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1. Introduction 

 
This report is a compilation of the aerodynamic analyses of the Wind Harvest International (WHI) 
wind turbine Model WHI 3000 at wind speeds < 7.15 m/s (16 mph) in isolated and multiple 
configuration settings. The aerodynamic analyses were carried out by IOPARA Inc. as a contract 
project for WHI from August 2009 to October 2009. The aerodynamic analyses focused on the specific 
tasks as requested in the project proposal.  
 
 

Proposed Tasks and Time Table 
 

No Tasks/Number of 
hours 

Task Description Start / End 

1 Isolated turbine 
Analysis I 

 

 

• Analysis of WHI 3000 model wind turbine 
at pre-determined conditions using 
CARDAAV. 

 

Week 
1 

Week 
1 

2 Isolated turbine 
Analysis II 

 

 

• Analysis of WHI 3000 model wind turbine 
at pre-determined conditions using CFD  

Week 
2 

Week 
6 

3 Multiple Turbine 
Analysis I 

 

 

• Analysis of multiple WHI 3000 model wind 
turbine at pre-determined conditions using 
CFD to determine vortex augmentation 
effect. 

 

Week 
7 

Week 
11 

4 Multiple Turbine 
Analysis II 

 

 

• Analysis of multiple WHI 3000 model wind 
turbines at pre-determined conditions using 
CARDAAV with the vortex augmentation 
model.  

Week 
12 

Week 
13 

5 Final Report  

 

 

• Prepare and communicate the results as a 
final report in terms of Power vs. TSR data 
for WHI 3000 with and without vortex 
effect. 

Week 
14 

Week 
14 
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2. CFD model for the WHI 3000 
 
CFD calculations for a WHI 3000 model wind turbine and for multiple WHI 3000 model wind turbines 
are performed. Two CFD models have been developed for this task. The first model uses a much finer 
mesh and will be termed the finer mesh model. The second model uses a course mesh and will be 
termed the coarse mesh model. 
 

2.1 Fine Mesh Model  
 
2.1.1 CFD model for a single WHI 3000: 

 
CFD runs are performed to simulate the flow around a 2D section of the WHI 3000 and to calculate the 
resulting power coefficient (CP). The simulations are based on unsteady Reynolds Average Navier-
Stokes equations coupled with the Spalart-Allmaras turbulence model. The computational domain 
includes two zones: a fixed zone for the far-field flow and a rotating zone that rotates with the blades. 
The mesh around one wind turbine blade is illustrated in Figure 1. The geometry and the flow 
simulation parameters for TSR = 2 are reported in Table 1. 

 

 
Figure 1: Mesh around the wind turbine blade. 

 
 

Table 1: Flow simulation parameters 
Number of blades 4 
Blade chord 0.9753 m 
Rotor Diameter (R) 23.88 m 
RPM 29 
Tip speed ratio (TSR) 2 
CFD Data 
Version Double precision 
Viscous model Spalart-Allmaras (1 egn) 
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Solver Unsteady 2nd order implicit 
Number of elements 1,193,618 
Number of nodes 1,198,546 
Moving mesh (rad /s ) 3.036873 
Free stream velocity (m/s) 18.1301 
Density  1.1774 
Dynamic viscosity 1.8462x10-5 

Convergence criteria continuity 1e-8 

x-velocity 1e-6 
Y velocity 1e-6 
Nut 1e-6 

Time step size 0.003 
Total number of time steps 4410 
Number of processors used to run the job 8 
Average power coefficient (Cp) 0.26 

 
The power coefficient as a function of time is reported in Figure 2 for calculations at all 5 TSR 
calculated.  The figure shows that after a transient period the Cp oscillates around an average value. 
The oscillations are due to the unsteady flow behavior of the turbines. The time step used for these 
simulations is 0.003. To verify the time step chosen we have performed calculations at smaller time 
steps and obtained the same results. Note that time steps larges than 0.003 do not give correct values of 
Cp. 

