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Abstract 
 
 

 
Abstract:  
WHI hired Iopara Inc. to create an aerodynamic model of its vertical axis wind turbine 
using data from an existing array of its VAWTs. The modeling showed that lower 
solidity turbines than what WHI had been testing (33% solidities and a 32% Cpmax) 
would achieve much higher efficiencies (Cpmax).  All three versions (12.375%, 16.5%, 
and 24.75% solidities) are expected to achieve a Cpmax of between 47% and 49.5% with 
the 16.5% solidity being the most efficient.  Minor improvements can be made in blade 
arm fairings, which could result in about a 0.5% improvement in energy output.  The 
modeling found that an improvement in the blade end design though could theoretically 
improve the turbine’s output by around 6%, which would bring the 16.5% solidity 
turbine’s efficiency to close to the Betz Limit.  The modeling also showed that the 
placement of support columns upwind of the rotors would have a negligible effect on 
turbine efficiencies.  The distance rotors are placed apart from one another and their 
orientation to the wind can benefit turbine energy output but more research is needed.  
The analysis of the Levelized Cost of Energy shows that the best LCOE can be achieved 
by the 12.375% solidity turbine because it has fewer blades which results in lower costs 
that make up for its slightly lower Cpmax.  This turbine can achieve an LCOE of less 
than 3 cents per kWh in a 14 mph wind resource without the use of as yet untested 
variable speed and direct drive technology. 
 
 
 
 
Keywords:  
VAWT, vertical axis wind turbine, wind farm, wind energy, cost of energy generation, 
levelized costs of energy, variable speed and direct drive technology, torque limitation, 
turbine solidities, blade end drag, blade arm drag, coupled vortex effect, Linear Array 
Vortex Turbine Systems, capacity factors, Cpmax, aerodynamic modeling, 
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Executive Summary 
 

Introduction 
With no existing turbines utilizing near-ground resources, Wind Harvest International 
(WHI) has developed a product that can access the turbulent and high frequency winds 
located near the ground to both allow the generation of wind resources in areas that 
prevent the installation of tall wind turbines and to increase the efficiency of existing 
wind farms. By determining the best solidity of a high capacity factor Wind Harvest 
International (WHI) vertical axis wind turbine (VAWT), how to reduce the resulting 
parasitic drag and the blade pitch angels necessary to perfect the torque-limiting device, 
this project has provided the information necessary to most effectively design WHI’s 
latest straight-bladed VAWT model. IOPARA Inc. completed aerodynamic analyses as 
part of the contract project “Modeling Blade Pitch and Solidities in Straight-Bladed 
VAWTs,” and through computer modeling, IOPARA found a number of design-
modifications that will increase the overall efficiency of the WHI 3000 model and allow 
WHI turbines to more effectively utilize near-ground wind resources. 
 
Project Objectives 
The following objectives serve the overall goal of creating an efficient design of a low 
solidity, high capacity factor vertical axis wind turbine: 

1. Test the uncalibrated CARDAAV with a high solidity single WHI turbine 
design where performance is known. The CARDAAV must stably operate 
and produce results that are within 10% of the test data in at least the TSR 
range equal to and greater than TSR @ Cp max. Repeat test runs with 
CARDAAV and CFD to account for the coupled vortex effect. 
 

2. Achieve an LCOE within the $.035 per kWh range to produce one of the best 
priced turbines for lower wind resource sites by using WHI’s Cost of Goods 
Sold with a 25% margin plus expected delivery, installation, shared wind 
farm facility, maintenance and repair costs along with a zero inflation rate 
and no income from tax benefits and other extra sources. 
 

3. Improve efficiency of the theoretical Cpmax from .32 to .495 by effectively 
selecting the most cost effective rotor solidity, designing the blade arm 
fairing and blade arm connections, and properly spacing the distance 
between rotors and placement of upwind columns. 
 

4. Finalize WHI’s turbine blade pitch angles to within 1 degree of the ideal in 
higher wind speeds by finalizing computer modeling runs. 

 
Project Outcomes 
The final report presented by IOPARA Inc. presented the following outcomes: 
  

1. All results of the power coefficient comparison between CFD prediction and 
WHI 530G model test data are within 10% of the CFD Prediction with the 
exception of TSR= 3.0 resulting 0.876 Percentage of Test Data, validating the 
modeling system. 

Rotor 
configuration 

CFD 
Prediction 

Test 
Data 

Results 

Percentage 
of Test Data 

1 rotor TSR = 2.0 0.265 0.261 0.985 
1 rotor TSR = 2.4 0.242 0.241 0.996 
1 rotor TSR = 3.0 0.153 0.134 0.876 
3 rotors TSR = 2.0 0.34 0.331 0.974 
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2. LCOE Analysis:  The most cost effective version of the Model 3000 turbine will 

be the one with a 12.375% solidity.  With a single speed generator, it is projected 
to achieve a LCOE of 2.8 cents per kWh in a 14 mph wind resource.   The smaller 
sized 24.75% solidity Model 2000 with four blades should be able to achieve a 
LCOE of 4.26 cents per kWh in a 14 mph resource and about half that LCOE in a 
17 mph resource, for which this smaller diameter turbine would be targeted.  
Achieving these LCOE levels will make these LAVTS among the most cost 
effective of any wind turbine in the industry.  
 

3. The WHI 1500 using properly sized endplates at both extremities of the blades 
could increase the maximum efficiency (power coefficient) by 1.77 %. For the 
WHI 3000, the maximum efficiency could be increased by 6.24 %. The greater 
sensitivity to blade tip effect for the WHI 3000 could be explained by the wider 
rotor aspect ratio (diameter/height ratio) compared to the WHI 1500. Listed 
below are the results for the power coefficient comparison according to column 
placements and TSR:  

 
TSR Case 1 Case 2 Without Column 
2.0 0.2402 0.239 0.241 
2.5 0.4265 0.4287 -- 
3.0 0.4898 0.4954 0.496 

 
4. The results from the final computer analysis of torque limiting pitch at 2 mph 

increments indicated that the blade pitch must vary from 6.5 degrees at 24 mph 
to 14 degrees at 60 mph to keep maximum power output below 75 kW. As 
expected, an increased pitch is required at higher wind speeds to limit the power 
and turbine torque. 
 

Conclusions 
The results from Iopara’s report provided the information necessary to implement the 
most efficient fairing design for WHI’s VAWTs, and found that the rotor solidity of 
16.5% would provide the highest power coefficient and that a maximum blade thickness 
of c/3 would produce optimal parasitic drag values for lenticular cross-sections. In 
addition, modifying the end of the blade arm geometrically to act as a properly sized 
endplate would further increase the power produced by the WHI 3000 model turbine. 
Column placement analysis recorded no significant change in the power coefficient in 
cases with or without columns, and the placement of the turbines in relation to wind 
direction can be done to benefit the power coefficient. Final CFD simulations of different 
turbine spacing identified particular behavior of the WHI 3000, and determined that a 
TSR equal to 3 has a strong vortex effect, which may allow WHI’s turbines to be placed 
in close proximity to one another or in the vicinity of HAWTs.  The best turbine in terms 
of the lowest LCOE would be the 12.375% solidity Model 3000 with a single speed 
generator. It would achieve an LCOE of less than 3 cents per kWh over its 40 year life. 
 
Recommendations 
The key next step is to test the solidity results from the grant’s modeling work on real 
turbines. WHI intends to do this by modifying its existing Model 530G array to test 
16.5% (2 blades) and 24.75% (3 blade) versions of this model turbine.  Resulting strain 
and load gauge and power performance data will be used to calibrate Iopara’s 
aerodynamic model and improves its predictive capacities.  After this, prototypes of a 
variable speed and direct drive technology can be tested on the Model 636G LAVTS that 
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WHI is introducing into the UK and Europe in 2012.  Once the torque limitation device 
is developed, a prototype of the Model 3000 LAVTS can be developed and tested with or 
without a variable speed device.  The 12.375% solidity version of the turbine will have to 
wait to be tested until the Model 3000 prototype is deployed. 
 
The other major recommendation is to pursue the research and development of how 
LAVTS can best be installed in the understory of wind farms to both benefit existing 
HAWTs in the wind farm and maximize the density of LAVTS on the land.   
 
Public Benefits to California 
California has already received benefits from this contract as it has helped WHI attract 
capital and partners.  The success of the technology should benefit California jobs and 
energy consumers greatly as the state’s existing 3500+ MWs of wind farms can double or 
more their capacity with an understory of LAVTS at a lower cost per kWh produced 
than building new wind farms.  In addition, WHI is a California-based company with 
offices and staff based in state.  The company’s success should result in a growth in its 
staff in the state.  Additionally, California will experience the following benefits: 
 
1. Improvement of Wind Farm Capacity Factors: By increasing the power capacity of 
wind farms by adding LAVTS without increasing the size of wind+% especially with the 
high capacity factor LAVTS. 
 
2. Exploitation of high-value wind resources that cannot otherwise be utilized due to 
height restrictions preventing the installation of HAWTs: WHI’s LAVTS are only fifty 
feet tall and shorter than many power line poles, offering the owners of height-restricted 
locations with good near-ground winds the opportunity to develop their resource, 
resulting in a greater distribution of the wind farms.  
 
3. An alternative to developing costly and potentially risky wind farms on new land: 
Increasing the output of existing wind farms will allow farm developers to double the 
use of their invested capital and reduce environmental impacts from road building and 
the development of raw land. 
 
 
 

 
 
 
 
 
 



 9 

 
Introduction 

 
Wind Harvest International (WHI) believes it can produce a very efficient, highly 
reliable wind turbine that can operate well in the near-ground environments and open 
up new markets for wind energy in the “understory” of commercial wind farms.  In 
2004, WHI secured the coupled vortex patent (US Patent No. 6784566) after discovering 
straight-bladed vertical axis wind turbines (VAWTs) placed in close proximity resulted 
in increasing overall lift and torque.  The coupled vortex effect overcomes the inherent 
drag problem that causes VAWTs the inability to achieve the near-Betz Limit efficiencies 
of modern horizontal axis wind turbines (HAWTs).  
 
Since securing the patent, WHI hired Dr. Ion Paraschivoiu's Iopara team to use data 
obtained from its Model 530G turbine array in Palm Springs California and calibrate 
their CARDAAV and CFD computer programs.   Based on the promising results this 
early modeling displayed, WHI applied to the California Energy Commission to use the 
model to help finalize the design of a high capacity factor, lower wind resource version 
of the 33% solidity Model 530G and its larger 33% solidity Model 1500 Linear Array 
Vortex Turbine Systems (LAVTS). 
 
The new turbine model would have about twice the rotor diameter of the Model 1500 
but the same height and could result in a turbine with less than half the solidity and 
twice the rotor swept area with little overall additional costs. The low solidity, high 
capacity factor turbine could allow near-ground resources averaging as low as 12 mph 
to be profitably harvested. It could also be used to increase the capacity or capacity 
factors of almost all California wind farms. These short LAVTS could also open up wind 
resources outside existing wind farms where near-ground winds cannot be utilized due 
to height restrictions resulting from viewshed, aviation and radar safety issues, 
acoustical impacts that prevent the installation of HAWTs.   
 
No known turbines are currently sold for operation in the near-ground wind resources 
(less than 20 meters above ground level) in commercial wind farms1. 
 
This grant helped fund Iopara Inc. and WHI to: 

1. Determine the best solidity based on kWh of electricity produced per installed 
cost of a high capacity factor (high swept area to generator capacity) version of 
its LAVTS, 

2. Identify ways to reduce the resulting increase in parasitic drag that comes with 
higher tip speeds 

3. Determine the blade pitch angles necessary to perfect the torque limiter device 
that a low solidity, high capacity factor turbine requires. 

Iopara Inc. completed aerodynamic analyses as part of the contract project "Modeling 
Blade Pitch and Solidities in Straight Bladed VAWTs" to gain the necessary information 
to finalize the design of this high capacity, near-ground wind turbine. Through 
computer modeling, the researchers found a number of design modifications that would 
increase the overall efficiency of the WHI 3000 model including modifying the end of the 
blade arm geometry to act as a properly sized endplate, using north-westerly wind 
directions to increase the power coefficient, and increasing knowledge on proper turbine 
spacing. 

                                                             
1	  Wind Power Monthly and North American Windpower, review of advertisements 2007-2011	  
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Project Objectives 
  
The goal of this project is to determine the feasibility of creating an efficient design of a 
low solidity, high capacity factor (high swept area to generator capacity) vertical axis 
wind turbine.  The economic objective is to develop a new turbine with a Levelized Cost 
of Energy of $.035/kWh in a 14 mph wind resource at ten meters above ground level.  
Achieving these goals and objectives would provide Californian and global wind farm 
owners with reasonably good near ground wind resources the opportunity to at least 
double the energy output from their existing wind farms.  
 
Additional objectives include determining the blade pitch angles that would allow the 
turbine to properly limit torque in high speed winds, the best solidity of the rotor, 
design options to reduce drag and improve efficiency, and improve the coupled vortex 
effect resulting in further improvement in energy outputs that result in a reduction of 
wind energy costs. 
 
Project objectives were to: 
 

1. Test the uncalibrated CARDAAV with a high solidity single WHI turbine design 
where performance is known. The CARDAAV must stably operate and produce 
results that are within 10% of the test data in at least the TSR range equal to and 
greater than TSR @ Cp max. Repeat test runs with CARDAAV and CFD to 
account for the coupled vortex effect. 
 

2. Achieve an LCOE within the $.035 per kWh range to produce one of the best 
priced turbines for lower wind resource sites by using WHI’s Cost of Goods Sold 
with a 25% margin plus expected delivery, installation, shared wind farm 
facility, maintenance and repair costs along with a zero inflation rate and no 
income from tax benefits and other extra sources. 

 
3. Improve efficiency of the theoretical Cpmax from .32 to .495 by effectively 

selecting the most cost effective rotor solidity, designing the blade arm fairing 
and blade arm connections, and properly spacing the distance between rotors 
and placement of upwind columns. 

 
4. Finalize WHI’s turbine blade pitch angles to within 1 degree of the ideal in 

higher wind speeds by finalizing computer modeling runs. 
 

Each of these objectives increase the efficiency of the design for WHI’s vertical axis wind 
turbine by reducing drag and increasing the amount of power produced, which overall 
decreases the cost per kWh and creates both a more affordable and profitable turbine for 
wind energy development projects. 
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Project Approach 
 
TASK 1. Prepare the computer programs to compute the pitch angle parametric results. 
 
Note:  WHI had previously hired Iopara Inc. to use energy output and power 
performance data from its three turbine Model 530G array in Palm Springs California to 
calibrate the aerodynamic computer model that it is used in this grant.  Also, note that 
because of page limitations in this review, many of the details of the methods Iopara 
used have been placed in the appendices. 
 
1.2. Prepare the program to compute the aerodynamic forces and moments of the 
pitching blades. 
 
The CARDAAV code, an in-house analysis code of Vertical-Axis Wind Turbine 
technology, is based on the Double-Multiple Streamtube model with variable upwind 
and downwind induced velocities in each streamtube (DMSV)2. By applying the 
momentum equation to the control volumes that contain the actuator disks, the forces on 
the disks can be determined and calculated using the blade element theory, which 
involves the aerodynamic lift and coefficients of the blade airfoil.   
  
Iopara used The CARDAAV code to extract the aerodynamic loads applied on the 
blades, (i.e. the normal and tangential forces applied along the length of the blade and 
for different azimuthal positions). These aerodynamic loads are calculated at the 
aerodynamic center of the blade airfoil; if one knows the location of the pitching blade 
hinge, the resultant forces can be calculated at this point. Moreover, if the mass and 
center of mass of the blade are known, the centrifugal force can also be taken into 
account in the resultant forces calculation for all azimuthal positions of the blade. 

 
1.4.  Implement a variable pitch angle methodology in the model. 

 
To search for the best pitch schedule to limit torque as wind speeds reach generation 
capacity, Iopara used a genetic algorithm (GA) based optimization technique.  For more 
information on this technique, see Appendix I - Approach 1.4.  
 
TASK 2. Conduct the solidity parametric study to determine performances of coupled 
vortex augmented rotors having the specified solidities. 
 
