will be used as a reference value, being all 
the others defined relatively to this threshold velocity Ut. Then, for example, the contour 1.21 in Fig. 
6, was obtained for a velocity 21% higher than Ut. The direction of the incoming flow is indicated by 
the thick blue arrow. This way, the contour labels are nondimensional, and areas with numbers above 
one indicate protected zones, while the opposite happens where the velocities quotient is smaller than 
one, as it is the case of the contours shown in Fig. 7. 

Figures 6 and 7 show top-view of the erosion contours for the no fence and for a tree-fence 
situations, respectively. The eroded areas in Fig. 6 corroborate the comments made up until now by 
those athletes complaining about uneven wind conditions across the width of the channel. In fact, as 
the model is oriented in such a way that the NW side is facing the wind, and as the initial contours 
appear on the opposite side, it can be concluded that the NE side of the channel has a larger exposure. 
Notice also the sand remaining near the NW side, at the end of the tests, not yet eroded for a wind 
velocity of 1.35xUt, what corroborates again the complains of the athletes. 

It is then desirable to find a solution susceptible of creating an even situation across the width of 
the channel. The erosion curves, for the case of a fence consisting just in a single row of aligned trees, 
are shown in Fig. 7. As it can be noticed, this configuration inverted the previous finding. Now the 
NW side is largely exposed, and stronger wind velocities, comparatively to the no fence case, were 
observed in the vicinity of the channel’s surface. This undesired result is due to the funneling, or 
Venturi, effect induced by the trees’ trunks, as the foliage from the crowns obstructs the passage, 
deviating the flow to the lower layer where the porosity is considerably higher. A better view of this 
situation can be seen in Fig. 8, which shows, beside of the trees’ fence, also the seven-hole probe 
(Silva et al., 2003), mounted on a traversing system, that was used to measure wind velocities in 
discrete locations, as it will be discussed later on. 

As it is evident, a shelter barrier made out of trees, like the one shown in Fig. 8, would take decades 
before its completion. Also, as seen from the erosion tests (Fig. 7), the velocity distribution achieved 
is counterproductive. Then, another fence was tested, with a lower porosity (approximately 20%), 
with uniform height and porosity across its entire width. Only one erosion contour was defined for 
this case, as it is shown in Fig. 9. Indeed, no erosion was observed in the longitudinal section of the 
model. Two eroded areas resulted at the end of the experiments, in the vicinity of the NE side, and just 
for a high wind speed (1.61xUt). Those areas resulted from the horse-shoe vortices released from the 
extremes of the fence as, apparently, its length was not enough to guaranty the 2D condition. 

 
 
 

 
Figure 6: Sand erosion contours observed in the rowing channel in the absence of 
any fence. 
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Figure 7: Sand erosion contours, observed in the rowing channel, for the case of a 
fence composed by a single row of trees. 

 

 
Figure 8: View of the fence composed just by a single row of trees, and of the 
seven-hole probe used for discrete velocity measurements. 

 
 

 
Figure 9: Erosion contour observed for the case of a single fence, with low porosity 
(30%) and small height. 
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3.2 Validation of the computational model 
To validate the computational model some experiments were performed using a seven-hole probe. 
Although the measurements provided magnitude and direction of the local flow, for the present 
evaluation just the velocity magnitude was used. 

For the tree fence shown in Fig. 8, two longitudinal profiles were measured, at full scale heights z 
equal to 1m and 2m, respectively. The nondimensional velocity (UAdim) is defined as the quotient of 
the velocity magnitude divided by the undisturbed wind velocity (U0) from the incident profile. The 
comparison between the experimental and computational results is presented in Fig. 10, for 1m and 
2m heights, respectively. From the analysis of those two graphs, it can be said that, despite of some 
discrepancies, the computational results agree quite well with the experimental values. Regarding the 
computational results, two sets are show, depicting the importance of the correct set of the wall 
roughness. Although both situations produce similar results, it can be seen that results obtained for 
the rough bottom wall (z0=1mm) show a slightly better agreement with the experiments. Then, it can 
be conclude that it is rather important to set the correct roughness in the computational modeling. 

In Fig. 10, the two experimental sets for U0=5.8 m/s are incomplete due to the inadequacy of the 
seven-hole probe to do measurements in the high x/L regions.  All the sets of results are in accordance 
with the sand erosion observations, presented in Fig. 7, evidencing the “Venturi effect” induced the 
trees’ trunks.  

