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Abstract 

As a result of an increasing environmental awareness, in combination with the depletion of fossil fuels, 
there is a need for transition to renewable energy sources, such as solar power and wind energy. Wind 
energy is a clean and viable renewable energy source with a large potential and is therefore subject of 
an increasing number of studies. This paper presents validated Computational Fluid Dynamics (CFD) 
simulations of the wind flow through a venturi-shaped roof to assess the wind energy potential of five 
vertical axis wind turbines located in the venturi-shaped roof. The influence of the roof geometry has 
been studied in order to assess the highest possible wind speed amplifications inside the contraction of 
the roof. The CFD simulations showed that the wind speed amplification factors can become as high 
as 2.02 for a contraction ratio b/c = 15. The total amount of resulting yearly wind energy potential for 
a contraction ratio of b/c = 15 is estimated at 10,745 kWh.   

1 Introduction 

Among others, the depletion of fossil fuels and the growing environmental awareness have caused an 
increased interest in renewable energy sources, such as solar power and wind energy. Wind energy is a 
clean and viable energy source which can be harvested both on land and at sea. While most research 
efforts have focused on large-scale wind installations on land (rural areas) or at sea, much less 
attention has been given to wind energy installations in the built environment (Campbell & Stankovic, 
2001, Beller, 2009, Sharpe & Proven, 2010). The generation of wind energy near buildings is 
especially interesting because the energy is produced close to the location of its use. Three categories 
of possibilities for the integration of wind energy generation systems into buildings and urban 
environments are defined by Campbell & Stankovic (2001): (1) stand-alone wind turbines in urban 
locations; (2) wind turbines on/in existing buildings; and (3) full integration of wind turbines into the 
architectural building shape. Category 2 and 3 are often referred to as “building-integrated wind 
turbines”. The success of stand-alone wind turbines strongly depends on their location, and 
surrounding buildings often provide the wind turbines with shielding from high wind speeds. This 
effect is less pronounced for wind turbines in Category 2 and 3. Among others, Campbell & Stankovic 
(2001), Mertens (2006), Lu & Ip (2009) and Balducci et al. (2011, 2012), studied how the increased 
wind speeds around buildings can be used in an advantageous way to enhance wind energy generation 
by wind turbines in the built environment.  

This paper presents a Computational Fluid Dynamics (CFD) study on the aerodynamic performance 
and the wind energy potential of a venturi-shaped roof equipped with five vertical axis wind turbines 
(VAWT). This study focuses on the shape of the venturi-shaped roof, and more particular on different 
contraction ratios b/c, with b the inlet height of the contraction, and c the distance between the lower 
and upper part of the venturi-shaped roof (Fig. 1b). All simulations reported in this paper have been 
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conducted for c = 1 m, in combination with the following ratios: b/c = 3, b/c = 5, b/c = 7, b/c = 9, b/c = 
11, and b/c = 15.  

2 Building geometry 

The analysis is performed for a similar building as analyzed in van Hooff et al. (2011) and Blocken et 
al. (2011). The building has a rectangular (20 x 20 m2) floor plan and a height of 50 m, measured up to 
the edge of the roof (Fig. 1a). The venturi-shaped roof consists of two parts. The lower part is 
constructed from half a “square disk” with dimensions 23.4 m x 23.4 m x d (L x W x H) and it is 
positioned directly on top of the building, this way creating a roof overhang of 1.7 m on each side of 
the building (Fig. 1b). At a distance ‘c’ above this part of the roof a full “square disk” is positioned 
with dimensions 23.4 m x 23.4 m x 2d (L x W x H), resulting in a nozzle-shaped roof entrance from 
all four sides of the building. This part of the roof can be supported by e.g. a set of slender vertical 
columns or by vertical guiding vanes. The five VAWTs (T1-T5) will be placed at the positions in the 
roof contraction that are indicated in Figure 1c. The distance between the centres T1 and the centre of 
the other VAWTs (T2-T4) is 5.7 m, while the distance between T2-T4 is at least 8 m. The wind speed 
amplification factor (AF) and wind energy potential (E) are evaluated along the vertical lines L at 
these five locations (Fig. 1c), after which the wind energy potential at the five locations is added up to 
obtain the total wind energy potential. 