A major reason for pursuing this grant came from recent CFD analysis by Iopara of the 
WHI 3000 in a close proximity linear array (see Figure 6) that showed that the coupled 
vortex effect influences the torque generated by the blades on the upstream and 
downstream half of the rotor. 3  A key hypothesis was that LAVTS efficiency improves 
with lower solidities and that the Levelized Cost of Energy from a LAVTS would be in 
the $.035 per kWh range, making it one of the most efficient turbines available.    The 
two tasks involved Iopara calculating the Cpmax and power performance curves for 
four different LAVTS solidities. The third task involved using different LCOE 
methodologies to take Iopara’s results and turn them into a cost per kWh produced. 
 
 
 
                                                             
2 I. Paraschivoiu, Wind Turbine Design with Emphasis on Darrieus Concept, Polytechnic International 
Press, Montreal, 2002. 
3	  IOPARA Inc., “Aerodynamic Model of the Wind Harvest International 3000 Wind Turbine.”	  
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2.1.Calculate CP vs. TSR for different solidities. 
 
The researchers evaluated different rotor solidities ranging from 12.375% to 33% as part 
of the solidity parametric analysis in order to determine the effect of the rotor solidity on 
the performance of coupled vortex augmented rotors, and calculated them using the 
following equation: 
 

R
Nc

Solidity
2

=        
 

Where: N  is the number of blades 
c  is the blade chord length 
R  is the rotor radius 

 
Iopara calculated the CP vs. TSR for a rotor solidity of 16.5 % using the dimensions of the 
WHI 3000.  The CP vs. TSR for the rotor solidity of 33% was calculated for a 6-bladed 
model 1500 turbine in  "Aerodynamic Model of the Wind Harvest International 1500 
Wind Turbine," a former study4. The researcher calculated the rotor solidities of 12.375% 
and 24.75% during this project and included them in his final analysis.  

The rotor dimensions used for the solidity parametric analysis are presented in Table 1 
and were based on the WHI 3000 dimensions provided during the previous project5. 

 
Table 1: Dimensions of the WHI 3000. 

Rotor height 11.83 m (38.8 ft) 
Rotor diameter Variable 
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 positions At the extremities of the blades 
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: variable 

 Inner section: 6.0960 m (240 in) 
Central shaft diameter 0.219 m (8.625 in) 
Number of support cables per 
blade 

2 

Support cable diameter 0.01905 m (0.75 in) 
 
 
For the attachment points of the support cables, Iopara noted that they are extending 
from the upper blade arm junction with the central shaft to the lower blade arm (240 

                                                             
4 IOPARA Inc., “Aerodynamic Model of the Wind Harvest International Model 1500 Wind 
Turbine,” Final report prepared for Wind Harvest International Inc., May 2009. 
5 IOPARA Inc., “Aerodynamic Model of the Wind Harvest International 3000 Wind Turbine.”	  



 13 

inches and 30 inches radially in from the blade).  They also considered the power loss 
related to the parasitic drag of the support cables, but not the associated flow 
perturbation on the downstream half of the rotor. Moreover, the blade arm geometry of 
the WHI 3000 is lenticular in shape (as depicted in Figure 2) with a thickness-to-chord 
(t/c) ratio of 0.2679. Due to this large ratio, the researcher used the aerodynamic 
properties of a NACA0021 profile in CARDAAV (for this analysis), but with the 
dimensions of the actual blade arm. Furthermore, Iopara did not include the presence of 
the frame. 

 
Figure 2: WHI 3000 blade arm cross-section. 

 
The researcher included one support cable for the rotor solidity of 33%, which connects 
to the lower blade arm thirty inches radially in from the blade. Also, he used the 
dimensions of the outer section (blade arm chord length and thickness) for the entire 
length of the blade arm, composed of only one section. Moreover, the performance 
calculation of the rotor solidity of 33% included the correction factors for high solidity 
calibrated for the 6-bladed WHI 1500 and was not validated by CFD calculations in the 
case of the 4-bladed version.  

2.1(b) Control Parameters 
 
The following inputs were used as control parameters for this analysis: 
 

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

2. Power law atmospheric wind shear exponent of 0.16 (i.e. level country with foot-
high grass and occasional tree 6). 

3. Wind speed reference height at the equatorial height of the rotor.  
4. Taking into account the effect of dynamic stall by using the Gormont-Berg 

model. 
5. Taking into account the corrections for the secondary effects related to the: 

 Finite span of the blades 
 Wake of the rotating central shaft 
 Parasitic drag of the struts 
 Parasitic drag of the support cables 

6. Air properties corresponding to dry air at standard atmosphere (101.325 kPa) 
and a temperature of 15 8C: 

 Air density: 1.225012 kg/m3 
 Air kinematic viscosity: 1.486895E-05 m2/s 

 

                                                             
6 M. L. Ray, A. L. Rogers and J. G. McGowan, “Analysis of wind shear models and trends in 
different terrains,” AWEA Windpower 2005 Conference, Pittsburgh, PA, 2006. 
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2.1(c) Operational Parameters 
 
The aerodynamic performances of the turbines were evaluated for a wind speed range 
of 10.07 mph to 64.87 mph (when convergence was obtained).  
 
2.2.  Use computer model to calculate energy output. 
 
With the input parameters described in Figure 3, Iopara used CARDAAV to determine 
the aerodynamic performances of the WHI 3000 with the coupled vortex effect for 
different rotor solidities: 12.375%, 16.5%, 24.75% and 33%.  
 
They obtained the variation in these values by modifying the rotor radius through a 
change in the length of the outer blade arms. Hence, the length of the inner blade arm, 
blade chord and the position of the attachment points of the support cables on the lower 
blade arm remained at their original values.   
 
In order to maintain the same centrifugal force in the blades for all rotor solidities, the 
researcher modified the rotational speed of the rotors according to the WHI 3000's rotor 
radius and blades’ centrifugal force, with a rotor solidity of 16.5% as the reference value. 
Figure 5 presents the values of the variable geometric parameters and rotational speeds 
associated with each rotor solidity.  
 
2.3.  Perform LCOE analysis. 
 
 Conduct the solidity parametric study to determine performances of coupled vortex augmented 
rotors having the specified solidities. Compute the complete power coefficient curves (Cp vs., 
TSR) for each of the solidity cases in the study. Compute the Levelized Cost of Energy (LCOE) 
for each case using an averaged annual wind speed of 14mph (6.2 m/s) with a Rayleigh 
distribution. 
 
Blade speed/RPM at each solidity was calculated where it was assumed that blade 
centrifugal force was the same for all turbine diameters analyzed and equal to that of the 
Model 1500 blade centrifugal force. The Model 1500’s RPM is equal to 41. Blade speed is 
inversely proportional to solidity. Consequently blade speed increases by increasing 
rotor diameter. The computer output is in the dimensionless form of shaft power 
coefficient (Cp) and tip speed ratio (TSR).  Cp is shaft power divided by wind power. 
TSR, for a straight bladed VAWT is blade speed divided by wind speed. Electrical 
power output was calculated using a combined gearbox, belt drive and generator 
efficiency of 80%. Power output curves were calculated and truncated at a maximum 
power of 75kw, the generator size of the turbine models because the turbines are 
assumed to have a torque limiting mechanism.  The wind resource data for a Rayleigh 
distribution with a 14mph average annual wind speed was used to calculate annual 
energy output. Annual energy output divided by swept area (specific output) was used 
to evaluate relative energy production efficiency of the rotors at each solidity. 
 
The cost of energy was calculated for each turbine solidity option.  The LCOE assumed a 
40-year turbine life and a turbine sale priced based on the Cost of Goods Sold (COGS) 
for each solidity option with a 33.3% markup (25% margin).  Smaller components 
replacement (e.g. bottom bearing, brake activation, controls) were replaced every ten 
years. The generator, gearbox, blades, and top bearing were replaced every 20 years.  It 
should be noted that wind turbines sold to commercial wind farms achieve a 20-30% 
margin. A single sale of turbines to a wind farm can range from $10 million to $100+ 
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million per wind farm. 7 WHI’s is expected to sell its turbines at a lower margin and 
achieve profitability because it does not own any of the fabrication facilities. It 
subcontracts out the fabrication and buys the components from vendors. 
 
The turbine COGS increased on parts affected by increasing or decreasing turbine 
diameter including lengthened and stronger pipe and longer support cables needed for 
the frame and blade arms.  Installation and turbine delivery costs were modified to 
account for the small differences that would occur with these different sized turbines 
with differing number of blades.  Substation and wind farm development costs were 
kept the same for each project and were added to the overall project costs.  
 
Expected operation and maintenance costs were included and averaged to be 1 cent per 
kWh, which is approximately the middle of the industry norm, which ranges from $.005 
to .027 per kWh for both O&M and repair costs8. To confirm the effect of O&M costs, a 
second LCOE was run with the costs twice as high ($.02/kWh).  
 
Subsidies such as depreciation and Production Tax Credits were eliminated from the 
calculation. The discount and inflation rate for the project were set at 1.0 (zero) to be able 
to compare this with any other project.  Discount rates can dramatically affect the LCOE. 
Energy output calculations from the modeling runs for each solidity were used.  
 
The following formula was used in the LCOE calculation:9 

 

Where: 

• LEC = Average lifetime levelized electricity generation cost 
• It = Investment expenditures in the year t 
• Mt = Operations and maintenance expenditures in the year t 
• Ft = Fuel expenditures in the year t 
• Et = Electricity generation in the year t 
• r = Discount rate 
• n = Life of the system 

The same methodology was then used assuming a gearbox, belt drive and single speed 
generator was replaced by a direct drive and variable speed generator system that 
achieved not 80% of shaft power but 90% of the maximum lift efficiency that the blade 
could realize (Cpmax). This direct drive, variable speed generator would vary the speed 
of the rotor to maintain the Tip Speed Ratio to within 95% of its optimum from start up 
through maximum power.   
 
 

                                                             
7	  Reference	  documents	  from	  Gamesa	  and	  RePower	  are	  available	  upon	  request.	  	  
8	  Wind Energy Update, The Wind Energy Operations & Maintenance Report 2010 
9 Nuclear Energy Agency/International Energy Agency/Organization for Economic Cooperation 
and Development Projected Costs of Generating Electricity (2005 Update) 
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TASK 3. Evaluation of the drag in the WHI 1500 and extended WHI 1500 models (Tasks 
3.1 and 3.2) 

3.1  Lenticular Fairing Drag Coefficients Calculation 
 
The objective of this task is to evaluate the drag losses in the WHI 1500 and WHI 3000 
model (extended WHI 1500), caused by blade arm fairings. Drag is due to both pressure 
and viscous forces, the latter being the most important cause of drag.  
 
Flow past the fairing profile presents the same aerodynamic features than airfoils and 
poses the same challenges for analysis. At relatively low Reynolds numbers (Re), flow in 
the boundary layer of an airfoil is neither completely laminar nor completely turbulent, 
thus a transition occurs from laminar to turbulent. This is a challenge for CFD 
simulations since numerical models have difficulty modeling transition. The CFD 
specifications for the drag calculations are presented in Figure 2 (see Appendix I Project 
Approach 3.1). 
 
The drag coefficients for the lenticular fairing were evaluated for a range of Reynolds 
numbers using CFD using the method detailed in the Appendix I Project Approach 3.1. 
 
3.2  Blade Arm Drag Calculations  
 
In CARDAAV, the method used to calculate the power loss related to the parasitic drag 
of the blade arms consist of calculating the local drag force (Fd) on different point along 
the blade arm lengths using equation 6: 

dd cCWF 2

2
1
!=      (6) 

 
Where: 

 ρ = The air density 
 W = The local relative velocity 
 c = The blade arm chord length 
 Cd = The airfoil drag coefficient 

 
Then, the local torque (Td) and average resistive torque ( dT  ) for each blade arm is 
calculated: 
 

Td = Fd·l      (7) 
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Where: 

 l = The distance from the rotation axis 
 rT = The central shaft radius 
 r = The blade arm length 

 
The power losses related to the parasitic drag (Pd) for each bade arm is then calculated: 
 

dd TP !=       (9) 
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Where: 

 ω = The rotational speed of the rotor 
 
The total power loss of the rotor is the summation of the power losses of all the blade 
arms. 
 
Using CARDAAV and the aerodynamic drag coefficient data for the different lenticular 
cross-sections presented previously, the power loss due to the parasitic drag of the blade 
arms were calculated for the WHI 1500 and WHI 3000, without coupled vortex effect, for 
different fairing geometries (symmetrical NACA 4-digits and lenticular cross-sections). 
For the different cross-sections t/c ratios analyzed, the fairing chord lengths were 
adjusted in order to maintain the fairing thickness of the WHI rotors to a constant value 
for structural reasons. The fairing chord lengths associated to each t/c ratio are presented 
in Tables 2 and 3. The other parameters are identical to those presented in task 2.1. 
 
Table 2: WHI 1500 - Fairing chord lengths for different t/c ratios and a constant thickness of 3.5 

in 

t/c ratio 
(%) 

Chord length 
(in) 

12 29.17 
15 23.33 
18 19.45 
21 16.67 
25 14.00 

26.79 13.06 
30 11.67 
35 10.00 

 
Table 3: WHI 3000 - Fairing chord lengths of the inner and outer blade arm sections, for 

different t/c ratios and a constant thickness of 4.5 in for the inner section and 3.5 in for outer 
section. 

t/c ratio 
(%) 

Inner section  Outer section 
Chord length 

(in) 
Chord length 

(in) 
12 37.50 29.17 
15 30.00 23.33 
18 25.00 19.45 
21 21.43 16.67 
25 18.00 14.00 

26.79 16.80 13.06 
30 15.00 11.67 
35 12.86 10.00 
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3.3   Evaluation of the changes to fairing and blade end design  
 
In order to evaluate the changes in fairing geometry and blade end design, calculations 
were completed using CARDAAV for the WHI 1500 and WHI 3000, without coupled 
effect, using NACA0030 airfoil for the fairing geometry, with and without taking into 
account the blade tip effect i.e. the performance loss associated to the finite span of the 
blades.  The blade tip effect must be considered in these evaluations otherwise the 
calculations will inaccurately reflect the end of the blade arm covering a wider area at 
the extremities of the blade arm. 
 
3.4  Simulation of an array of three VAWTs with different placements of columns  

 
Computational Fluid Dynamics (CFD) is used to simulate the flow around three WHI 
3000 rotors placed in a linear array. A 2-D simulation is performed therefore blade tip 
effects are not included. Only top views of the turbines are presented in this report. The 
wind direction in the figures is from left to right and the rotors are placed top to bottom. 
The top and bottom rotors are rotating counter clockwise while the middle rotor rotates 
in the clockwise direction. The objective of this simulation is to study the effect of 
columns placement , which are used as structural support for the turbine. Each column 
is defined as 10” (0.254 m) diameter circular cross sectional bar. Two kinds of columns 
placement cases are simulated: in between 2 rotors (case 1) and in front of a turbine (case 
2).  
 
The same methodology described in the report  “CFD Analysis of Vertical Axis Wind 
Turbines in Close Proximity”10 is used in this work. To be precise, the flow is assumed 2-
D and a rotating mesh is used. Unsteady simulations are performed with a time step of 
0.003 seconds. The S-A model is used to simulate turbulence. The geometry of one rotor 
is summarized below (Table ): 

Table 4: Geometry of the WHI 3000 rotor 

Number of blades 4 
Blade chord 0.9753 m 
Rotor Diameter (R) 23.88 m 
RPM 29 
Blade type NACA0018 

 

Case 1 - Columns are Placed in Between Rotors 
 
Figure 5 shows the turbine blades of the 3 rotors and the location of the columns. Note 
that the central axis is not included. This figure is not to scale and is intended to show a 
schematic of the geometry.  In this simulation only 2 columns are considered: the first 
one between rotor 1 and rotor 2 and the second between rotor 2 and rotor 3. The location 
of the column is at a distance of 1.08 rotor radius upstream on the line between the 
rotors. 
 

                                                             
10 M. Paraschivoiu, C. X. Zhang, S. Jeyatharsana, N. V. Dy, F. Saeed, R. N. Thomas and I. Paraschivoiu, 
“CFD Analysis of Vertical Axis Wind Turbines in Close Proximity,” submitted to Wind Energy. 
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Figure 5: Schematic of a 3-rotor array with columns between arrays. 

 
For a close up of the mesh used in the CFD see Figure 4 in the Appendix I Project 
Approach 3.4.  Refer to section 3.4 of Appendix I to view the flow simulation parameters 
used for the CFD runs (see Table 5 for case 1)  
 

Case 2 - Columns are Placed in Front of Rotors 
 
Figure 10 shows the location of the column. In this simulation, 3 columns are considered, 
1 in front of each rotor, i.e. located at the same distance from the line of the 3 central 
axes, but moved directly facing the rotor axis.  
 