 
Figure 2a: Power coefficient as a function of number of iterations at TSR 2. 
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Figure 2b: Power coefficient as a function of number of iterations at TSR 2.5. 

 

 
Figure 2c: Power coefficient as a function of number of iterations at TSR 3. 
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Figure 2d: Power coefficient as a function of number of iterations at TSR 4. 

 
Figure 2e: Power coefficient as a function of number of iterations at TSR 5. 

 
Figure 3 shows the iso-contours of the Average x component of velocity. The free stream velocity is 
18.1 m/s.  
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Figure 3:  Average x component of velocity at TSR = 2 

 
Figure 4 shows the instantaneous static pressure around the entire rotor. The pressure in the legend is 
in Pascal. The blades are visible as the black spots. The rotating zone is bounded by the white circle. 
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Figure 5: Instantanuous static pressure at TSR = 2. 

 
In Table 2 the power coefficent is reported. Each calculation for one TSR takes approximately 4 days 
on eight processors therefore only five TSR points are calculated.  
  

Table 2. Power coefficient comparison between CFD and CARDAAV for one WHI 3000 rotor. 
 CFD  CARDAAV 
1 rotor TSR = 2.0  0.26  0.24 
1 rotor TSR = 2.5  0.38  0.37 
1 rotor TSR = 3.0  0.43  0.41 
1 rotor TSR = 4.0  0.33  0.34 
1 rotor TSR = 5.0  0.153  0.138 

 
The CFD calculations are slightly above the CARDAAV values. This is expectable as we are not 
modeling the struts and the center axis. 
 
2.1.2 CFD model for multiple WHI 3000 turbines: 

 
CFD is also used to simulate the flow over three WHI 3000 type rotors placed in a linear array. The top 
rotor is rotating counter clockwise, the middle rotor is rotating clock wise and the bottom rotor is 
rotating counter clock wise. This simulation assumes a two dimensional flow as in the case of 1 rotor, 
so the flow at a constant height is simulated. The objective of this simulation is to study the “wake 
vortices” effect which is due to the proximity of two adjacent turbines places on both sides of a turbine 
as seen in Figure 6. The distance between the rotors axis is 1.08 rotor diameters. Figure 7 shows a 
portion of the mesh which lies between the two rotors. In this Figure, the blades are located closest to 
each other. We note that the blades can be placed even closer to each other.  
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Figure 6 and 8 are illustration of results at TSR =2 and time step of 0.0065. The flow around one blade 
is presented in Figure 8. The legend on the left gives the value of velocity. We see that the velocity 
increases between the two rotors. As seen in Figure 6 the wind faces directly the array of rotors. For 
this configuration it is important to study the effect on power coefficient of the cross wind.  
 

 
Figure 6: Time average x velocity iso-contours for an array of three WHI 3000 turbines.  

 
 

 
Figure 7: Close up of the mesh used for an array of three WHI 3000 turbines.  
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Figure 8: Velocity iso-contours around one blade for an array of three WHI 3000 turbines.  

 
The time history of the power coefficient as a function of iteration number for the four TSR 
calculations are reported in Figure 9.  Note that as the TSR increases the number of iteration needed to 
achieve a constant amplitude oscillatory flow is higher leading to more computational run time.  
 

 
Figure 9a: Power coefficient as a function of number of iterations at TSR 2. 
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Figure 9b: Power coefficient as a function of number of iterations at TSR 3. 

 
 

 
Figure 9c: Power coefficient as a function of number of iterations at TSR 4.  
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Figure 9d: Power coefficient as a function of number of iterations at TSR 5. 

 
Table 3 reports the value of the power coefficient for one and three WHI 3000 turbines.  At low TSR - 
high wind velocities - the increase in power coefficient reaches 23%. As seen in Figure 9d, the 
coefficient of power as a function of iteration number has not yet reached a constant average value. 
Nevertheless we see that the value of power coefficient is small. 
 