 
Figure 1: Geometry of the studied building. (a) Perspective view. (b) Vertical cross-section with line 

L1 over which the wind speed amplification (AF) will be averaged and evaluated for VAWT 1 (T1). (c) 
Horizontal cross-section through the venturi-shaped roof indicating the locations of the VAWTs (T1-

T5). The dashed circles indicate the diameter of the VAWT (= 2 m).  

3 CFD simulations: computational settings and parameters 

3.1 Computational model and grid 

The simulations are conducted for an isolated building, which is positioned in suburban terrain with 
aerodynamic roughness length y0 = 0.5 m (Wieringa, 1992). The dimensions of the computational 
domain are L x W x H = 1,020 m x 1,020 m x 300 m and are in accordance with the best practice 
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guidelines for CFD in wind engineering by Franke et al. (2007) and Tominaga et al. (2008). Five 
different high-quality and high-resolution computational grids are constructed, using the grid-
extrusion method presented by van Hooff & Blocken (2010). A grid-sensitivity analysis was 
conducted using these five different grids, showing that the grid of 1,611,364 cells provided fairly 
grid-independent results. Therefore, this grid was chosen to study the wind-energy potential in 
different venturi-shaped roofs (Fig. 2).   

 

Figure 2: (a) Computational grid on the building and ground surface (1,611,364 cells). View of the 
mesh on the roof for (b) b/c = 3; (c) b/c = 7; (d) b/c = 11.  

 

3.2 Boundary conditions 

A logarithmic mean velocity profile is imposed at the inlet with Uref = 10.5 m/s, yref = 50 m and y0 = 
0.5 m. Turbulent kinetic energy k is calculated from the turbulence intensity IU using k = 0.5(IUU)2. 
The turbulence intensity IU varies from 30% near ground level over 10% at building height to 2% at 
twice the building height. The turbulence dissipation rate ε = (u*)³/κ(y+y0), where y is the height 
coordinate, κ the von Karman constant (κ = 0.42) and u* the friction velocity related to the logarithmic 
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mean wind speed profile. Simulations are conducted for four wind directions, φ = 0°, 15°, 30°, and 45°. 
At the ground and building surfaces, the standard wall functions by Launder & Spalding (1974) are 
used with the sand-grain based roughness modification by Cebeci & Bradshaw (1977). For the ground 
surface, the parameters kS and CS, to be used in Fluent (Fluent Inc. 2006), should be selected to 
correctly represent the rough fetch upstream of the building model. This type of consistent 
atmospheric boundary layer simulation is very important to obtain accurate simulation results 
(Blocken et al. 2007a, 2007b). Therefore, kS and CS have to be determined using their appropriate 
consistency relationship with y0. This relationship was derived by Blocken et al. (2007a, 2007b) for 
Fluent and CFX. For Fluent 6, up to at least version 6.3, it is given by kS = 9.793y0/CS. The 
combination kS = 0.98 m and CS = 5 is selected. The building surfaces are assumed to be smooth (kS = 
0 m and CS = 0.5). Zero static pressure is imposed at the outlet of the domain and the top of the 
domain is modelled as a slip wall (zero normal velocity and zero normal gradients of all variables). 

3.3 Solver settings 

The commercial CFD code Fluent 6.3.26 is used to solve the 3D Reynolds-averaged Navier-Stokes 
(RANS) equations in combination with the Renormalization Group (RNG) k-ε turbulence model 
(Yakhot et al., 1992). The RNG k-ε turbulence model was chosen for this study because of its good 
performance in previous studies on the analysis of this venturi-shaped roof for natural ventilation 
purposes (van Hooff et al., 2011, Blocken et al., 2011). Pressure-velocity coupling is taken care of by 
the SIMPLE algorithm, pressure interpolation is standard and second-order discretisation schemes are 
used for both the convection terms and the viscous terms of the governing equations. Convergence has 
been monitored carefully and the iterations have been terminated when all residuals showed no further 
reduction with in-creasing number of iterations. At this stage, the scaled residuals were: 10-4 for 
continuity, 10-7 for momentum, 10-6 for turbulent kinetic energy and 10-4 for turbulence dissipation 
rate.  