 
Figure 10: Schematic of a 3-rotor array with columns in front of the rotor. 

 
To view a close-up of the mesh in the instance when the blade is just behind the column, 
refer to Figure 9 in the Appendix I Project Approach 3.4. The flow simulation parameters 
for CFD runs for this case are also located in the Appendix I Project Approach. 
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3.5  Determine the relationship between turbine aerodynamic performance, wind 
direction and rotor spacing. 
 
3.5(a) Effect of Wind Direction on Rotor Performance 
 
CFD runs based on unsteady Reynolds Average Navier-Stokes equations coupled with 
the Spalart-Allmaras turbulence model were run using the WHI 3000 model 3-rotor 
configuration along with the rotor tower. A 120 m × 120 m computational domain was 
modeled with 3 rotors and with the velocity (free stream wind) inlet and pressure outlet 
(1 atm) boundary conditions as illustrated in Figure 14. (found in Appendix I Project 
Approach 3.5(a)) 
 
In Figure 14, the wind direction angle γ (gamma) is measured with respect to the normal 
to the turbine axis as depicted and is taken positive in the clockwise direction in this 
study. Thus, for +γ angles (southwest wind, north being the +y-direction), the inlet and 
lower (south) domain boundary were used as inlets, while the upper (north) and right 
side (east) boundaries of the computational domain were modeled as pressure outlets. 
However, for -γ angles (northwest wind), the inlet and upper (north) domain boundaries 
were used as inlets while the lower (south) and right side (east) boundaries of the 
computational domain were modeled as pressure outlets.  
 
Results for a total of 15 CFD runs are presented in this report for 5 different wind 
directions (γ = -30, -15, 0, +15 and +30 degrees) at different TSR values, i.e., TSR = 2 and 3 
corresponding to wind speeds of 18.1301 and 12 m/s, respectively, based on co-rotating 
and counter-rotating (WHI 3000 model) configurations. 
 
For more information on Task 3.5 methodology, see Appendix I Project Approach 3.5(a).  
 
3.5(b) Spacing Study for Multiple WHI 3000 Turbines 
 
CFD is used to study the vortex effect sensitivity to the distance between the turbines. 
The flow over three WHI 3000 turbines placed in a linear array as shown in Figure 14 
(found in Appendix I Project Approach 3.5(b)) is simulated. The top rotor is rotating counter 
clockwise, the middle rotor is rotating clockwise and the bottom rotor is rotating counter 
clockwise. The flow conditions are set: the angular velocity of all turbines is ω = 29 rpm, 
the wind velocity of almost V = 18 m/s for TSR = 2 and Reynolds number is around 2 
million. The large Reynolds number ensures that the problem is in turbulent regime and 
the turbulence model selected is appropriate.  
 
The distance between 2 rotors is defined as H. It measures the distance between the 
circular blades path. This distance is varied and the CP is calculated in each case. The H 
value of 1.91 m is the baseline, which corresponds to a distance between rotors axis of 
1.08 rotor diameters. 
 
This report only presents simulations at TSR = 2 and TSR = 3. The parameters for 
calculations used are similar to other studies.  
 
Table 15 summarizes these parameters. Three calculations are performed with 3 
different values of the spacing: H = 0.75H0, H = H0 and H = 3H0. The results for a single 
rotor with a time step of 0.003 and second order simulations are also reported in the 
table.  
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TASK 4. Torque Limiting Pitch Analysis (4.1, 4.2 AND 4.3) 
 
In order to limit the WHI 3000 model wind turbine generator power to below 75 kW, the 
following parameters of the torque limiting analyses were specified by WHI: 
 

a. Only 2 of the 4 blades of the Model 3000 will pitch leading edge towards the 
center of the rotor. 

b. Pitching is initiated prior to maximum generator power of 75 kW. 
c. Pitch angles of the 2 diametrically opposed blades will be equal. 
d. The blade pitch mechanism is damped and is expected to respond to average 

rather than instantaneous torque. 
e. Pitch angles should be function of the wind speed and not rotor azimuthal angle. 
f. The TSR range analyzed is low enough to be within the CARDAAV analytical 

range. 
g. Blade lift, drag, pitching moment and center of pressure data required at wind 

speed increments of 2 mph starting when generator power reaches 74 kW and 
extended up to a wind speed of 60 mph. 

 
With the above objectives at hand, the following methodology was adopted to 
accomplish the torque limiting analyses.  
 
The CARDAAV code was setup to allow 2 out of the 4 WHI 3000 turbines diametrically 
opposed blades to pitch. The pitch was specified as input. The resulting torque and 
power were then based on the average of the torque and power of the individual blades, 
respectively. Analysis were then carried out at wind speed increments of 2 mph starting 
from a wind speed of 24 mph, when generator power just exceeds 75 kW, to 60 mph. 
Since the output torque and power are directly related, in the analysis the turbine power 
is used as a constraint rather than the torque at 75 kW power rating. The blade pitch 
variable was interactively varied to limit the power below 75 kW at each wind speed.  
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Project Outcomes 
 

Note:  WHI had previously hired Iopara Inc. to use data from its three turbine Model 
530G array in Palm Springs California to calibrate the aerodynamic computer model that 
it is using in this grant.  Also please note that because of page limitations in this review, 
many of the details of the methods Iopara used have been placed in the appendices. 
 
TASK 1. Prepare the computer programs to compute the pitch angle parametric results. 
 
Test run the uncalibrated CARDAAV with a high solidity single WHI turbine design where 
performance is known. The CARDAAV must stably operate and produce results that are within 
10% of the test data in at least the TSR range equal to and greater than TSR @ Cp max. Repeat 
test runs with CARDAAV and CFD to account for the coupled vortex effect. 
 
The key results for Task 1 were concluded before the grant began and thus Tasks 1.1 and 
1.3 were removed from the grant.   Here is an excerpt from the Iopara paper that came 
from their work on this task:  
 
“ In Figure 4 we compare three different CFD runs with the experimental data provided 
by WHI.  In 2001, performance data was collected for a single turbine located at Palm 
Springs. The electrical output and average wind speed were recorded and used in the 
calculation of the coefficent of power. The electric output was convert ed into the shaft 
output by using an estimated power train efficency of 0.92 and an estimated gearbox 
efficiency of 0.9325. In addition, wind speed bin data for a single turbine was collected 
along with the correlated energy outputs to produce a power performance curve and 
power coeeficients. The values of the three CFD runs are also reported in [Table 1] an 
show that the agreement is very good in particular for high CP values. “11 
 
Table 1: Power coefficient comparison between CFD prediction and WHI 530G model test data 

Rotor 
configuration 

CFD 
Prediction 

Test 
Data 

Results 

Percentage 
of Test 
Data 

1 rotor TSR = 2.0 0.265 0.261 0.985 
1 rotor TSR = 2.4 0.242 0.241 0.996 
1 rotor TSR = 3.0 0.153 0.134 0.876 
3 rotors TSR = 2.0 0.34 0.331 0.974 

 
Iopara’s results are within 10% of the CFD Prediction with the exception of TSR= 3.0 
which came in at 14.2% of the field data.  
 
TASK 2. Conduct the solidity parametric study to determine performances of coupled 
vortex augmented rotors having the specified solidities. 
 
Using WHI’s Cost of Goods Sold with a 25% margin plus expected delivery, installation, shared 
wind farm facility, maintenance and repair costs along with a zero inflation rate and no income 
from tax benefits and other extra sources, the LCOE of the selected solidity will be in the $.035 
per kWh range making it one of the best priced turbines for lower wind resource sites. 
 
2.1.Calculate CP vs. TSR for different solidities. 
 

                                                             
11 M. Paraschivoiu, et al. “CFD Analysis of Vertical Axis Wind Turbines in Close Proximity,” 
October 2010.  
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Using the input parameters described in sections 4.1 to 4.3, the aerodynamic 
performances of the WHI 3000 with coupled vortex effect was calculated using 
CARDAAV for different rotor solidities: 12.375 %, 16.5 % and 24.75 % and 33 %.  

 
Table  and Figure  present the results of the solidity parametric analysis. Also, one 
should mention that the results presented in this report relate to the mechanical power. 
The actual amount of electrical power generated by the wind turbine will be lower by a 
factor that depends on the efficiency of the major components, which are involved in the 
mechanical-to-electrical power conversion. For example most belt drives between the 
gearbox and generator lose between 10 and 15% efficiency.  Gearboxes can lose 4-6% 
bringing the combined efficiency losses between the power in the shaft to the output 
from the generator to between 15% and 21%. 

Table 2: Maximum power coefficient and associated tip-speed ratio and wind speed for 
different rotor solidities with coupled vortex effect of counter rotating turbines 

Rotor solidity 
(%) 

Max. power coefficient 
(%) TSR Wind speed 

(mph) 
12.375 47.50 3.47 26.84 
16.50 49.38 3.01 26.84 
24.75 47.27 2.45 26.84 
33.00 31.95 1.96 29.08 

 
 

 
Figure 1: Power coefficient (CP) vs. tip-speed ratio (TSR) for different rotor solidities. 

As we may see from Table 2 and Figure , the maximum power coefficient is obtained for 
a rotor solidity of 16.5 % (CP = 49.38 % at TSR = 3.01). 
For the full calculation of rotor solidities, see Appendix II Project Outcomes 2.1. 
 
2.2.  Use computer model to calculate energy output. 
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The following results were produced using a Rayleigh distribution of wind speeds in a 
year and the Cps generated by Iopara’s modeling, and the Information Summary 
including details of the different turbine models evaluated can be found in Appendix II 
Project Objectives 2.2.  
 
Table 3:  Varirable and Single Speed Turbines Annual Energy Outputs and Capacity 
Factors.  

Variable Speed Turbines - Annual Energy Output per MW of Capacity 	    	  
	   	   12 mph	   13 mph	   14 mph	   15 mph	   16 mph	   17 mph	   18 mph	  
Model 3009 - 
12.375% Solidity 	   2,329,964	   2,794,326	   3,238,665	   3,656,537	   4,044,764	   4,401,973	   4,727,859	  

 	   Capacity Factor	   26.6%	   31.9%	   37.0%	   41.7%	   46.2%	   50.3%	   54.0%	  
Model 3009 - 16.5% 
Solidity	   2,264,322	   2,698,610	   3,119,849	   3,521,032	   3,897,983	   4,248,358	   4,570,821	  

 	   Capacity Factor	   25.8%	   30.8%	   35.6%	   40.2%	   44.5%	   48.5%	   52.2%	  
Model 2005 - 
24.75% Solidity (4 
blades)	   1,421,008	   1,781,500	   2,150,767	   2,519,964	   2,882,104	   3,231,605	   3,564,161	  

 	   Capacity Factor	   16.2%	   20.3%	   24.6%	   28.8%	   32.9%	   36.9%	   40.7%	  
Model 1504 - 
24.75% Solidity (3 
blades)	   1,154,349	   1,455,189	   1,772,617	   2,099,321	   2,428,607	   2,754,367	   3,071,320	  

 	   Capacity Factor	   13.2%	   16.6%	   20.2%	   24.0%	   27.7%	   31.4%	   35.1%	  
Model 1504 - 33% 
Solidity 	   852,232	   1,080,524	   1,331,587	   1,600,577	   1,881,945	   2,169,650	   2,457,762	  

 	   Capacity Factor	   9.7%	   12.3%	   15.2%	   18.3%	   21.5%	   24.8%	   28.1%	  
Note 1: Torque limitation biases the output to favor turbines with higher efficiencies in the 
lower wind speeds.	   	  
Note 2:  Assumes that direct drive and variable speed will achieve a Cpe of 90% of Cpmax 
from start up to shutdown.	   	  

	   	   	   	   	   	   	   	   	  

Single Speed Turbine - Annual Energy Output per MW of Capacity 	    	    	  

	   	   12 mph	   13 mph	   14 mph	   15 mph	   16 mph	   17 mph	   18 mph	  
Model 3009 - 
12.375% Solidity 	   1,926,426	   2,379,322	   2,822,307	   3,645,190	   3,246,092	   4,016,460	   4,358,282	  

 	   Capacity Factor	   22.0%	   27.2%	   32.2%	   41.6%	   37.1%	   45.8%	   49.8%	  
Model 3009 - 16.5% 
Solidity	   1,271,172	   1,667,632	   2,075,794	   2,482,690	   2,878,942	   3,257,972	   3,615,159	  

 	   Capacity Factor	   14.5%	   19.0%	   23.7%	   28.3%	   32.9%	   37.2%	   41.3%	  
Model 2005 - 
24.75% Solidity 
(n=4)	   1,101,891	   1,443,181	   1,802,967	   2,170,273	   2,536,148	   2,893,364	   3,236,311	  

 	   Capacity Factor	   12.6%	   16.5%	   20.6%	   24.8%	   29.0%	   33.0%	   36.9%	  
Model 1504 - 
24.75% Solidity 
(n=3)	   820,481	   1,089,630	   1,382,533	   1,691,314	   2,008,605	   2,327,561	   2,642,139	  

 	   Capacity Factor	   9.4%	   12.4%	   15.8%	   19.3%	   22.9%	   26.6%	   30.2%	  
Model 1504 - 33% 
Solidity 	   526,089	   713,224	   920,318	   1,142,676	   1,375,960	   1,615,862	   1,858,208	  

 	   Capacity Factor	   6.0%	   8.1%	   10.5%	   13.0%	   15.7%	   18.4%	   21.2%	  
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Note: Torque limitation biases the output to favor turbines with higher efficiencies in the lower wind 
speeds.	  

 
Another way to evaluate the energy output is by comparing annual energy (kWh/yr) 
produced per square meter of rotor swept area.   In all cases the energy output per rotor 
swept area was higher in the variable speed version of the turbines.  This is a logical 
conclusion, given that Cpmax is maintained through all wind speeds.  This though is not 
the key to making a decision on which turbine to advance. The LCOE analysis (below) is 
more important.  
 
Table 4  Annual Energy Output per Square Meter of Rotor Swept Area.  

	   	  

Single	  
Speed	  

Variable	  
Speed	  	  

Percent	  
Difference	  

Model	  3009-‐12.375%	  Solidity	  	   862	   969	   112.5%	  

Model	  3009	  -‐	  16.5%	  Solidity	   664	   936	   141.0%	  

Model	  2005	  -‐	  24.75%	  Solidity	  (N=4)	   876	   1,013	   115.6%	  

Model	  1504	  -‐	  24.75%	  Solidity	  (N=3)	   920	   1,134	   123.2%	  

Model	  1504	  -‐	  33%	  Solidity	  	   627	   875	   139.5%	  

Note:	  Rotor	  model	  number	  equals	  the	  square	  feet	  of	  rotor	  swept	  area.	  
 
The following power performance curves of the different solidities was used  in 
conjunction with a Rayleigh Distribution of wind speeds to produce the annual energy 
outputs  
 

 
 
Figure 2:  Power Performance Curves of Different Solidity LAVTS 
 
2.3.  Perform LCOE analysis. 
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Using the methodology described in the approach section, the following results were 
obtained.   Both single speed and variable speed versions of the Model 3000 can obtain an LCOE 
of less than the objective of $0.035 per kWh over the life of the turbine.  
 
Table 5.  Levelized Cost of Energy for Variable and Single Speed LAVTS with 1X and 2X 
Operation and Maintenance Costs.  
 