Table 3: Power coefficient comparison for 1 and 3 rotors based on CFD calculations. 
Cp CFD results 1 rotor 3 rotors 
TSR = 2.0  0.26  0.29 
TSR = 3.0  0.43  0.497 
TSR = 4.0  0.33  0.406  
TSR = 5.0  0.153   
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2.2 Coarse Mesh Model 
 
2.2.1 CFD model for a single WHI 3000: 

 
CFD runs based on unsteady Reynolds Average Navier-Stokes equations coupled with the Spalart-
Allmaras turbulence model were run for the single and multiple rotor configurations. The objective of 
developing this coarse model is to obtain faster CFD results. This model used ten times less cells 
leading to much faster computations. The rotor model includes the effects of rotor tower as well. In the 
simulations, two zones were used to model the fixed far-field (outer zone) and the rotating rotor (inner 
zone) separately (see Figure 10). The geometry and the flow simulation parameters are listed in Table 
4. 

 

 
 

Figure 10: The computational domain and the mesh for the single rotor cases. 
 

2.2.2 CFD model for a multiple WHI 3000: 
 

The multiple rotors were modeled using symmetry boundary condition as shown in Figure 11 due to a 
limitation on the maximum available memory. Again the model included the effects of rotor tower as 
well.  

 
 

Figure 11: The computational domain for the multiple rotor cases. 
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Table 4: Flow simulation parameters 
 

Number of blades 4 
Blade chord 0.975 m 
Rotor Diameter (R) 23.88 m 
RPM 29 
Tip speed ratios (TSR) 2, 3 and 5.33 
CFD Data 
Version Double precision 
Viscous model Spalart-Allmaras (1 egn) 
Solver Unsteady 2nd order implicit 
Number of cells 116,286    
Number of nodes 123,698 
Moving mesh (rad /s ) 3.036873 
Free stream velocity (m/s) 18.1301, 12, and 6.8 
Density  1.1774 
Dynamic viscosity 2.173716 x 10-5 

Convergence criteria continuity 1e-8 

x-velocity 1e-6 
Y velocity 1e-6 
Nut 1e-6 

Time step size 0.003 
Number of processors used  1 

 
 
It is remarked here that due to a limitation of the computer memory, initially, a coarse mesh was used 
which was then refined/adapted to obtain a y+ values of around 30 as recommended for the Spalart-
Allmaras turbulence model. The power coefficient results obtained from coarse mesh CFD analysis are 
listed in Table 5. The average time for each run is around 6-10 days which is why some of the runs are 
still underway. Table 6 compares all the results obtained from the fine mesh, the coarse mesh as well 
as the CARDAV results that will be presented in section 3.1. Note that the coarse mesh is not able to 
accurately calculate the power coefficient while the fine mesh as seen previously is in very good 
agreement with CARDAAV results. 
 
 

Table 5: Power coefficient Cp predictions using CFD 
 

Free stream 
velocity (m/s) 

TSR Power Coefficient (Cp) Figure Nos. 
Single Rotor Multiple Rotors (3) 

6.80 5.33 0.273 0.286 1 and 2 
12.00 3.02 0.521   3 
18.13 2.01 0.225   4 and 5 
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Table 6: Power coefficient Cp predictions using all models 
 CFD fine Mesh CFD coarse Mesh  CARDAAV 
1 rotor TSR = 2.0  0.26 0.225  0.24 
1 rotor TSR = 2.5  0.38   0.37 
1 rotor TSR = 3.0  0.43 0.521  0.41 
1 rotor TSR = 4.0  0.33   0.34 
1 rotor TSR = 5.0  0.153   0.138 
1 rotor TSR = 5.33  0.273  

 
 

 
Figure 12: Cp convergence history for the single rotor case running at TSR = 5.33 and  V = 6.8 

m/s. 
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Figure 13: Cp convergence history for the single rotor case running at TSR = 5.33 and  V = 6.8 
m/s showing the last few cycles. 
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Power Coefficient (V = 12 m/s, TSR = 3)
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Figure 14: Cp convergence history for the single rotor case running at TSR = 3 and       V = 12 
m/s. 
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Figure 15: Cp convergence history for the single rotor case running at TSR = 2 and       V = 18 
m/s. 
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Power Coefficient (V = 18 m/s, TSR = 2, Multiple Rotors)
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Figure 16: Cp convergence history for the multiple rotor case running at TSR = 2 and  V = 18 
m/s. 