4 CFD model validation 

4.1 Wind tunnel measurements 

To validate the CFD model, reduced-scale measurements (1:100) were performed in the closed-circuit 
atmospheric boundary layer (ABL) wind tunnel at Peutz BV in Mook, the Netherlands. The 
dimensions of the test section are 3.2 x 1.8 m2 (W x H), resulting in a blockage ratio of about 2%. The 
building model was placed on a turntable with a diameter of 2.3 m (Fig. 3a). The studied configuration 
had a distance between the lower and upper part of the roof of c = 1 m, and the ratio b/c = 5. In 
addition to surface pressure measurements at 58 locations on the facades and in the roof contraction, 
the wind speed was measured at 7 positions inside the roof contraction using NTC resistor elements. 
The NTCs were operated with a constant current and were calibrated by Peutz by determining the 
relation between wind speed and temperature (and corresponding resistance) of each individual probe. 
The probes are not direction sensitive and due to the relatively long reaction time of the probes, only 
average wind speeds could be measured with an accuracy of ±10%. Incident vertical profiles of mean 
wind speed U and turbulence intensity IU were measured at the edge of the turntable using hot-wire 
anemometers. The measured wind speed profile can be described by a logarithmic law with a friction 
velocity u* = 0.956 m/s and an aerodynamic roughness length y0 = 0.005 m (full scale: y0 = 0.5 m). 
The incident reference wind speed at roof height (0.5 m) was 10.5 m/s. Measurements were made for 
four wind directions: φ = 0°, 15°, 30°, and 45°, taking into account the symmetry of the building and 
the building roof. More information can be found in van Hooff et al. (2011), and Blocken et al. (2011).  
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4.2 Results 

Figure 3b shows a comparison of the numerically simulated and measured mean wind speed ratios 
U/Uref at the midpoint of line L1 (indicated in Fig. 1b). The results are shown for four wind directions, 
φ = 0°, 15°, 30°, and 45°. The deviations are generally smaller than 10%, which is considered a very 
close agreement. From Figure 3b it can be concluded that CFD simulations with the computational 
model described above are in good agreement with the results of wind tunnel measurements. 
Therefore, the same CFD model is used in this study for determining the wind energy potential of five 
VAWTs inside the roof, for different ratios of b/c. Please note that the values of the ratio U/Uref in this 
figure are not equal to the wind speed amplification factors AF, to be defined later, because the latter 
are values that are averaged along the lines L and are averaged over the four wind directions. 

 

 

Figure 3: (a) Picture of the building model positioned in the middle of the turntable in the closed-
circuit ABL wind tunnel at Peutz BV for a wind direction of φ = 45°. (b) Comparison between 

numerically simulated and measured velocity ratio U/Uref at mid-height of line L1 in the centre of the 
roof contraction for the roof configurations with c = 1 m and b/c = 5. Results are shown for four wind 

directions (φ = 0°, 15°, 30°, 45°). The error bars represent the measuring accuracy of ±10%. 

5 Calculation of wind energy potential 

The basic features of the VAWTs used in this paper are identical to that studied by Balducci et al., 
(2011), however, the height of the VAWT is adjusted to 1 m in order to fit inside the roof contraction. 
The power output is scaled linearly with the height. The assessment of the yearly wind energy 
potential is performed based on the wind speed statistics of Eindhoven airport. The present study uses 
the 30-year wind speed statistics at this location which are described by Weibull distributions for each 
of the 12 wind direction sectors. These statistics refer to the wind speed U10 at a height of 10 m over 
terrain with y0 = 0.03 m. The statistics are converted from airport data at a height of 10 m to the wind 
speed at building height (= 50 m) U50, using the coefficient a (= 1.276), which is based on the 
logarithmic profiles of the mean wind speed. In addition, the venturi-shaped roof is expected to 
increase the free-stream wind speed U50 in the roof contraction with a factor AF (the wind speed 
amplification factor), which are the ratios of the mean wind speed averaged along each of the lines L 
(Fig. 1b,c) to the undisturbed wind speed U50. Both factors a and AF are integrated in the Weibull 
distributions, to provide the exceedance probabilities of mean wind speed at the positions of the 
VAWTs. The shift of the probability distribution to higher wind speeds from U10 over U50 to U50*AF 
is beneficial, because it moves the distribution to higher wind speeds and therefore a higher wind 
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energy potential can be obtained (Fig. 4a). The wind energy potential is calculated based on the 
Weibull distributions and the method of bins (Manwell et al., 2009), and is expressed as yearly wind 
energy potential in kWh. The amplification factors are obtained by averaging the amplification factors 
over four wind directions. Note that it is subsequently assumed that the amplification factor is 
independent of the wind direction, which is a simplification of reality. However, for the present 
building geometry, this simplification can be justified based on previous studies (van Hooff et al., 
2011, Blocken et al., 2011). For the lines L2-L4 the average value of the amplification factors at these 
four lines are taken to take into account the influence of the wind direction in relation to the position 
of the VAWT inside the roof contraction. 