 
 

LCOE for a Single Speed Turbine in a 14 MPH Wind Resource	   	   	  

	   	    	   2x O&M	   An. Output	    	    	    	    	  

	   	   40 year	   40 year 	   Et	   MWhrs	   Investment 	   O&M	   O&M	  

	   	   LCOE	   LCOE	   14 mph	    per Year	   It	   $/MWhr	   An. Total	  
Model 3009-12.375% Solidity 	   $0.0278	   $0.0328	   211,726	   243	   $152,854	   $5.50	   $1,337	  
Model 3009 - 16.5% Solidity	   $0.0385	   $0.0448	   233,995	   234	   $160,088	   $7.00	   $1,638	  
Model 2005 - 24.75% Solidity 
(N=4)	   $0.0424	   $0.0496	   161,312	   161	   $150,176	   $8.00	   $1,288	  
Model 1504 - 24.75% Solidity 
(N=3)	   $0.0523	   $0.0613	   132,950	   133	   $139,344	   $10.00	   $1,330	  
Model 1504 - 33% Solidity 	   $0.0818	   $0.0962	   99,872	   100	   $145,454	   $16.00	   $1,600	  
	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	  

LCOE for a Variable  Speed Turbine in a 14 MPH Wind Resource	   	   	  

	   	    	   2x O&M	   An. Output	    	    	    	    	  

	   	   40 year	   40 year 	   Et	   MWhrs	   Investment 	   O&M	   O&M	  

	   	   LCOE	   LCOE	   14 mph	    per Year	   It	   $/MWhr	   An. Total	  
Model 3009-12.375% Solidity 	   $0.0307	   $0.0365	   242,961	   243	   $163,823	   $5.50	   $1,337	  
Model 3009 - 16.5% Solidity	   $0.0339	   $0.0409	   234,047	   234	   $171,057	   $7.00	   $1,638	  
Model 2005 - 24.75% Solidity 
(N=4)	   $0.0455	   $0.0535	   161,348	   161	   $161,145	   $8.00	   $1,288	  
Model 1504 - 24.75% Solidity 
(N=3)	   $0.0535	   $0.0635	   132,980	   133	   $150,314	   $10.00	   $1,330	  
Model 1504 - 33% Solidity 	   $0.0755	   $0.0915	   99,894	   100	   $156,423	   $16.00	   $1,600	  

 

	   	   Variable Speed - 40 yr	   Single Speed - 40 yr	   Variable / Single Sp.	  
	   	   1x O&M	   2x O&M	   1x O&M	   2x O&M	   1x O&M	   2xO&M	  

Model 3009-12.375% Solidity 	   $0.0307	   $0.0365	   $0.0278	   $0.0328	   110.4%	   111.3%	  

Model 3009 - 16.5% Solidity	   $0.0339	   $0.0409	   $0.0385	   $0.0448	   88.1%	   91.3%	  
Model 2005 - 24.75% Solidity 
(N=4)	   $0.0455	   $0.0535	   $0.0424	   $0.0496	   107.3%	   107.9%	  
Model 1504 - 24.75% Solidity 
(N=3)	   $0.0535	   $0.0635	   $0.0523	   $0.0613	   102.3%	   103.6%	  

Model 1504 - 33% Solidity 	   $0.0755	   $0.0915	   $0.0818	   $0.0962	   92.3%	   95.1%	  
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These results were somewhat surprising. Only the 16.5% solidity turbine would be more 
cost beneficial as a variable speed turbine versus the same version as a single speed 
turbine. 
 
One of the key assumptions that drives down the benefits of the variable speed/direct 
drive technology is that the power electronics needed for the variable speed system will 
cost an initial $15,000 more per turbine at the beginning with replacements having to 
occur every ten years over the 40 year life.  The LCOE for the variable speed would be 
better if the assumption was made that the cost of the electronics would drop by half 
every ten years.    
 
Based on these results, WHI will first pursue the development of a 24.75% solidity 
turbine with 3-blades on its Model 636G Linear Array Vortex Turbine System with a 
single speed generator and gearbox-belt drive train.   It will then experiment with direct 
drive and variable speed technology on this smaller turbine (rotor swept area = 636 
square feet) in both 24.75% (3 blades) and 16.% solidity (2 blades) .  If the results mimic 
the computer modeling, WHI will likely advance the Model 3000 as a prototype with the 
ability to switch the number of blades from 3 to 4 and test both a 12.375% and a 16.5% 
version of the turbine.   If the 12.375% works as predicted, WHI will likely advance the 
single speed version of this turbine unless the cost benefit including expected durability 
work well for a turbine model with direct drive and variable speed technology.  
 
Note: These LCOE results do not reflect cost of financing or discount rates that are used 
in many LCOE studies.  The 2009 NREL Report on Wind LCOE’s12  shows that LCOEs 
can vary tremendously based on the assumptions used with these variables.  The below 
3 cents per kWh predicted LCOE shows it to be at the bottom end of cost per kWh scale 
for all the variations the researchers explored.  
 
TASK 3. Evaluation of the drag in the WHI 1500 and extended WHI 1500 models (Tasks 
3.1 and 3.2) 
 
The designs of the blade arm fairing and blade arm connections, distance between rotors and 
placement of upwind columns will reduce drag and improve efficiency so that the theoretical 
Cpmax improves from .30 to .495. 

3.1  Lenticular Fairing Drag Coefficients Calculation 
 
As outlined by the series of experiments in Appendix II Project Outcomes 3.1, lower 
relative blade arm thickness results in lower drag coefficients. However, for a fixed 
thickness value, a smaller relative thickness means a longer chord length. The drag force 
is proportional both to Cd and chord length (with same wind velocity and density). 
Which shape and dimensions causes the lower drag, was determined using CARDAAV 
in the following section. 
 
3.2  Blade Arm Drag Calculations  
 
Based on the analysis detailed in Appendix II Project Outcomes 3.2, the NACA0030 
would produce the lowest parasitic drag at high wind speed, but at low wind speed, the 
NACA0025 would be slightly better. 

                                                             
12“Wind  Levelized  Cost  of  Energy:   A  Comparison  of  Technical  and   Financing  Input 
 Variables”    Karlynn  Cory  and  Paul  Schwabe, NREL  Oct. 2009 
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For the WHI 3000, changing the blade arm fairing from a lenticular cross-section with t/c 
= 26.79 % at c/2 to a NACA0030 would reduce the amount of power loss due to the 
parasitic drag of the blade arms by an average of 14.83 % over the wind speeds range of 
14.54 mph to 64.87 mph. Changing for a NACA0025 would reduce the amount of power 
loss by an average of 14.18 %.  
 
For the WHI 1500, changing the blade arm fairing from a lenticular cross-section with t/c 
= 26.79 % at c/2 to a NACA0030 would reduce the amount of blade arm induced power 
loss by an average of 13.09 % over the wind speeds range of 20.13 mph to 64.87 mph and 
by 12.95 % for a NACA0025. 
 
However, in term of maximum power coefficient, the use of a NACA0025 would 
represent an increase of 0.5418 % for the WHI 3000, compared to 0.5361 % for a 
NACA0030. For the WHI 1500, the use of a NACA0025 would represent an increase of 
0.2253 % in maximum power coefficient, compared to 0.2024 % for a NACA0030.  
 
To view Figures 18 and 19 concerning the power loss for different blade arm cross-sections, see 
Appendix II Project Outcomes 3.2. 
 
The choice of which fairing to use will in part depend on the objectives of the customer.  
Some wind farms will have an incentive to maximize energy production in the lower 
wind speeds, which could result in their choosing to use blade fairings with the 
NACA0030 shape. Most customers will choose the most efficient design and thus the 
NACA0025 fairing shape.  
 
3.3   Evaluation of the changes to fairing and blade end design  
 
As seen in the results presented in Figures 20 and 21 found in Appendix II Project 
Outcomes 3.3, the WHI 1500 using properly sized endplates at both extremities of the 
blades could increase the maximum efficiency (power coefficient) by 1.77 %. For the 
WHI 3000, the maximum efficiency could be increased by 6.24 %).  This would increase 
Cpmx for the Model 3000 – 16.5% solidity turbine from .495 to .526, which brings it quite 
close the Betz Limit for this solidity rotor. The greater sensitivity to blade tip effect for 
the WHI 3000 could be explained by the wider rotor aspect ratio (diameter/height ratio) 
compared to the WHI 1500.   These results show the importance of blade end design. 
 
3.4  Simulation of an array of three VAWTs with different placements of columns  

 
In Table 10 the power coefficients are reported for both cases, as well as the case without 
columns.  In Case 1, the columns are placed in front of the gap between the two rotors. 
In Case 2, the columns are placed directly in front of the center of the rotor.  
 
 

Table 10: Power coefficient comparison for both column placements. 

TSR Case 1 Case 2 Without Column 
2.0 0.2402 0.239 0.241 
2.5 0.4265 0.4287 -- 
3.0 0.4898 0.4954 0.496 

As seen in the table, both column placements give similar power coefficient values. 
However, case 1 provides a slightly higher value of the power coefficient than case 2.  
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The torque on 1 blade is compared for all cases. Figures 32 and 33 show plots of the 
torque as a function of azimuth angle for a single blade at TSR = 2 and 3, respectively. 
Note that the azimuthal angle is measured in the clockwise direction, where the zero 
value is at the bottom, which is when the blade is facing the wind. It can be seen that the 
columns in front of the blade (case 2) affects the torque near 90 degrees as expected. 
From these plots, this effect is nevertheless very small. The larger effects are seen at the 
azimuthal angle of 180 and 250 degrees. At 180 degrees, the blade in case 2 has a higher 
negative torque than the other 2 configurations. At 250 degrees, case 2 gives a higher 
torque. Nevertheless the torque curves for all the cases are very similar. Note that the 
meshes a very different in all cases ranging from 3 to 5 million elements.   
 

 
Figure 31: Comparison of torque on 1 blade for all cases at TSR = 2. 

 
 

Figure 32: Comparison of torque on 1 blade for all cases at TSR = 3. 

3.5 Determine the relationship between turbine aerodynamic performance, wind 
direction and rotor spacing. 
 
3.5(a) Effect of Wind Direction on Rotor Performance 
 
Case 1 - Co-Rotating Rotors 
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After reviewing figures 35- 41 in Appendix II Project Outcomes 3.5, one possible 
explanation for the increase in the power coefficient values for northerly wind directions 
is as follows. It can be seen that with an increase in wind direction, the advancing blades 
(moving into the wind) of a rotor encounter turbulent wake of adjacent rotor blades. 
Moreover, it can also be seen that for higher values of positive (southerly) wind 
direction angles [Figures 36a and 36b], the blades experience an increased angle of attack 
in the advancing half and therefore increased separation and lower values of power 
coefficient. In contrast, the negative values of wind direction (northerly) angles [Figures 
35c and 35d], result in decreased angle of attack in the advancing half and therefore 
decreased separation and thus higher values of power coefficient. This important 
finding suggests that the turbine could be sited to take advantage of the northerly wind 
(with reference to the 3-rotor turbine axis) and thus, preserve the omni-direction 
advantage of VAWT in an overall sense.  
 
Case 2- Counter-Rotating Rotors (WHI 3000) 
  
CFD simulation results for the case of counter-rotating rotors configuration or the WHI 
3000 multiple rotors model are presented in Figures 41 through 46 located in Appendix 
II Project Outcomes 3.5. The power coefficient CP history (time) plots show that south-
westerly wind directions introduce a lag in CP values, while north-westerly directions 
show an opposite trend. In addition, it is seen that a smaller value of north-westerly 
wind direction tends to increase the average power coefficient CP to within 1 %, which is 
seen to diminish with increasing north-westerly wind directions.  
 
3.5(b) Spacing Study for Multiple WHI 3000 Turbines 
 
Analysis at TSR=2 
 
Though the values of the CP are similar the torque on the blades during a full rotation 
are different. For the spacing H0 and 3H0 identical curves are observed while the torque 
curve for the spacing 0.75 H0 is different in the last quadrant. This difference does not 
affect the overall CP, but does indicate an effect of the proximity of the blades. 
 
For more information on the Analysis of TSR=2 and to view the Variation of Torque of the blade 
vs. azumuthal angle, see Appendix II Project Outcomes 3.5(b). 
 

Analysis of Different Rotation Speed of the Top and Bottom Rotors 
 
In an attempt to understand the decrease of CP at TSR = 2 between 1 and 3 rotors, a 
simulation with the top and bottom rotors at a slower speed was performed. The 
rotation speed was reduced to 5 rpm for the top and bottom rotor, but was maintained 
to the middle rotor to the original 29 rpm. The distance between the turbines was keeps 
as the original H distance. The CP calculation for the middle rotor gave a value of 0.257. 
This indicates that at TSR = 2, the vortex effect is very week and the blockage effect does 
reduce the CP. Note that this conclusion is restricted to this large turbine type (WHI 
3000) and for TSR = 2. From Figure 54, we see that the main difference between the 
curves is in the last quadrant, when the blades from the middle rotor and the bottom 
rotor get closer to each other. 
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Figure 54: Variation of Torque (Nm) of the blade vs. azimuthal angle for turbines with 

different rotating speeds. 

Analysis for TSR = 3 
 
Figure 56 in Appendix II shows that for TSR = 3, the curve is wider in the region where 
the blades get closer to the neighboring rotor, i.e. in the second and forth quadrants.  
Note that at TSR = 3, the maximum angle of attack of the blades is smaller. This may 
indicate why the curve for TSR = 2 fall rapidly at around the angle of 100 degrees.  
 
 
To view the Variation of Torque of the Blade vs. azimuthal angle and the calculation comparing 
TSR=2 and TSR=3, see Appendix II Project Outcomes 3.5(b).  
 

TASK 4. Torque Limiting Pitch Analysis (4.1, 4.2 and 4.3) 
 
The final computer modeling runs and resulting information will allow WHI to finalize its blade 
pitch angles to within 1 degree of the ideal in higher wind speeds.  
 
A summary of the results for wind speed increments of 2 mph is listed in Table 17. 
Please note that the variables P_wo and P_wp in Table 17 stand for power without and 
with pitched blades, respectively. As one would expect intuitively, an increased pitch is 
required at higher wind speeds to limit the power and hence the turbine torque. The 
results indicate that the blade pitch must vary from 6.5 degrees at 24 mph to 14 degrees 
at 60 mph to keep maximum power output below 75 kW. 
 
Given that the blade pitch to achieve a torque limitation at 75kW is less than 1 degree, 
the objective of this Task has been met.  
 
See Appendix II Project Outcomes 4.1-4.3 for a comparison of the output power for the WHI 
3000 wind turbine with and without torque limiting blade pitch in Figures 57 and 58. 
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Table 17: Results of the torque limiting pitch analyses at 2 mph increments. 

Wind speed P_wo Pitch P_wp 
mph m/s kW deg. kW 

14 6.26 -2.63 0.00 -2.63 
16 7.15 9.41 0.00 9.41 
18 8.05 24.19 0.00 24.19 
20 8.94 42.39 0.00 42.39 
22 9.84 64.44 0.00 64.44 
24 10.73 91.0 6.50 74.47 
26 11.62 116.0 9.25 74.79 
28 12.52 139.0 9.85 74.80 
30 13.41 167.0 10.65 74.85 
32 14.31 193.0 11.30 74.74 
34 15.20 217.0 11.85 74.94 
36 16.09 231.0 12.25 74.82 
38 16.99 238.0 12.55 73.97 
40 17.88 243.0 12.70 74.72 
42 18.78 246.0 12.80 74.91 
44 19.67 248.0 12.95 74.31 
46 20.56 250.0 13.10 74.31 
48 21.46 251.0 13.20 74.74 
50 22.35 252.0 13.35 74.59 
52 23.25 253.0 13.45 74.75 
54 24.14 257.0 13.60 74.94 
56 25.03 259.0 13.75 74.08 
58 25.93 265.0 13.90 74.80 
60 26.82 266.0 14.00 74.30 

 
Detailed results of the blade lift, drag and pitching moment are provided in the accompanying 
MS Excel file titled “Torque-limiting-analyses-data.xls.” More information on this file can be 
found in Appendix II Project Outcomes.   
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Conclusions 

 
This project, carried out by Iopara Inc. as a contract project for Wind Harvest 
International Inc. was completed successfully and provided detailed results that will 
help improve the efficiency in the design of WHI’s latest straight-bladed vertical axis 
wind turbine and create a “torque limiting” device that operates by pitching the blades 
to limit torque on the generator as wind speeds increase.  
 
Among the different rotor solidities analyzed as part of the solidity parametric study, a 
rotor solidity of 16.5 % would provide the highest power coefficient (CP = 49.38 % at TSR 
= 3.01, with coupled vortex effect). One should also mention that the performances of 
the different rotor solidities of the WHI 3000 were calculated using the same interference 
factors, calibrated for the rotor solidity of 16.5 %. Calibration of the interference factors 
for the other rotor solidities would require additional CFD simulations. 
 
The evaluation of the different solidity turbine options from a Levelized Cost of Energy 
12.375% solidity version of the Model 3000 Linear Array Vortex Turbine Systems 
(LAVTS) would result in the lowest price per kWh produced.  This is largely the result 
of lower cost of having only 3 blades per turbine instead of four.  There are 25% fewer 
blade arms, blade end connections, blades, a smaller shaft and less costs involved in its 
installation than in the four bladed, 16.5% solidity turbine.  
 
The LCOE shows that the 12.375%, 16.5% and 24.75% solidity model turbines will all 
have very competitive energy costs in a 14 mph wind, which is about the lowest wind 
resource in which commercial wind farm-based turbine are installed.   The 12.375% 
Model 3000 comes in with an LCOE of less than 3 cents per kWh.   
 