3.3 Seek for the optimal shelter belt 
The experimental distributions, for the two tested velocities, do not match perfectly, what can be 

explained by the fact that the fence shape changes with the wind speed, as the deflection, and 
consequently the porosity, is larger for higher wind velocities. This fact wasn’t modeled 
computationally as just one undisturbed velocity. For the numerical tests, the configuration 5A, 
shown in Fig. 11, consisting in a line of poplar trees, as they are abundant in the sport complex area, 
was modeled. The height of adult polar trees was assumed equal to 30m, and the trunk 3m. Based on 
observations, the porosity of crown was made equal 60%, and 86.7% for the trunk, assuming that the 
trees will be planted 3m apart from each other. As discussed before, a shelter made out of just trees 
(see Fig. 8), produces an undesired output due to the channeling effect. To avoid that, several other 
configurations of the barrier were tested, some of them being shown in Fig. 11. The several fence 
configurations tested were obtained from the combination of two separated barriers, one comprising 
bamboos or canes – 4 or 10m height, and the other one of poplar trees. 
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Figure 10: Variation of the experimental (E) and computational (N) velocity 
magnitude, across the width of the rowing channel, for the case of a fence composed 
by a single row of trees. 

Based on the good results from the validation (Fig. 10), several fence configurations, as defined in 

z = 1m z = 2m



Fig. 11, were computational modeled. The corresponding results of the velocity magnitude are 
presented in figures 12 and 13, for the levels z=1 and 2m, and in the form of isolines, respectively. 
The distribution of UAdim is independent of the undisturbed velocity as verified, for U0 equal to 5 and 
10m/s, during the preliminary runs. 
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Figure 11: Definition of some of the tested fences (bamboos or canes - φ=30%; 
poplar trees: crown – φ=60%, trunk – φ=86.7%). Full-scale dimensions, in [m]. 
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Figure 12: Wind flow velocity, across the rowing channel, for different fence 
configurations. 

The first image of Fig. 13 corresponds to a reference case where none barrier is present. All the 
other correspond to the situations shown in Fig. 11. From a statistical analysis of the numerical data, 
resumed in Table 1, it can be seen that the lower mean velocity was obtained with the fence T5A. At  
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Table 1. Statistical analysis of UAdim across the rowing channel, for different fences. 
 

Fence T3A T3B T3C T5A T5B 
Height z [m] 1 2 1 2 1 2 1 2 1 2 
Average 0.113 0.127 0.035 0.056 0.048 0.073 0.031 0.025 0.038 0.035 
Max. 0.239 0.266 0.064 0.090 0.075 0.111 0.051 0.041 0.068 0.084 
Min. 0.004 0.002 0.002 0.037 0.011 0.059 0.001 0.003 0.002 0.003 
Amplitude 0.235 0.264 0.062 0.053 0.065 0.052 0.050 0.038 0.066 0.081 
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Figure 13: Isolines of the velocity magnitude, for various configurations of the fence. 



the same time, that fence shows also the lowest amplitude, which is a good indication that nearly even 
wind conditions, across the channel, were created. The low-porosity barrier (bamboos and/or canes) 
is characterized by a fast grow-rate, allowing then the quick obtainment of the desired conditions. In 
fact, observing the T5B results, it can be said that the behavior of the double barrier is mainly dictated 
by the low-porosity 10m high fence.   

 4. CONCLUSION 

It was presented a practical case where the main objective was the definition of a fence to protect a 
rowing channel, intended for high-competition levels, from the wind. The past experience, 
corroborated by the present study, showed that the wind velocity changed considerably from one of 
the margins to the opposite. To reduce such variation, experimental and numerical experiments were 
conducted. For the experimental approach, the sand erosion technique was first used, followed by 
discrete measurements using a seven-hole probe. 

Those results were used for the benchmark of the computational model. A very good agreement 
was observed between the experimental and computational results. Based on that, several fences were 
computationally tested. The best results, in terms of nearly-even conditions across the channel, were 
obtained with one shelter barrier composed by a row of high trees plus a relatively low-high barrier 
made out of dense bamboos or canes, with a porosity of 30%. This barrier of low porosity has a fast 
grow rate, favoring the quick obtainment of the desired conditions.      
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