 
 
3. CARDAAV model for the WHI 3000 
 
The analysis presented in this section was conducted through numerical simulations performed with 
CARDAAV, a computer code based on the double-multiple streamtube model with variable upwind 
and downwind induced velocities in each streamtube (DMSV). This study being conducted through 
numerical simulations, the main elements determining the conditions in which the analysis was carried 
out were the simulation code, the input options and the data used as input for taking into account 
various factors that influence the flow through the rotor, hence its aerodynamics and performances. 
Details on these elements are given in the following sections. 
 
3.1 Single-Rotor Wind Turbine Aerodynamic Analysis  
 
Based on the data provided by Wind Harvest International, a simplified geometry of the WHI 3000 
was use in CARDAAV. The main differences between the actual geometry and the simplified one are 
described as followed: 
 

 
� The blade arm geometry of the WHI 3000 is lenticular in shape (as depicted in Figure 117), 

with a thickness/length ratio of 0.2679. Because of this large ratio, the aerodynamic properties 
of a NACA0021 profile were used in CARDAAV, but with the dimensions of the actual blade 
arm.         
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Figure 17: WHI3000 blade arm profile 

 
� The presence of the external supporting structure was not considered. 
 
� The power lost related to the parasitic drag of the support cables (extending from the top of the 

center shaft to the lower blade arm) was considered, but the flow perturbation associated with 
the support cable was not considered. 

 
 
 
Table 7 presents the rotor dimensions used for the CARDAAV calculations. 
 
 

Table 7: Dimensions of the WHI3000 used in CARDAAV 
Rotor height 11.83 m (38.8 ft) 
Rotor diameter 23.88 m (78.34 ft) 
Rotor swept area 282.4 m2 (3040 ft2) 
Number of blade per rotor 4 
Blade shape Straight blade 
Blade airfoil NACA0018 
Blade chord length 0.9750 m (38.387 in) 
Number of blade arms per blade 2 
Blade arm airfoil NACA0021 
Blade arm chord length Outer section: 0.3317 m (13.06 in) 

Inner section: 0.4267 m (16.8 in) 
Blade arm thickness Outer section: 0.0889 m (3.5 in) 

Inner section: 0.1143 m (4.5 in) 
Blade arm length Outer section: 5.7325 m (225.69 in) 

Inner section: 6.0960 m (240 in) 
Central shaft diameter .219 m (8.625 in.) 
Number of cable per blade 1 
Cable diameter 0.0254 m (1 in) 
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Control parameters 

 
The control parameters describe the stream flow conditions for which to calculate the aerodynamic 
performance of the wind turbine. The following inputs were used as control parameters in all 
simulations presented in the following sections: 
 

1. Analysis in a horizontal laminar wind (wind skew angle = 0°, turbulence level = 0).  
 

2. Atmospheric wind shear exponent αw = 0   
 

3. Ground clearance set at 3.03 m (doesn’t influence the performance of the wind turbine since the 
wind shear exponent was fixed to 0)   

 
4. Taking into account the effect of dynamic stall, by using the Gormont Berg model with an 

amplification factor set to full stall (AM factor = 1000).   
 

5. Taking into account the effects related to the finite span of the blades  
 

6. Taking into account the corrections for the secondary effects related to the : 
� Wake of the rotating central shaft 
� Parasitic drag of the struts 

 
7. For the air density and cinematic viscosity, values corresponding to a sea level altitude with a 

ambient average temperature of 15°C were used :  
� Air density : 1.225012 kg/m3 
� Air cinematic viscosity: 1.486895E-05 m2/s. 
 