Concerning the drag evaluation, the analysis showed similar trends for the WHI 1500 
and extended WHI 1500 (WHI 3000).  The main difference in the results between the two 
rotors was the smaller parasitic drag values for the WHI 1500 due to the shorter struts. 
The results also showed that NACA0030 shaped fairings would offer the lowest 
parasitic drag among the different cross-sections analyzed. If a lenticular cross-section is 
to be used (e.g. for economic reasons), a t/c ratio of 18 % would be suggested.  Moreover, 
the results showed that for lenticular cross-sections of similar t/c ratios, moving the 
maximum thickness from c/2 to c/3 would be preferable. In addition, modifying the 
end of the blade arm geometry to act as properly sized endplate would further increase 
the power produced by the turbine, especially for the WHI 3000 model.  
 
From the column placement analysis, it appears that there is no significant change in the 
power coefficient for the cases with or without columns. This conclusion is based on the 
calculation of the power coefficient for 2 different TSR and by analyzing the torque for 1 
blade in each configuration. This work was done for the WHI 3000 turbine, but the 
conclusions reached should also be applicable for the WHI 1500 turbine. 
 
The effect of wind direction was also investigated for a 3-rotor configuration. The results 
presented predict that north-westerly wind directions can result in a slight increase in 
the power coefficient for both the co-rotating and counter-rotating rotor configurations. 
This increase is more in case of the co-rotating rotors. The power coefficient CP history 
(time) plots show that south-westerly wind directions introduce a lag in CP values, while 
north-westerly directions show an opposite trend. The results suggest that the turbine 
could be sited to take advantage of the northerly wind (with reference to the 3-rotor 
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turbine axis) and thus, preserve the omni-direction advantage of vertical axis wind 
turbines in an overall sense.  
 
The CFD simulations of different turbines spacing were able to identify some particular 
behavior of the WHI 3000. The distance between rotors up to 3H has no influence on the 
CP. At TSR = 2 the vortex effect is very weak. The blockage effect of the bottom rotor is 
dominant and reduced the CP. It may be beneficial to have only pairs of rotors but this 
has not been investigated. At TSR = 3 the vortex effect is strong. 
 
These new research findings will benefit the design of WHI’s turbines and result in a 
more efficient and cost-effective turbine.  It validates the turbines potential to be able to 
utilize the near-ground wind resource in commercial wind farms and meet the LCOE 
price objectives.   Just about every wind farm in California has 13.5 mph or better 
average annual wind speeds at 10 meters above ground and all could double or more 
their energy production.  If Dr. John Dabiri’s research13 on the studies of VAWT densities 
in wind farms proves true, California’s existing wind farms can increase their annual 
energy output by 5-10 times what they produce now.  
 
With existing wind farms being sited near transmission lines and with lower 
infrastructure costs involved in the land already purchased and fencing and roads 
already installed, the benefits of LAVTS installed in wind farm understories should be 
enormous.  California and the world will benefit from lower cost wind energy.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                             
13 John O. Dabiri, “Potential order-of-magnitude enhancement of wind farm power density via 
counter-rotating vertical-axis wind turbine arrays”, published online 19 July 2011. 
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Recommendations 
 

This CEC EISG grant has already been instrumental in advancing the design of the next 
iteration of WHI’s Linear Array Vortex Turbine Systems.  Because of the modeling 
results, WHI will refit its existing Model 530G array in Palm Springs with three blades 
and two blades to verify the modeling results that show the dramatic increase in 
efficiencies that these lower solidity turbines can theoretically achieve.  
 
The Model 530G turbines will be outfitted with strain gauges to collect field data used to 
verify and calibrate Iopara Inc.’s aerodynamic model. The extremely low 12.375% 
solidity version cannot be verified with the Model 530G turbines, and will have to wait 
until a larger rotor diameter LAVTS is installed.  
 
Once WHI has its Model 636G LAVTS certified and sold in the UK and Europe 
(expected to occur in 2012), WHI will use this smaller turbine to test a prototype of a 
direct drive, variable speed technology.  WHI will pursue a grant to help the 
development of this prototype, and if the results are as expected and can be cost 
effectively included in the Model 636G, a new version of this turbine will be certified 
and installed.  
 
One of the purposes of a prototype test of the variable speed direct drive technology on 
the 25 kW Model 636G is to then scale it up to the 75kW Model 3000 LAVTS.   According 
to the results of this grant’s LCOE study, the 16.6% solidity turbine, which can achieve 
the highest CPmax would most benefit from the variable speed technology that keeps 
the rotor tips speed at its optimal wind to tip speed ratio.    
 
The Model 3000 prototype will be tested with both three blades (12.375% solidity) and 
four blades (16.5% solidity).  If the three blade prototype performs as predicted by the 
modeling, it may not be cost effective to install a direct drive device as a simple single 
speed version will do remarkably well.   
 
One of the key next steps will be the patenting and development of a torque limiting 
device that can pitch the blades to the optimum angle to prevent the turbine’s generator 
from burning out in wind speeds greater than 25-30 mph.  This will be critical in creating 
a version of the turbine that will perform well in Capacity Factor improvement projects 
where the substation of a wind farm does not increase in size, meanwhile 25-50% more 
capacity is added to its understory with LAVTS.   
 
An additional major recommendation includes the writing of grants to fund the research 
needed to determine the following: 
 

1. How densely packed can LAVTS be installed in the understory of wind farms? 
2. How much vertical mixing do LAVTS create and how much benefit do they 

provide to downwind HAWTs by increasing the amount of high speed, higher 
altitude wind that comes down to enter their rotors? 

3. Is there any risk that LAVTS may cause turbulence problems to down wind 
HAWTs?  

4. How can a wind farm with LAVTS best be operated to the economic benefit of 
the wind farm owner and the utility?  

 
The above research will require strong financial support due to the need to obtain field 
data by developing and calibrating a three-dimensional model for wind farms of 
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varying topography and established system of HAWTs of various sizes. The benefits 
will be enormous with the promise of potentially increasing the energy output of 
California’s wind farms by 2 to 5+ times more than currently produced.  
 
Finally additional research will be needed to determine the most effective distance 
LAVTS should be installed form one another to improve the turbines’ efficiencies 
without creating additional costs. 
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Public Benefits to California 
 

California has already received benefits including economic viability and the 
development of capital from this contract, as WHI is a California-based company with 
offices and staff based instate. Preliminary reports from this grant have shown the high 
efficiency WHI’s technologies are capable of achieving by harvesting unused wind 
resources with a Levilized Cost of Energy less than $.04/kWh in a 14 mph wind 
resource.  Furthermore, WHI’s Model 636 wind turbine has been accepted into the 
United Kingdom’s National Energy Laboratories’ testing facility in Scotland in part 
because the grant funded modeling results showed the enormous potential of this 
technological innovation.  
 
Upon the success of this project and the wide-use of its high capacity factor, near-ground 
LAVTS, California will also experience the following benefits: 
 
1. Improve Wind Farm Capacity Factors. 
A problem facing the wind industry currently is the low capacity factor of wind farms 
and of the transmission lines that export the energy from them. By increasing the power 
capacity of wind farms by adding LAVTS without increasing the size of wind farm 
substations, it is conceivable to cost effectively improve substation capacity factors from 
25% to 50+% especially with the high capacity factor LAVTS. The WHI type of VAWT is 
less vulnerable to high speed turbulent winds than the HAWTs and would reduce wind 
farm repair costs by sequentially shutting down the HAWTs as wind increases beyond 
capacity while allowing the more durable LAVTS to continue to operate.  This would 
increase the life expectancy of HAWTs. This project would lead to the development of a 
high capacity factor LAVTS that could be instrumental in allowing wind farms with 
moderate near-ground wind resources to pursue this strategy, and provide the added 
economic benefit helping utilities better use their transmission line capacities.  
 
2. Exploitation of high-value wind resources that cannot otherwise be utilized due to 
height restrictions preventing the installation of HAWTs 
Concerns over the obstruction of views or aviation safety comprise the two main 
obstacles that can prevent the installation of HAWTs in potential profitable wind sites in 
the state of California. Even smaller sized, commercial wind farm HAWTs have hub 
heights higher than 100’ with most hubs at 200’ or higher with blades often extending 
another 100’ or more in height above the nacelle. WHI’s LAVTS are only fifty feet tall 
and shorter than many power line poles. They offer owners of height-restricted locations 
with good near-ground winds the opportunity to develop their resource.  Many of these 
restricted locations are outside of the four main existing wind farm development areas 
and would result in a greater distribution of the wind farms, making the assimilation of 
such projects into the grid easier without the cost of adding new transmission lines.   
 
3. An alternative to developing costly and potentially risky wind farms on new land 
The cost to zone, the development of roads to and from the wind farm site and the 
mitigation of the environment and habitat harm associated with the development of raw 
land into new wind farms all pose problems to the wind industry. Increasing the output 
of existing wind farms will allow farm developers to double the use of their invested 
capital and reduce environmental impacts from road building and the development of 
raw land.  Maintenance costs for LAVTS are expected to be competitive per MW with 
HAWTs because their components are accessible at ground level, lowering the owner’s 
costs to install, maintain, replace, and repair the turbines.  
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Overall, WHI’s turbines should result in lower energy prices to customers, reduce the 
need to develop raw land, improve transmission line capacities and contribute to the 
reduction of greenhouse gas emissions as more MWs of wind turbines are installed in 
California and around the world. 
 
An additional major benefit for California should be the development of a new, 
international firm based in the state. Almost all the investors, the founders and staff live 
in California and it is highly likely that the international headquarters will be in the 
state. Components such as the turbine controls may also be manufactured in the state.  
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Glossary 
CARDAAV: simulation and analysis software developed by Iopara Inc. with the ability to define 
and optimize configurations for H-type Vertical Axis Wind Turbines. Streamtube model and 
genetic algorithm optimizer predicts aerodynamic characteristics of straight and inclined blade 
designs, supports 1D and 3D wind models and supports skew wind conditions for rooftop 
mounted simulations.  
 
CFD: Computational Fluid Dynamics 
 
COGS: Cost of Goods Sold 
 
Cp: Power Coefficient 
 
Cp max: Maximum Power Coefficient 
 
GA: Genetic Algorithm  
 
HAWTs: Horizontal Axis Wind Turbines 
 
IRR: Internal Rate of Return 
 
LAVTS: Linear Array Vortex Turbine Systems 
 
LCOE: Levelized Cost of Energy  
 
NACA: National Advisory Committee for Aeronautics  
 
NREL: National Renewable Energy Laboratory 
 
TSR: Tip Speed Ratio 
 
VAWTs: Vertical Axis Wind Turbines 
 
WHI: Wind Harvest International 
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Appendices 
 
Appendix I Project Approach 
 
Note that the Appendices correlate to the sections of the Final Report and provide 
additional information that space limitations prevent.  
 
1.4.  Implement a variable pitch angle methodology in the model. 
 
In the Genetic Algorithm optimization technique (see Figure 1), an initial "population" 
composed of "individuals," which are solutions of the analyzed problem (which in this 
case is the performance analysis of the VAWT) at some particular, randomly selected, 
values of the optimization variables (which is in this case are variables that define the 
pitch angle schedule), is first generated.  
 
The next generation or population is then obtained on the principle of the survival of the 
fittest. However, 3 intermediate operations are typically performed by the genetic 
algorithms on the analyzed "population." These operations are: (1) "selection" (choice of 
the "individuals" for the next generation, according to a "survival of the fittest" criterion), 
(2) "crossover" (operation which allows information exchange between the “individuals” 
by swapping parts of the parameter vector in an attempt to get better "individuals"), and 
(3) "mutation" (operation which introduces new or prematurely lost information in the 
form of random changes applied to randomly chosen vector components).  
 
Like in any optimization study, an "objective function" had to be defined that is either to 
be minimized or maximized. In this study, objective is to limit the inverse of the rotor 
power, for given conditions of operation (wind speed, rotational speed). Thus, the 
objective function can be written as: 
 
                     

(1) 
 
 
Since for a Vertical Axis Wind turbine (VAWT), the local angle of attack α of a blade 
element: 
 

             (2) 

 
Contains the blade pitch angle t, the later influences the aerodynamic characteristics, the 
torque and ultimately the power output of the rotor. Since it is desirable to have a 
smooth variation [5] of the pitch angle during a complete rotation of the turbine blade, 
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the following analytical expression was considered for the blade pitch angle t with the 
azimuth angle q: 
 

                            
 (3) 

 
The optimization procedure is then used to obtain optimum values of the variables x1, x2 
and x3, such that the resulting pitch angle schedule minimizes the objective function F or 
maximizes the turbine power P. Hence, through relations (2) and (3) an indirect link is 
established between the objective function (1) and the optimization variables x1, x2 and 
x3, which control the variation of t.  
 
The genetic algorithm evolution strategy optimization package, GENIAL v1.114 was 
employed to minimize the objective function. This code includes 3 main modules, which 
perform the above mentioned operations. A number of parameters are available in each 
module to control its functioning during the optimum search process. As mentioned 
above, the coefficients x1, x2 and x3 of the pitch variation function (3) were used as 
optimization variables. Their values were subjected to certain constraints, to avoid any 
possible mathematical invalidity and to keep the pitch angle within reasonable or 
practical (technically feasible) limits. 
 
As a first step, an optimization tool15 was developed that included both GENIAL and 
CARDAAV (in-house analysis code for VAWTs). Error! Reference source not found. shows 
a flow chart of the optimization methodology. The program first reads the input 
parameters that control the optimization process, namely those that are frequently 
changed (size of the "population" – number of "individuals", number of evaluations, 
constraints to be set on the optimization variables). For each combination of the 
optimization variables, defining a distinct "individual", GENIAL calls (using a "system 
function") PITCH, then CARDAAV, which performs the analysis of the VAWT for that 
specific variation of the blades’ pitch angle. With the turbine power, calculated by 
CARDAAV, the objective function (1) is determined and based on it, the "fitness 
function" which characterizes that "individual" is obtained. Depending on its "fitness" an 
"individual" can be maintained or eliminated from the "population" during the 
optimization process. 
 
Selection, crossover and mutation are used to advance the "population" from 1 
optimization cycle to the next until the optimum or the predefined limit of evolutions is 
reached. At the end of the optimization, MAIN outputs the optimal values of the x1, x2 
and x3 variables (as found through optimization), which define the best variation law for 
the pitch angle. Corresponding to this, the performance characteristics of the turbine are 
computed and stored in a file for post-processing purposes. 
 
As the name indicates, the subroutine PITCH uses relation (3) to calculate the pitch 
angle over the entire circular trajectory of the blades, based on the values of x1, x2 and x3 
received from GENIAL. It stores the azimuthal and the pitch angles in a file where 
CARDAAV seeks this information before performing each new analysis.  
                                                             
1 H. Widell, “Genial 1.1, a Friendly Function Optimizer based on Evolutionary Algorithms”, 
Available: http://www.hjem.get2net.dk/widell/. 
15 I. Paraschivoiu, F. Saeed and V. Desobry, “New Algorithms for Wind Turbine Performance 
Prediction and Optimal Design,” International Symposium on Transport Phenomena, Victoria, British 
Columbia, 2009. 
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Figure 2: Flow chart showing the GA based optimization procedure16. 

 
 

                                                             
16 V. Desobry, “Aerodynamic Performance of Darrieus Vertical Axis Wind Turbines,” Final 
Report, Mechanical Engineering Department, École Polytechnique de Montréal, August 2002.  
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3.1 Lenticular Fairing Drag Coefficients Calculation 
  

 
Figure 2: CFD parameters. 

 
 
The drag coefficients for the lenticular fairing were evaluated for a range of Reynolds 
numbers using CFD using the following method: 
 
1.  For purpose of validation and calibration, a CFD model was designed for a reference 
airfoil, the NACA0018 and the drag coefficients were computed for a range of Reynolds 
number relevant to the operating range of the WHI turbines.  The results were compared 
with experimental data from Sandia National Laboratories 17. Different viscous models 
were tested and the numerical model was adjusted to achieve the best accuracy.  