6 Results 

The values of AF for L1 and for the different contraction ratios b/c are shown in Figure 4b. AF 
increases from 1.28 for b/c = 3 to 2.02 for b/c = 15. The calculated total wind energy potential for the 
six different roof shapes is depicted in Figure 4b as well. It can be clearly seen that the total amount of 
wind energy that can be obtained increases significantly with increasing values of b/c. The wind 
energy potential for the roof with b/c = 3 amounts to 4,947 kWh, whereas the highest wind energy 
potential is present for b/c = 15 (10,745 kWh). 

 
Figure 4: (a) Wind statistics of Eindhoven for wind speed at 10 m height (U10), wind speed at 50 m 

height (U50 = a*U10) and amplified wind speed in roof contraction at L1 for AF = 2.02 (U50*2.02) (for 
b/c = 15). Also the cut-in and cut-out speeds of the VAWT are indicated. The grey areas indicate the 
parts of the wind distribution that do not contribute to the wind energy potential. (b) Calculated total 

yearly wind energy potential E (kWh) as function of the ratio b/c. 

 

To illustrate the influence of the venturi-shaped roof, the AF and the wind energy potential with and 
without the venturi-shaped roof are compared at location L1. Due to the recirculation zone above the 
building (case without venturi-shaped roof), the AF at line L1 is only 0.19, resulting in an energy 
potential of 0.04 kWh. If the VAWT would be placed outside the recirculation zone, e.g. the centres of 
the VAWTs at a height of 5.5 m above the roof, then the AF at L1 would be 1.09. The total energy 
potential by the five VAWTs for this configuration would be 4,117 kWh, which is still considerably 
less than the 7,286 kWh that is produced when the venturi-shaped roof is present (equal roof curvature; 
b/c = 5). 
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7 Discussion  

This abstract has presented the numerical results of a study to assess the influence of the dimensions of 
a venturi-shaped roof on the wind energy potential inside the roof. This study is only a first step in the 
analysis of the wind energy potential of vertical axis wind turbines (VAWTs) located inside the roof 
contraction. There are several suggestions for future work: 

 The highest energy potential was obtained for a ratio b/c of 15. The calculated amount of 
energy for this configuration is 10,745 kWh. Because the present optimized wind energy 
potential is still relatively low, future studies will focus on optimizing the energy potential by 
extending the range of contraction heights and shapes. Furthermore, additional VAWT sizes 
will be studied, as well as different numbers of VAWTs.  

 The influence of the wind turbines on the flow through the roof was not taken into account. 
Future work will include the aerodynamic effects of the VAWTs on the velocities and 
turbulence levels inside the roof contraction. 

 The study was performed for an isolated building. Future work will also focus on the wind 
energy potential of buildings situated in an urban environment. 

 Finally, additional research efforts should focus on structural, noise and safety issues, which 
are imperative for the translation of these design concepts to building practice. 

8 Conclusions 

Validated CFD simulations have been performed to assess the wind energy potential for venturi-
shaped roofs with different dimensions. The simulations were performed for four wind directions, 
after which the amplification factors were averaged. To calculate the wind energy potential a vertical 
axis wind turbine (VAWT) was chosen from literature. From this study the following conclusions can 
be made: 

 The CFD simulations are validated using wind tunnel measurements. The deviations are 
generally smaller than 10%, which is considered to be a very close agreement. 

 The wind speed amplification factors averaged over lines L increase with increasing ratio b/c.  

 The highest wind speed amplification factors in the centre of the roof (L1) can be obtained 
with b/c = 15, and amounts to 2.02.  

 The resulting calculated yearly total wind energy potential for inland Eindhoven city varies 
between 4,947 kWh for a contraction ratio b/c = 3 to 10,745 kWh for b/c = 15. 

 The total wind energy potential with a venturi-shaped roof is almost twice as high as without 
the venturi-shaped roof and with the VAWTs located 5.5 m above the roof (outside the 
recirculation zone) (4,117 kWh vs. 7,286 kWh for b/c = 5 and identical curvature). If the 
VAWT is installed at the same height above the roof (inside the recirculation zone), the total 
wind energy potential is almost zero due to the low velocities in this area. 
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