Operational parameters 

 
The operational parameters define the wind speed range and rotational speed of the rotor for which to 
calculate the performance of the wind turbine. The aerodynamic performance of the turbine was 
evaluated for a wind speed range of 4.5 m/s to 29.0 m/s (10.07 mph to 64.87 mph) and a constant 
rotational speed of 3.0369 rad/s (29 rpm). 
 

 CARDAAV code modification 

 
The CARDAAV code was modified to take into account the inner and outer blade arm geometry of the 
WHI 3000 and the power lost related to the parasitic drag of the inclined support cable on each blade. 
 

CARDAAV results for the WHI3000 without Coupled Vortex Effect (single turbine) 

 
Using the simplified geometry and the input parameters described above, the aerodynamic 
performance of the WHI3000 was calculated. The results are presented in Figure 1818 and Figure 
1919. 
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Figure 18 : Power coefficient (CP) vs tip-speed ratio (TSR) for a single WHI 3000 turbine 
calculated with CARDAAV. 

 

 

Figure 19 : Power (kW) vs wind speed (m/s) for a single WHI 3000 turbine calculated with 
CARDAAV. 
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The results presented in Figure 1818 are in good agreement with the fine mesh CFD calculations with 
a power coefficient of 0.24 at TSR = 2.01 and 0.41 at TSR = 3.02. The peak efficiency of the turbine is 
reached around TSR = 3.2 with a power coefficient of 0.42. From Figure 19, the mechanical power 
generated at 10 m/s (22.4 mph) is 67.5 kW. Also from those results, it appears that the turbine won’t be 
able to operate at wind speeds lower than 6.6 m/s (TSR = 5.5). 
 
3.2 Multiple-Rotor Wind Turbine Aerodynamic Load Prediction using CARDAAV 
 
The approach used to reproduce the vortex effect on aerodynamic performance of multiple-rotor wind 
turbine, in this case a 3-rotor configuration of the WHI 3000 model, consisted of replacing in 
CARDAAV the uniform free stream velocity distribution by a parabolic velocity distribution as 
predicted by the CFD simulations. The parabolic velocity distribution was obtained by incorporating a 
free stream velocity amplification factor of 65%, i.e. V = 1.65V∞, at both extremities of the parabola 
and V = V∞ at its middle point as shown in Figure 20. The 65% value for the velocity amplification 
factor was obtained from the fine mesh CFD runs (presented in section 2.1 of this report). The use of 
the parabolic velocity distribution predicted power coefficient values (shown in Figure 2) for the 3-
rotor WHI 3000 model configuration. 
 
Figure 21 present the CARDAAV calculations of the power coefficient and the fine mesh results from 
CFD. The CARDAAV results match the CFD because of the calibrated velocity profile. This curve 
nevertheless, provides the behavior of the power coefficient between the CFD nodes. 
 
  

 

Figure 1: Free stream velocity distribution a) parabolic distribution b) uniform distribution 
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Figure 2: Performance prediction by CARDAAV using the parabolic wind distribution approach 
for the 3-rotor WHI 3000 model  

 

 
 
4. Conclusions 
 
In this work it was shown that CFD and CARRDAV calculate very close values of the power 
coefficient for vertical axis wind turbines, nevertheless the computational time is very long for CFD 
runs. We have shown that the “vortex effect” is also increasing the coefficient of power for three WHI 
3000 wind turbines places in a linear array. The optimal location and closeness of the turbines has not 
been investigated. We note that the turbines can be placed even closer. Furthermore, we recommend a 
study of the crosswind to evaluate the decrease in power coefficient that can result if the wind changes 
direction. 
 
5. Future Work 
 
CARDAAV is a very powerful computation tool to investigate geometric changes to the VAWT in a 
very short time. A parametric study of the WHI 3000 configuration can be done to optimize this 
configuration. CFD can complement CARDAAV for non conventional situations such as the 
placement of wind turbines in a linear array which leads to the “vortex effect” discovered by WHI. 
CFD can be used to study the change in wind direction on the value of power coefficient as well as the 
optimal distance of the wind turbines.  
 