                                                             
17 R. E. Sheldahl and P. C. Klimas, “Aerodynamic Characteristics of Seven Airfoil Sections 
Through 180 Degrees Angle of Attack for Use in Aerodynamic Analysis of Vertical Axis Wind 
Turbines,” Tech. Rep. SAND80-2114, Sandia National Laboratories, Albuquerque, New Mexico, 
March 1981. 
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The laminar viscous model only works for fully laminar flows, which is not the case 
here. Transition models designed for transition flow, such as “Transition k-kl-ω”, work 
well starting from intermediate Re (10E6), but not for very low Re (1000 - 160,000), which 
we need in our case. The Spalart-Allmaras (S-A) model, which is often use for wind 
turbines and airfoils, works well for all Re, but is designed for turbulent flow as it 
considers the whole boundary layer as turbulent, thus it would overestimates drag in 
transition flow. 
 
Further to our experiments, we concluded that the most accurate method for evaluating 
the drag of the lenticular fairings, in the given low Re range, is to use the Spalart-
Allmaras viscous model with a constant correction factor in order to offset the error 
caused by considering the whole boundary layer turbulent.  
 
With the reference values presented in Figure 2 and a chord length of 0.332 m (13 1/14 
in), the given Reynolds numbers cover a velocity range from 0.044 to 88 m/s, which fits 
the relative velocities on the fairings at different TSR values. 
 
The present fairing profile has a relative thickness (e) of 26.79 %, with a maximum 
thickness at c/2 (50 % of the chord length). The geometric parameters of the tested 
fairings are presented in Figure 3, with NACA0030 shown above and NACA0025 shown 
below. 
 
 

 
Figure 3: Fairing profiles geometries. 

 
 
3.4 Simulation of an array of three VAWTs with different placements of columns 
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Case 1 - Columns are Placed in Between Rotors 
 
Figure  4 shows a close up of the mesh used. The column is visible as a black circle on 
the left side of the figure. The number of elements and nodes are given in Table 5. The 
elements are concentrated on the blades.  
 
The flow simulation parameters used for the CFD runs are reported in Table 5 for case 1. 
 
 

 
Figure 4: Columns are placed in between rotors. 

 
 

Table 5: Flow Simulation parameters for case 1 

Version Double precision 
Viscous Model Spalart-Allmaras (1 equation) 
Solver Unsteady 2nd order implicit 
Number of elements 3,002,279 
Number of nodes 3,019,012 

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 to run the simulation 8 
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Figures 6 and 7 show iso-contours of average x component of velocity obtained for TSR 
= 3. The color label gives the values of velocity. In Figure , the wake behind the column 
is visible. This wake reduces the wind velocity that reaches the blades and will decrease 
the overall power coefficient.   
 
 

 
Figure 6: Time average x velocity iso-contours for an array of 3 turbines with columns placed 

in between rotors. 

 
 

 
Figure 7: Velocity iso-contours around one column for case 1. 

 
 
The time history of the power coefficient as a function of iteration number for 3 TSR 
calculations are reported in Figures 8a, 8b & 8c. To obtain the periodic state at least 5000 
iterations are needed for TSR = 2 and TSR = 2.5. For TSR = 3, the total number of time 
steps needed was 14,000. The average power coefficient is calculated in the 500 
iterations. The simulation of case 1 takes around 3 days to run 1,000 time steps on an 8 
processors cluster network. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 8: Power coefficient as a function of number of iterations: 
a) at TSR = 2, case 1; b) at TSR = 2.5, case 1; c) at TSR = 3, case 1. 
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Case 2 - Columns are Placed in Front of Rotors 

 
Figure 9: Columns are placed in front of rotors. X coordinates of the column axis is 1.08 rotor 
radius with respective to rotor axis. 

 
 

The flow simulation parameters for case 2 are listed in Table 6. The same parameters are 
used except that the mesh is now different. In this case we had to use 5 million elements 
to mesh this geometry due to the proximity of the columns to the rotating domain. This 
mesh is almost double than the mesh used for case 1, but the mesh around the blades is 
similar. 
 
 
Table 6: Flow Simulation parameters for case 2 

Version Double precision 
Viscous Model Spalart-Allmaras (1 equation) 
Solver Unsteady 2nd order implicit 
Number of elements 5,057,162 
Number of nodes 5,080,926 

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 to run the job 16 

 
 

Figures 11 and 12 show the time average values of the x component of velocity for the 
case of TSR = 3. Due to the proximity of the rotating domain, the wake looks 
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compressed. This is mainly a visual effect related to the interface region between the 
rotating mesh and the fixed mesh.  

 
Figure 11: Average x velocity iso-contours for case 2. 

 
 

 
Figure 12: Close up of the average x velocity for one column for case 2. 
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The power coefficient as a function of time is reported in Figures 13a, 13b & 13c for 
calculations at 3 different TSR values. 
 

 
(a) 

 
(b) 

 

 
(c) 

 
Figure 13: Power coefficient as a function of number of iterations: 

a) at TSR = 2, case 2; b) at TSR = 2.5, case 2; c) at TSR = 3, case 2. 
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3.5(a) Effect of Wind Direction on Rotor Performance  
 

 
Figure 14: The computational domain illustrating the co-rotating configuration and wind 
direction angle γ. 

 
Unsteady flow simulations using the Reynolds Average Navier-Stokes equations 
coupled with the Spalart-Allmaras turbulence model were performed. The computations 
were performed on a High Performance Computing (HPC) at King Fahd University of 
Petroleum & Minerals. The HPC houses a high-end 128 compute-node e1350 IBM 
eServer cluster. Each compute node of the cluster is dual-processor having two 2.0 GHz 
x3550 Xeon Quad-core E5405 processors totaling a massive 1024-core cluster system. Use 
of quadrilateral cells and O-type topology were used to mesh the turbine blades, rotors 
and the computational domain. Figure 15 shows the different views of the 
computational grid around the turbine. Initially the first-order upwind schemes were 
used in conjunction with a relaxation factors between 0.4 - 0.7. After 1400 - 1500 
iterations, the second-order discretization schemes were employed. The convergence 
criteria used to monitor solution convergence was based on a 2 to 3 order of magnitude 
drop in the value of the residuals of mass, momentum, energy and turbulent viscosity.  
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Table 7: Flow simulation parameters 
Rotor Configuration 

Number of blades 4 
Blade chord 0.975 m 
Rotor Diameter (2R) 23.88 m 
RPM (Rotational speed) 29 (3.03687 rad/s) 
Tip speed ratios TSR (Wind speed) 2 (18.13 m/s) and 3 (12 m/s) 

CFD Data 
Version Double precision solver 
Viscous model Spalart-Allmaras (1 equation turbulence model) 
Solver Unsteady 2nd order implicit 
Number of cells (typical case) 320,987 (2 million after adaption) 
Number of nodes (typical case) 329,309 (2 million after adaption) 
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-6 

x-velocity 1e-6 
y-velocity 1e-6 

Nut 1e-6 
Time step size 0.003 
Number of processors used  8 
No. of iterations / time step 30 – 60 
Average CPU Time/ time step 120 sec 
Time steps (variable) 3500 - 6500 
Computational time per case 120 – 220 hours (excluding post-processing) 
 
 
Starting with a coarse mesh, grid adaption at the solid boundaries was performed to 
achieve wall-adjacent cell height values of y+ ~ 30 as suggested by mesh guidelines for 
near-wall modeling approach. Typical coarse grids were of the order of 0.2 million cells. 
Adapted grids typically consisted of approximately 2 million cells. The key features of 
the numerical model are listed in Table 7. The average CPU time per iteration listed in 
Table  is based on 4 simultaneous computations on 8 compute nodes the HPC cluster, 
where each compute node is dual-processor having two 2.0 GHz x3550 Xeon Quad-core 
E5405 processors and 4 GB of RAM. The average time for each CFD run including its 
post-processing is around 2 weeks. 
 
Figure 15 shows the details of the computational mesh used in the study where the 
entire domain is shown in Figure 15a. Mesh details of a single rotor are shown in Figure 
35b whereas the mesh around the blades is shown in Figures 15c to 15e. Figure 15e 
shows grid refinement in regions around the blades and in between the rotors as 
compared to Figure 15d to allow more accurate resolution of flow gradients. 
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 (a)       (b) 

 

 
(c)      (d) 

 
Figure 15: Details of the computational mesh used in the study. 

 
 

(e) 
 
Figure 15 (continued): Details of the computational mesh used in the study. 
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3.5(b)  Spacing study for multiple WHI 3000 turbines 
 
 

 
Figure 16: Schematic of an array of 3 WHI 3000 turbines indicating the spacing H. 

 
Table 8 summarizes the parameters for the calculation used. Three calculations are 
performed with 3 different values of the spacing: H = 0.75H0, H = H0 and H = 3H0. The 
results for a single rotor with a time step of 0.003 and second order simulations are also 
reported in the table. 

Table 8: Parameters used for the flow calculations. 

Version Double precision 
Viscous Model Spalart-Allmaras (1 equation) 
Solver Unsteady 2nd order implicit 
Number of elements (2.87M)(2.87M) (3.29M) 
Number of nodes (2.89M)(2.89M)(3.30M) 

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 to run the simulation 8 
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Analysis of Different Rotation Speed of the Top and Bottom Rotors 
 
In an attempt to understand the decrease of CP at TSR = 2 between 1 and 3 rotors, a 
simulation with the top and bottom rotors at a slower speed was performed. The 
rotation speed was reduced to 5 rpm for the top and bottom rotor, but was maintained 
to the middle rotor to the original 29 rpm. The distance between the turbines was keeps 
as the original H distance. The CP calculation for the middle rotor gave a value of 0.257. 
This indicates that at TSR = 2, the vortex effect is very week and the blockage effect does 
reduce the CP. Note that this conclusion is restricted to this large turbine type (WHI 
3000) and for TSR = 2. From Figure 55 we see that the main difference between the 
curves is in the last quadrant, when the blades from the middle rotor and the bottom 
rotor get closer to each other. 
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Appendix II Project Outcomes 
 
1. Prepare the computer programs to compute the pitch angle parametric results. 
 
2.1.Calculate CP vs. TSR for different solidities. 
 
The variation in rotor solidities was obtained by modifying the rotor radius through a 
change in the length of the outer blade arms. Hence, the length of the inner blade arm, 
blade chord and the position of the attachment points of the support cables on the lower 
blade arm remained at their original values.   
 
Concerning the operational characteristics, in order to maintain the same centrifugal 
force in the blades for all rotor solidities, the rotational speed of the rotors were modified 
depending on the rotor radius and the blades’ centrifugal force of the WHI 3000 with a 
rotor solidity of 16.5 % was used as the reference value. Table 2 presents the values of 
the variable geometric parameters and rotational speeds associated with each rotor 
solidity.  
 
Table 2: Geometric and operational characteristics for different rotor solidities. 

Rotor solidity 
(%) 

Rotor radius 
(m) 

Swept area 
(m2) 

Rotational speed 
(rpm) 

12.375 15.76 372.82 25.24 
16.50 11.82 279.62 29.15 
24.75 7.88 186.41 35.70 
33.00 5.91 139.81 41.22 

 
 
Recent CFD analysis of the WHI 3000 in a close proximity linear array (Figure) showed 
that the coupled vortex effect influences the torque generated by the blades on the 
upstream and downstream half of the rotor.  
 
 

 
Figure 1: Comparison of torque on 1 blade for a single rotor and an array of 3 rotors for the 
WHI 3000. 

 



 59 

Based on this result, 2 amplification factors were considered in order to account for the 
effects on performance related to the coupled vortex effect, 1 for the upstream velocity 
distribution (reaching the upstream half of the rotor) and 1 for the downstream velocity 
distribution (reaching the downstream half of the rotor). The amplification factors were 
applied on the velocities in the form of a 2nd degree polynomial (i.e. a parabolic 
distribution). A concave distribution was used for the upstream velocities (Figure 2a) 
and a convex distribution was used for the downstream velocities (Figure 2b). 
 
 

 
(a) 

 
(b) 

 
Figure 2: Parabolic distribution of the amplification factors: 

a) on the upstream half of the rotor; b) on the downstream half of the rotor. 

The amplification factors for the WHI 3000 were calibrated based on the fine mesh CFD 
results and a linear amplification factor corresponding to equation 5 was applied on the 
upstream velocities and a fixed amplification factor of 1.05 was applied on the 
downstream velocities. 
 
As we may see from Figure, those amplification factors provide a good agreement 
between the CARDAAV and CFD results for the rotor solidity of 16.5 %. However, one 
should mention that those amplification factors were also used for the other analyzed 
rotor solidities and additional CFD computations would be required to calibrate the 
amplification factors for those other solidities. 
 

famplification = 0.1·(V∞ + 1.65), where V∞ is in m/s   (5) 

 
Figure 3: Power coefficient (CP) vs. tip-speed ratio (TSR). Comparison between CFD and 
CARDAAV results. 
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2.2.  Use computer model to calculate energy output. 
 
Summary Information for Levelized Cost of Energy Analysis: 
 

Rotor 
solidity 

No. of 
blades 

Rotor 
Diameter 

Rotor 
Diameter  

Blade   
Length 

Swept 
area 

Swept 
Area 

Rotational 
speed 

TIP 
Speed 

(%)   m ft ft	   m sq ft RPM MPH 

12.375% 3 23.6 77.57 38.776 278.5 3007.9 25.2 69.8 
16.501% 4 23.6 77.57 38.776 278.5 3007.9 29.0 80.3 
24.75% 4 15.8 51.72 38.776 185.7 2005.5 35.7 65.9 
25.75% 3 11.8 38.79 38.776 139.3 1504.1 41.2 57.1 

33% 4 11.8 38.80 38.776 139.3 1504.5 35.7 49.5 
 
 

3.1 Lenticular Fairing Drag Coefficients Calculation 
 
Once the CFD model was adjusted, the same layout and settings were used for the 
lenticular fairing. Again, the Cd was computed for a relevant range of Reynolds number 
and the results were compared to the CFD results of the NACA0018, in order to evaluate 
the aerodynamic performance of this profile in comparison with a reference airfoil.  

 
The following figures summarize the results of these simulations. 
 
 

 
Figure 9: NACA0018 compared to WHI drag coefficient (Cd) vs. Reynolds number (Re) 
(logarithmic scale), CFD values with correction factor. 
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We can see in Figure 9 that the drag coefficients of the WHI fairing (t/c = 26.8 % at c/2) 
are substantially higher that the NACA0018, about 48 % higher in average. This 
variation is mainly due to the higher relative thickness that causes separation by 
increasing pressure gradients.  
 
In order to assess the influence of relative thickness, we simulated a modified lenticular 
shape with a relative thickness of 18 %, which is the relative thickness of a NACA0018. 
The maximum thickness in this case is at c/2 as the current WHI fairing shape. The drag 
coefficients of the modified design were computed and the results were compared with 
the reference airfoil. Figure  presents the results of this simulation. 
 

 
Figure 10: WHI 18 % c/2, NACA0018, WHI 26.79 % c/2, drag coefficient (Cd) vs. Reynolds 
number (Re (logarithmic scale), CFD values with correction factor. 

 
We can see in Figure 10 that the lenticular profile with 18 % relative thickness at c/2 has 
a Cd very similar to NACA0018. Its Cd is actually 2 % lower in average. 

 
Following the previous experiment outlined in Appendix II Results 3.1, in order to 
assess the influence of maximum the thickness point, we simulated a modified lenticular 
shape with a relative thickness of 18 %, with the maximum thickness at c/3 similarly to a 
NACA airfoil. The drag coefficients of the modified design were computed and the 
results were compared with the reference airfoil. Figure  presents the results of these 
simulations. 
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Figure 11: WHI 18 % c/3, NACA0018, WHI 26.79 % c/2, WHI 18 % c/2, drag coefficient (Cd) vs. 
Reynolds number (Re) (logarithmic scale), CFD values with correction factor. 

 
We can see in Figure 11 that the lenticular profile with 18 % relative thickness at c/3 has 
a Cd very close to NACA0018. Its Cd is actually 3 % lower in average. 
 
In Figure 12, we can observe the velocity distribution along the different tested profiles. 
The blue color refers to zero velocity. In Figure 12a, corresponding to WHI current 
fairing profile (26.79 %, c/2), the wake is stronger since the flow is slowed down more, 
as it is illustrated by the significant blues area around the trailing edge. Figure 12b 
displays the modified lenticular profile (18 %, c/2). We can clearly observe the reduction 
in the wake with a smaller blue area; the reduction is even more evident in Figure 12c 
referring to the second modified profile (18 %, c/3).  
 
Strong pressure gradients will cause the flow to detach. A smaller relative thickness 
causes smaller pressure gradients and thus reduces separation. Moreover, if the 
maximum thickness is located closer to the nose of the profile, then for similar chord 
length, the flow has more length to reattach. This is why the 18 % at c/3 profile gives 
better results, although the variation between profiles of equal relative thickness is very 
small, as seen in Figure 13. 
 
The flow for 18 % at c/2 is very similar to the NACA0018, as it can be observed in Figure 
12d, since the dimensions are the same except that it has a sharper nose. In our 
simulations, for the same relative thickness, profiles with a sharp nose appear to have a 
slightly lower drag than the NACA airfoil.   
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure 12: Velocity distribution around the analyzed profiles: a) t/c = 26.79 % at c/2; b) t/c = 18 

% at c/2; c) t/c = 18 % at c/3; d) NACA0018. 
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Pursuing further our inquiry on the effects of relative thickness, profiles with 15 % and 
12 % relative thickness at c/3 were tested. We also computed the drag coefficients of 
thicker NACA profiles: NACA0030 and NACA0035. Figure 13 and Table 5 summarize 
the results of all simulations. 

 
Figure 13: Drag coefficient (Cd) Vs. Reynolds number (logarithmic scale), for all tested profiles, 

CFD values with correction factor. 
Table 5: Experimental and computed data for all analyzed profiles. 

Re  NACA0018 26.79 % c/2  18 % c/2  18 % c/3 15 % c/3  12 % c/3 NACA0030 NACA0035 
1,000 1.06E-01 1.31E-01 9.78E-02 1.05E-01 9.20E-02 8.33E-02 1.57E-01 1.86E-01 
5,000 5.42E-02 8.11E-02 5.17E-02 5.09E-02 4.41E-02 3.91E-02 9.58E-02 1.25E-01 
10,000 3.94E-02 6.65E-02 3.94E-02 3.68E-02 3.23E-02 2.80E-02 6.48E-02 8.46E-02 
20,000 2.84E-02 4.87E-02 2.81E-02 2.71E-02 2.33E-02 2.05E-02 4.40E-02 5.39E-02 
40,000 2.11E-02 3.24E-02 1.98E-02 1.94E-02 1.73E-02 1.55E-02 3.09E-02 3.70E-02 
80,000 1.62E-02 2.28E-02 1.50E-02 1.50E-02 1.35E-02 1.23E-02 2.29E-02 2.70E-02 
160,000 1.30E-02 1.80E-02 1.23E-02 1.21E-02 1.11E-02 1.02E-02 1.79E-02 2.08E-02 
360,000 1.04E-02 1.48E-02 1.02E-02 9.93E-03 9.16E-03 8.48E-03 1.42E-02 1.66E-02 
700,000 8.87E-03 1.30E-02 8.91E-03 8.63E-03 7.98E-03 7.43E-03 1.20E-02 1.43E-02 
1,000,000 8.19E-03 1.20E-02 8.36E-03 8.04E-03 7.44E-03 6.92E-03 1.10E-02 1.29E-02 
2,000,000 7.12E-03 1.06E-02 7.32E-03 7.04E-03 6.52E-03 6.07E-03 9.73E-03 1.14E-02 

 
3.2 Blade Arm Drag Calculations 
 
For symmetrical streamlined bodies, the drag coefficients mainly depend on the t/c ratio, 
location of the maximum thickness and the thickness distribution along the chord 
(including the leading-edge radius and trailing-edge angle)18. The influences of those 3 
                                                             
18 M. Paraschivoiu, C. X. Zhang, S. Jeyatharsana, N. V. Dy, F. Saeed, R. N. Thomas and I. 
Paraschivoiu, “CFD Analysis of Vertical Axis Wind Turbines in Close Proximity,” submitted to 
Wind Energy.  



 65 

parameters were evaluated in this analysis and similar trends were obtained for the 
WHI 1500 and WHI 3000. The main difference between the WHI 1500 and WHI 3000 
was the parasitic drag values, which are smaller for the WHI 1500 due to the shorter 
struts.  
 
Figure 14 presents the power loss related to the blade arm parasitic drag for the different 
fairing geometries analyzed WHI 3000.  
 
Pressure drag is highly affected by the thickness, hence for a constant chord length, 
increasing the t/c ratio would also increase the drag. But for a constant thickness, 
increasing the t/c ratio reduces the chord length and up to a certain t/c ratio, the 
reduction of the chord length can compensate the increase in drag coefficient, resulting 
in a reduction of the power loss due to the blade arm drag.  However, past this optimal 
value, the blade arm chord length reduction is not enough to compensate the drag 
coefficient increase and increasing the t/c ratio would result in an increase of the power 
loss related to the blade arms. 
 
Based on this analysis, the optimal t/c ratio seems to be about 30 % for a NACA 4-digit 
and 18 % for a lenticular cross-section. 
 

 
Figure 14: Power loss for different fairings for the WHI 3000. 

 
 
Moreover, for a similar t/c ratio, moving the maximum thickness location from c/2 (50 % 
of the chord) to c/3 (33 % of the chord) reduced the amount of parasitic drag (Figures 16 
and 17). As presented in the preceding section, this can be explained by a smoother 
pressure gradient passed the maximum thickness location. Hence, for a lenticular cross-
section, locating the maximum thickness at c/3 should represent a better option than at 
c/2. 
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Figure 15: Power loss for a lenticular cross-section with a t/c ratio of 18 % for the WHI 1500. 

 
 

 
Figure 16: Power loss for a lenticular cross-section with a t/c ratio of 18 % for the WHI 3000. 
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Figure 17: Power loss for different blade arm cross-sections, WHI 1500. 

 
 

 
Figure 18: Power loss for different blade arm cross-sections, WHI 3000. 
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3.3   Evaluation of the changes to fairing and blade end design  
 

 
Figure 19: Power coefficient as a function of the tip-speed ratio for the WHI 1500, with and 

without taking into account the blade tip effect. 
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Figure 20: Power coefficient as a function of the tip-speed ratio for the WHI 3000, with and 

without taking into account the blade tip effect. 

 
 
3.5 Determine the relationship between turbine aerodynamic performance, wind 
direction and rotor spacing. 
 
3.5(a) Effect of Wind Direction on Rotor Performance 
 
Case 1 - Co-Rotating Rotors 
 

Figure 35 shows the effect of the wind direction on the trailing vortices shed from the 
turbine rotors based on the current CFD simulations. The figure shows contours of 
velocity magnitude. Figures 36 and 37 show more detailed contour plots of velocity 

magnitude for the south- and north-westerly wind directions, respectively. The resulting 
power coefficient CP history (time) plot for the south- and north-westerly wind 

directions and TSR values of 2 and 3 are presented in Figures 38 through 41. The power 
coefficient CP history (time) plots show that south-westerly wind directions introduces a 

lag in CP values which is more prominent at lower TSR values while north-westerly 
directions show an opposite trend. In addition, it is seen that a decreasing (more 

northerly) wind direction tends to increase the average power coefficient CP by a few 
percent. The average values of the torque (moment) coefficient Cm and the power 

coefficient CP for the cases studied are listed in Table 12.  
 
Table 13 lists the reference values used in the CFD simulations. 
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(a) Wind direction angle γ = +15 degrees. (b) Wind direction angle γ = +30 
degrees. 
 

         
 

(c) Wind direction angle γ = -15 degrees.  (d) Wind direction angle γ = -30 
degrees. 

 
 Figure 35: Effect of wind direction on the trailing vortices shed from the turbine rotors. 
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(a) Wind direction angle γ = +15 degrees. 
 

 
 

(b) Wind direction angle γ = +30 degrees. 
 

Figure 36: Contour plot of velocity magnitude for south-westerly wind directions (Wind speed 
= 18.1301 m/s). 
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(a) Wind direction angle γ = -15 degrees. 
 

 
 

(d) Wind direction angle γ = -30 degrees. 
 

Figure 37: Contour plot of velocity magnitude for north-westerly wind directions (Wind speed 
= 18.1301 m/s). 
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Figure 38: Plot of power coefficient for south-westerly wind directions 

(Wind speed = 18.1301 m/s, TSR = 2). 
 

 

 
Figure 39: Plot of power coefficient for north-westerly wind directions 

(Wind speed = 18.1301 m/s, TSR = 2). 
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Figure 40: Plot of power coefficient for south-westerly wind directions 

(Wind speed = 12 m/s, TSR = 3). 
 
 

 
Figure 41: Plot of power coefficient for north-westerly wind directions 

(Wind speed = 12 m/s, TSR = 3). 
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`Table 13: Torque and power coefficient predictions using CFD 

TSR Wind Speed g  (deg) Cm CP % CPo 
2.00 18.13 m/s -30.00 43.491 0.290 3.349 

40.56 mph -15.00 42.131 0.281 0.116 

  

0.00 42.082 0.281 -- 

15.00 40.812 0.272 -3.018 

30.00 40.950 0.273 -2.690 

TSR Wind Speed g  (deg) Cm CP % CPo 
3.00 12.10 m/s -30.00 50.771 0.511 3.540 

27.07 mph -15.00 49.199 0.496 0.335 

 

0.00 49.035 0.494 -- 

15.00 48.083 0.484 -1.942 

30.00 45.728 0.461 -6.745 

 
 

 
Table 14: Reference values used in the CFD simulations. 

Reference values 
Length 0.975 m 
Density 1.1774 kg/m3 
Viscosity 2.17372E-05 kg-m/s 
Depth 1 m 
Velocity 12/18.1301 m/s 
Temperature 288.16 K 

 
 
The average values of the torque (moment) coefficient Cm and the power coefficient CP 
for the cases studied are listed in Table 13. Table 14 lists the reference values used in the 
CFD simulations.  
 

Case 2 - Counter-Rotating Rotors (WHI 3000)  
 
Figures 42-47 show contours of velocity magnitude for the different westerly wind 
directions. Figures 43 through 45 show more detailed contour plots of velocity 
magnitude. The resulting power coefficient CP history (time) plots for the south- and 
north-westerly wind directions for TSR value 2 are presented in Figures 46 and 47, 
respectively. The average values of the torque (moment) coefficient Cm and the power 
coefficient CP for the counter-rotating rotors configuration obtained through CFD 
simulations are listed in Table 15. 
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(a) Wind direction angle g = 0 degrees. 

 

           
 

(b) Wind direction angle g = +15 degrees. (c) Wind direction angle g = +30 
degrees. 
         

 
 

(d) Wind direction angle g = -15 degrees . (e) Wind direction angle g = -30 
degrees. 

 
Figure 42: Effect of wind direction on the trailing vortices shed from counter-rotating turbine 

rotors. 
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Figure 43: Contour plot of velocity magnitude for westerly wind (Wind speed = 18.1301 m/s). 
 

 
(a) Wind direction angle g = +15 degrees. 
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(b) Wind direction angle g = +30 degrees. 
 

Figure 44: Contour plot of velocity magnitude for south-westerly wind directions (Wind speed 
= 18.1301 m/s). 

 
 

(a) Wind direction angle g = -15 degrees. 
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(b) Wind direction angle g = -30 degrees. 
 

Figure 45: Contour plot of velocity magnitude for north-westerly wind directions (Wind speed 
= 18.1301 m/s). 

 

 
Figure 46: Plot of power coefficient for south-westerly wind directions 

(Wind speed = 18.1301 m/s, TSR = 2). 
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Figure 47: Plot of power coefficient for north-westerly wind directions 

(Wind speed = 18.1301 m/s, TSR = 2). 
 
 
 
 
 
 
 

Table 15: Torque and power coefficient predictions for the WHI 3000 model for different wind 
directions using CFD. 

TSR Wind Speed γ (deg) Cm CP % CPo 
2.00 18.13 m/s -30.00 42.494 0.283 -2.211 

40.56 mph -15.00 43.808 0.292 0.814 

  

0.00 43.454 0.290 -- 

15.00 42.285 0.282 -2.691 

30.00 40.958 0.273 -5.744 
 
3.5(b) Spacing Study for Multiple WHI 3000 Turbines 
 
Analysis at TSR=2 
 
Figure 49 shows the CP values as the simulation is converged in time. Convergence is 
obtained once the CP obtained has a periodic behavior. As seen in the figure, all 3 curves 
reach the same oscillatory behavior. The average CP is calculated over the last full 
rotation.  
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Figure 49: Variation of power coefficient vs. iterations. 

 
 
The instantaneous velocity flow field is shown in Figure 50. Wakes and vortex shedding 
are visible in the dark blue coloring. The streamlines for 2 of the airfoils in the first and 
forth quadrant are reported in Figure 51. Note that the azimuthal angle for the middle 
rotor is defined clockwise as illustrated in Figure 52.  
 
 

 
Figure 50: Velocity magnitude (m/s) of the middle rotor. 
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Figure 31: Streamlines around the blades in the first quadrant (a) and in the forth quadrant (b). 
 
 

 

_ 
 

Figure 52: Definition of the azimuthal angle for the middle rotor. 

 
 
Table 17 presents the mesh size used for each calculation, the number of iterations and 
the CFD calculated value of the CP.  We note that all the values of the CP are very close 
for the 3 difference spacing of the rotor. These values are nevertheless smaller than the 1 
rotor (CP = 0.26). This will be discussed in the following section. 
 
 
Table 17: Summary of simulations and CP values. 

Run Gap Size (m) Number of 
Elements 

Number of 
Nodes 

Number of 
Iterations CP 

0 Single Rotor 1.193,618 1,198,546 4000 0.261 
1 1.2736 2,876,824 2,891,051 4000 0.236 
2 1.9102 2,872,634 2,886,861 4000 0.237 
3 5.7312 3,290,382 3,304,609 4000 0.238 

 



 83 

 
Figure 53: Variation of Torque (Nm) of the blade vs. azimuthal angle. 

 
Analysis at TSR=3 
For TSR = 3, simulations for 1 and 3 original distances between rotors indicate the same 
CP of 0.49. For 1 rotor, the CP is 0.43. Clearly, in this case the vortex effect is stronger as 
seen in Figure 56. 
 
 

 
Figure 55: Variation of Torque (Nm) of the blade vs. azimuthal angle for TSR = 3. 
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To understand the difference between the TSR = 2 and TSR = 3, we plot the moment 
coefficient as defined below: 
 

lAV
MCm

!!!!
=

"
25.0 #

      (10) 

 
M:   Moment 

:    Density 
:   Free stream velocity 

:   Front Area 
:    Rotor Radius 

 
4.1, 4.2 and 4.3 Torque Limiting Pitch Analysis  
 
Figure 57 shows a comparison of the output power for the WHI 3000 wind turbine with 
and without the torque limiting blade pitch. The blade pitch used to limit the power to 
below 75 kW is shown in Figure 58. 
 

 
Figure 57: Plot of the power curve for the WHI 3000 wind turbine with and without the torque 
limiting blade pitch at 2 mph increments. 

 



 85 

 
Figure 58: Plot of the WHI 3000 wind turbine torque limiting blade pitch vs. the wind speed at 
2 mph increments. 

 
 

 
Figure 59: Header of a typical wind speed worksheet. 

 

 
Figure 60: Footer of a typical wind speed worksheet. 

 
Detailed results of the blade lift, drag and pitching moment are provided in the 
accompanying MS Excel file titled “Torque-limiting-analyses-data.xls.” A snap shot of 
the header and footer from the Excel data file is provided in Figures 59 and 60, 
respectively. The results for each wind speed are appended in separate worksheets with 
the wind speed value as the worksheet tab label (see Figure 60). Separate data for the 
case without and with blade pitch are listed in each worksheet. These are listed under 
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the headings “Blades without pitch” and “Blades with pitch = xx deg” (see Figure 59). A 
brief explanation of the data under these headings in each column is as follows: 
 

- Column A: Azimuth angle in 5 degrees increments starting from the upwind half 
of the rotor. 

- Columns B & M: Blade Reynolds number based on rotational speed and blade 
radius. 

- Columns C & N: Blade effective angle of attack αeff (= Incidence angle α – Pitch 
angle αo) in degrees. 

- Columns D & O: Blade lift coefficient (Cl) based on effective angle of attack 
(experimental data). 

- Columns E & P: Blade drag coefficient (Cd) based on effective angle of attack 
(experimental data). 

- Columns F & Q: Blade quarter-chord moment coefficient (Cm_c/4) based on 
effective angle of attack (empirical data). 

- Columns G & R: Blade mid-chord moment coefficient (Cm_c/2) based on effective 
angle of attack (empirical data). 

- Columns H & S: Blade lift (L = ½ρ(Rω)2cbCl) in Newton. 
- Columns I & T: Blade (L = ½ρ(Rω)2cbCl) in Newton. 
- Columns J & U: Blade moment at quarter-chord location (Mc/4 = ½ρ(Rωc)2bCm_c/4) 

in Nm. 
- Columns K & V: Blade moment at mid-chord (Mc/2 = ½ρ(Rωc)2bCm_c/2) in Nm. 

  
Here, columns B through K list data for the wind speed case without blade pitch, while 
columns M through V list data for the case with blade pitch. The footer of each wind 
speed worksheet provides some basic, but valuable statistics for each column (see Figure 
60). These statistics include the minimum (Min), maximum (Max) and the average 
(Mean) values for each of the data columns. 
 
An explanation of the 2 different moment coefficients provided can be best depicted 
with the illustration provided in  
Figure 1.  In this figure, the different force (lift, drag) and moment coefficients are 
shown. Since the blade profile uses a symmetric NACA0018 airfoil section, the airfoil 
center of pressure coincides with its aerodynamic center, which is typically very close to 
the quarter-chord (c/4) location. Typical moment coefficient data found in literature is 
usually referenced to the quarter-chord (c/4) location. Since in the WHI 3000 turbine, the 
blade attachment point is at mid-chord (c/2) location, the mid-chord moment coefficient 
can be calculated through the transformation of the forces and moment about the mid-
chord (c/2) location. This simple transformation is given by the following relation in 
non-dimensional form: 

 
C m_c2 = Cm_c4 + (½ - ¼) Cl = Cm_c4 + ¼ Cl    (11) 
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Figure 61: Symmetrical airfoil lift, drag and moment coefficients. 
 

The NACA0018 airfoil data was obtained through an approximation of the available 
quarter-chord moment coefficient data19 20. The approximation was necessary because of 
the large scatter found in the wind tunnel data provided by S. F. Hoerner21 as shown in 
Figure 63. The experimental data also shows a hysteresis effect, which is difficult to 
simulate numerically. Thus, an approximation of the data was used to empirically obtain 
the quarter-chord moment coefficient data using a combination of experimental and 
analytical data22 23. The approximation is shown as red circles in Figure 62. A curve-fit 
was obtained using a trend line. The equation of the trend line is:      
 

Cm_c4 = 3.3248 ×10-9αeff
5 – 9.13371223 ×10-7αeff

3 + 1.20663679416 ×10-3αeff (12) 
 
The above relation was used in the analyses to calculate the quarter-chord moment 
coefficient based on the effective angle of attack αeff.  

 
Figure 62: NACA0018 airfoil quarter-chord moment coefficient data: experiments vs. theoretic 

                                                             
19 S. F. Hoerner, “Fluid-dynamic drag: practical information on aero-dynamic drag and 
hydrodynamic resistance,” in Hoerner Fluid Dynamics, Brick Town, N. J., 1906. 
20 V. Desobry, “Aerodynamic Performance of Darrieus Vertical Axis Wind Turbines,” Final 
Report, Mechanical Engineering Department, École Polytechnique de Montréal, August 2002 
21 S. F. Hoerner, “Fluid-dynamic drag: practical information on aero-dynamic drag and 
hydrodynamic resistance.” 
22 V. Desobry, “Aerodynamic Performance of Darrieus Vertical Axis Wind Turbines.” 
23 W. A. Timmer, “Two-Dimensional Low-Reynolds Number Wind Tunnel Results For Airfoil 
NACA 0018,” Wind Engineering, vol. 32, no. 6, pp. 525–537, 2008. 
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California Energy Commission 
Energy Innovations Small Grant (EISG) Program 

PROJECT DEVELOPMENT STATUS 
Questionnaire	  

 
Answer each question below and provide brief comments where appropriate to clarify status.  If you are 
filling out this form in MS Word the comment block will expand to accommodate inserted text. 
 

Please Identify yourself, and your project: PI Name ___________________Grant # ___________ 
 

Overall Status 
Questions Comments: 

1) Do you consider that this research project proved the 
feasibility of your concept? 

Yes. It showed that lower solidity turbines than WHI has ever 
field-tested should do much better in terms of energy output 
and LCOE. The grant funded modeling helped us with a variety 
of design issues that we would not have been able to figure out 
without the modeling.  
 

2) Do you intend to continue this development effort 
towards commercialization? 

Absolutely. We are bringing our Model 636G LAVTS into the 
UK’s Feed in Tariff market in 2012. 
 

Engineering/Technical 
3) What are the key remaining technical or engineering 

obstacles that prevent product demonstration?  
We don’t have any remaining technical obstacles to 
certify the Model 636G LAVTS. Technical issues for the 
Model 3000 include:  
1.  Develop and patent the torque limitation system. 
Ideally the excess energy that is produced above the 
generators ability to handle it would go into a battery 
system.  A blade pitch mechanism is a back up.  
2. Get field test data from the modified 530G and 636G 
turbines to validate the aerodynamic and aeroelastic 
models.  
3. Develop the 3d model for vertical mixing and 
turbulence downwind of LAVTS and the potential to 
increase HAWT wind speeds and energy output. 
5.  Do a large-scale R&D project using Model 636Gs in 
an existing wind farm to provide the data for the wind 
farm model.  
6.  Develop a direct drive variable speed generator. 
7. Install a Model 3000 demonstration project and 
calibrate and validate the scaling in the 3d wind farm 
model. 
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4) Have you defined a development path from where you are 
to product demonstration?  

Yes.  We are going to retrofit our existing Model 530G 
turbines in Palm Springs to test the low solidity modeling 
results. We are working on a grant application to test a 
direct drive variable speed generator that can tie into a 
battery. We will use data from the Model 530G and Model 
636G to validate the computer models. 

5) How many years are required to complete product 
development and demonstration?   

The Model 636G is basically completed. The Model 3000 
will need another 1.5 to 3 years. Insufficient grant funding 
and capital would extend this timeline. 

6) How much money is required to complete engineering 
development and demonstration? 

$1.5-6M.   With good computer modeling tools in hand, a 
lot of costs can be saved.  An IEC 61400-1.5 (pending 
medium wind standard) certified aeroelastic model would 
allow the design team to work in the same way major 
HAWT companies do. They use their models to develop 
the prototype and then the first turbine of the new model 
they manufacture and install is the one they will take 
through certification. This would save a year or more of 
time and a lot of money. Still a prototype of the Model 
3000 will need to be built if it incorporates new technology 
that hasn’t run at scale on the Model 636G.  
The modeling of the coupled vortex effect will allow the 
proper spacing of the Model 3000 without field-testing so 
only one prototype turbine will need to be produced and 
not an entire array..  With the 30% federal tax credits for 
turbines under 100kW in size, the Model 3000 
certification array can be sold saving the capital that 
would otherwise need to be raised to certify them first 
before selling the new turbine model. If we have to go 
through a prototype development process for the Model 
3000, the cost increases. Also the 3d modeling could cost 
$1-2M to develop and, with luck, would be grant fundable. 
We can’t produce the prototypes without investing 
$500,000 in the blade polyurethane and fiberglass 
pultrusion tool and dies.   

7) Do you have an engineering requirements specification for 
your potential product?   

Yes. The turbine will have to meet IEC 61400-1.5 
standards and the rest of the 61400 series for wind 
turbines 
 

Marketing 
8) What market does your concept serve? The primary customers for our Model 3000 LAVTS are 

commercial wind farm developers and owners. 
 

9) What is the market need? There is no technology available to utilize the understory 
wind resource that is commercially viable in the wind 
farms in California and in many other places.  
 

10) Have you surveyed potential customers for interest in your 
product? 

We have not conducted an official survey but we have 
talked with numerous wind farm owners and developers 
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11) Have you performed a market analysis that takes external 
factors into consideration?   

We have not conducted a detailed market analysis but we 
do keep track of competition.  We know that tall turbines 
create view, radar, bird, bat and other problems, which 
our LAVTS avoid. We can’t think of any rule or regulation 
that would harm our technology and not harm HAWT 
technology too. 
 

12) Have you identified any regulatory, institutional or legal 
barriers to product acceptance? 

There are no regulatory or legal barriers to selling short 
wind turbines. The main institutional barrier is that banks 
and traditional financing groups will not finance new 
technology until after it has been in operation in fairly 
large numbers for a couple of years.  This makes it more 
difficult for expensive products like commercial wind farm 
turbines to commercialize. 
 

13) What is the size of the potential market in California for 
your proposed technology?   

Almost all of the existing 3500MW+  wind farms in 
California have sufficient near ground wind speeds to be 
able to add LAVTS into their understory.  WHI’s 
conservative calculations show that LAVTS can double 
the capacity of these wind farms. If Dr. John Dabiri’s 
research out of CalTech about VAWT densities is right, 
LAVTS can increase the output of these wind farms by 5 
times or more bringing the existing market potential in CA 
to over 15,000 MWs. 
 

14) Have you clearly identified the technology that can be 
patented? 

WHI already has a patent for the coupled vortex effect 
that prevents competitors from placing their VAWTs close 
together until 2022.  Future technology includes 
developing torque limitation technology.  
 

15) Have you performed a patent search?  Yes. In order to obtain our patent (US6784566), we did an 
extensive patent search. 
 

16) Have you applied for patents? Not since the coupled vortex patent. 
 

17) Have you secured any patents? Yes. See above.. 
 

18) Have you published any paper or publicly disclosed your 
concept in any way that would limit your ability to seek 
patent protection? 

We have not disclosed any information about our torque 
limitation mechanisms and possible patents.  
 
 

Commercialization Path 
19) Can your organization commercialize your product 

without partnering with another organization? 
Yes if we acquire sufficient capital.  
 

20) Has an industrial or commercial company expressed 
interest in helping you take your technology to the 
market? 

Yes. We are starting the design and discussion process with 
two UK based direct drive generator companies because that is 
a requirement of the SMART Scotland grant we are pursuing.  
 



 91 

21) Have you developed a commercialization plan? The Model 636G  LAVTS will obtain international certification in 
2012 and begin sales in the UK. We don’t have a detailed 
commercialization plan for the Model 3000 LAVTS. 
 

22) What are the commercialization risks? The main risk is we can’t obtain sufficient grant funding, tax 
benefits or capital to develop the computer modeling, prototype 
development, and certification of our products.  It may be 
difficult to find financing of the demonstration projects, 
especially if the tax credits are not available and lending capital 
dries up for new technology.  It may cost much more than we 
think to develop the 3d modeling for wind farms and result in 
many sales needing to first have demonstration projects, which 
may not be easy to finance especially if the time to take to 
develop and demonstrate the Model 3000 goes beyond the 
2016 availability of the 30% US federal tax credits.   

Financial Plan 
23) If you plan to continue development of your concept, do 

you have a plan for the required funding? 
In part.  We will apply for grants where possible.  After we 
certify our Model 636G LAVTS and begin sales, we will 
we will pursue a B round of capital that should cover 
~$1.5+  million needed to develop the Model 3000. There 
are many VC firms who have told us they would be willing 
to provide capital that we could use to develop the Model 
3000 if we can show sales and profitability with sales from 
the Model 636G LAVTS.   

24) Have you identified funding requirements for each of the 
development and commercialization phases? 

Not in detail.  

25) Have you received any follow-on funding or commitments 
to fund the follow-on work to this grant? 

No. We have been pre-approved to apply for a SMART 
Scotland grant for a direct drive variable speed generator 
if it is manufactured in Scotland.  We may though have 
brought in our Series A capital. We are in negotiations 
with a group now. 
 

26) What are the go/no-go milestones in your 
commercialization plan? 

The key milestone include: 
1. Certify and begin sales of  the Model 636G LAVTS in 
the UK’s Feed in Tariff market.  
2. Do a large-scale R&D project using Model 636Gs in an 
existing wind farm and develop 3d model for vertical 
mixing and turbulence downwind of LAVTS. 
3.  Raise a B round of capital. 
4.  Develop and certify the Model 3000.  
5. Install in 1-5 MW demonstration projects. Utilize the 
30% federal tax credit for turbines under 100kW in 
capacity. 
6. Use the demonstration projects to achieve production 
levels that drop the turbine price to become profitable as 
a mostly made in US product.  
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27) How would you assess the financial risk of bringing this 
product/service to the market? 

The risk is low. The company can make a profitable 
business with its Model 636G LAVTS.  In the meantime, 
the market has no competition for the wind farm 
understory market around the world and this market likely 
exceeds 100,000 MWs.  Even with competition there is 
plenty of sales to go around.  The financial risk is in 
getting the price of the turbine low enough to make it 
profitable. This is offset by the ability to initially sell to 
customers with excellent near ground wind resources and 
the availability of the federal tax credit. It can also be 
offset by sending fabrication and component production 
to low labor cost countries to reduce the COGS. 

28) Have you developed a comprehensive business plan that 
incorporates the information requested in this 
questionnaire? 

No, not for the Model 3000. 

Public Benefits 
29) What sectors will receive the greatest benefits as a result 

of your concept? 
Commercial wind farm owners and developers.  Windy 
airports and land owners with good wind resources but 
issues with views, radar, birds, bats and other problems 
that prevent them from installing large HAWTs 
 

30) Identify the relevant savings to California in terms of kWh, 
cost, reliability, safety, environment etc. 

The DOE study on Wind LCOE shows that wind projects 
have an LCOE of $.03 to $.12 per kWh.  With a base 
LCOE of about $.03 per kWh, the financing and discount 
factors in the LCOE can be costly yet the end LCOE still 
be lower than any other wind technology option available 
to CA energy customers.  And wind turbines in good wind 
resources have the lowest LCOE of any renewable 
technology.  The ability of LAVTS to existing wind farms 
as Capacity Factor Improvement projects will help 
transmission companies make better use of their 
transmission lines. The potential for LAVTS to more cost 
effectively use battery technology can help reduce the 
need for spinning reserves.  The environment benefits 
because existing roads, fences and land can be utilized 
for 3000 -15,000+ MWs of new wind turbine capacity.  
The reduction in the need for new transmission corridors 
will also reduce impacts on habitat. LAVTS hold the 
promise to being bird friendly, especially birds of prey 
which could lead to thousands of MWs of turbines being 
safely added to the Altamont Pass. The short size of the 
turbines makes them safer to work on.  LAVTS are design 
for turbulent winds and should be more durable than 
HAWTs and have an expected life of 40+ years.  
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31) Does the proposed technology reduce emissions from 
power generation? 

Yes.  The calculation is too complex to do and is the 
subject for additional research.  A Model 3000 LAVTS will 
produce around 3 million kWh per year in a 14 mph 
resources and 4.7 million kWh in an 18 mph resources.    
In addition to this variability across the state, the capacity 
factor improvement benefits, vertical mixing benefits for 
HAWTs, reliability and power quality improvement 
benefits, the scale and distribution across the state, and 
other factors make this too time consuming and 
problematic to do at this time.  

32) Are there any potential negative effects from the 
application of this technology with regard to public safety, 
environment etc.? 

None that we foresee. It is possible that some species of 
birds and bats may not be able to identify the LAVTS’ 
spinning blades and they may be problematic for those 
species depending if they are installed in their habitat 
range. There are though places like the San Gorgonio 
Pass and North Palm Springs where there aren’t bird and 
bat issues.  

Competitive Analysis 
33) What are the comparative advantages of your product 

(compared to your competition) and how relevant are they 
to your customers? 

1. Short height and capability of being installed in the 
understory of wind farms.  
2.  Ability to mass manufacture all its parts including its 
blades.  
3.  Excellent LCOE potential for the Model 3000. 

34) What are the comparative disadvantages of your product 
(compared to your competition) and how relevant are they 
to your customers? 

1. New technology takes a while to be welcomed by the 
market and VAWTs in general have a bad reputation.  
2. It has a larger footprint per MW of power than a HAWT 
but his is made up for by the technologies ability to utilize 
sites that wouldn’t otherwise be used (e.g. areas where 
HAWTs impair views, understories of wind farms). 
3.  It will be difficult to get low cost, traditional funding for 
the first few years.  This may limit the number of 
customers and type of customers we sell to (e.g. those 
who can self finance wind farm understories). 
 

Development Assistance 
The EISG Program may in the future provide follow-on services to selected Awardees that would assist them in obtaining 
follow-on funding from the full range of funding sources (i.e. Partners, PIER, NSF, SBIR, DOE etc.).  The types of services 
offered could include:  (1) intellectual property assessment; (2) market assessment; (3) business plan development etc.   
35) If selected, would you be interested in receiving 

development assistance? 
Yes.  We would be especially interested in all the services 
listed.  We are especially interested in R&D funding.  It 
would also be great to receive help with demonstration 
project financing.   
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