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Global Green Generation Inc. Plan
1.0 Executive Summary
This business is Global Green Generation, Inc. A DBA shall be filed for G3. The logo is a
cube so G3 is actually G cube.
At present we are located at 2138 South Lyon Street, Santa Ana, CA 92705.
This address is the engineering fabrication and manufacturing facility of Process
Automation, a proprietorship owned by the Carter Family Trust.
The proprietorship was founded in 1972 and has been designing and building custom
machinery for forty years.
The purpose of this plan is to begin a new project and a future series of projects. These
projects are basically accomplished in the same manner as many others we have completed
in the past except for the magnitude. These projects require a much larger scope of
organization, financial support, marketing and distribution.
The primary project in this world of Green awareness is alternative renewable energy
harvested from the wind. We have designed an inexpensive, highly efficient vertical axis wind
turbine. This machine requires little to no maintenance, operates quietly, does not kill birds
and can be installed without the use of expensive cranes and elaborate erection procedures.
This plan spans a period of five years with a potential profit in the sixth year of $24 million.
The product is not turbines but the power produced by the turbines. The company will own all
the turbines. The power will be sold in perpetuity.
Pay back for the development and manufacture of the turbines will be less than two years
after the first three years of the program. The total payback for the development and
manufacture of the fifty turbines shall occur in the fifth year with a $9 million profit.
There are areas in the country where horizontal turbines are not used because they are not
built to operate in high winds and in the areas in which they do operate, they are shut
down when the winds exceed 28 m.p.h. for the older machines and 35 m.p.h. for the newer
machines.
We are able to obtain power in winds over 70 m.p.h. as was proven with our prototype in
San Diego county.
Consequently, our claim for producing power 20 hours a day, 300 days per year is actually
averaged including periods of 40 and 50 m.p.h. winds which produce three or four times as
much power as winds at 25 m.p.h.. Ask any physicist. Our 1 MW turbine includes an
alternator capable of 5 MW output.
As with any venture, the better a project is supported financially, the quicker the investment
is returned and profits realized. The fundings we are seeking are well in excess of our
expected costs for this program.
The keys to success are that this turbine is very inexpensive, about 90% less than the
typical horizontal turbine, does not require installation machinery except for simple rigging
and requires very little maintenance.
I am repeating the list of features because they are the most important elements in this plan.
The basic technology for this machine is not new. Our approach and unique devices
applied to this machine are new and revolutionary.
There are many references published about the negatives of a vertical axis wind turbine all of
which we have addressed and eliminated.
There are three levels of investment.
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The first level of investment is $200,000.00. This completes the development of a 10 KW
turbine and the data collection to support the next step to the goal of a 1 MW turbine. The
second level is $2 million for the development of a 1 MW turbine and the third step is an
additional $2 million in the second year to develop production tooling, facilities and
production of three more machines.
In the third year, the program continues with the production of six more machines. The
break even point occurs in the eleventh month of the third year of this program.
The fourth year yields about $1.5 million and the fifth year yields a $9 million profit.
This five year program costs $4.2 million and yields $10 million at the end of this initial
program, a net profit of $5.8 million for this start up five year program.
In practice, the first $200,000.00 and the completion, installation and test of the 10 KW
turbine shall prove the validity of this plan prior to any additional investment.
We have a large file of information supporting the market and the turbine design.

1.1 Objectives
The goal is to establish a research and development company to produce machines and
systems primarily for electrical energy and secondary projects for efficient food production and
good and clean water. This is accomplished with low cost, efficient, low maintenance,
environmental friendly wind turbines, mechanical in door hydroponics farms and vacuum/
solar desalinization, all of which compliment each other and function as a total system
together.
Other projects address automobile fuel and fuel costs, sewage sludge processing and
others.
Follow up is establishing production facilities for the products developed.
The overriding objective is to pursue the most profitable project that will maintain profitability
in order to support a continuous R & D facility for the development of primarily green
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technology and any other profitable program.
Selling power produced by the G3 Vertical Axis Wind Turbine, VAWT, is the first project.
Alternative renewable energy is the hottest market in the world today and will be in the future.

1.2 Mission
Mission Statement
The mission of G3 is to create a harmony among investors, owners, employees, customers
and the earth to produce a team that is devoted to solving environmental problems, food
shortages, polluted water cleaning and clean water shortages.
By producing machines, products and systems to reverse losses caused by these
problems, our mission shall be very profitable.
1.3 Keys to Success
Our relatively inexpensive wind turbines opens up all markets for electrical
energy. Existing wind turbines are marginally profitable.
By selling power only, not turbines, we collect the incentives and any tax credits. Our future
production will makeup for the lack of electrical power in developing countries and in any
area requiring additional power. We also have energy storage devices to offset periods of low
winds. Profits are gained from selling reduced cost power especially to end users. In most
areas, existing electric power prices for wind turbine produced energy cannot compete with
us.
Automated hydroponics food production reduces land use, overcomes drought and
requires little outside machinery.
Solar/vacuum desalinization with UV can purify sewer or other polluted water, supply
reusable water for farming and clean potable water for human consumption, all without
expensive reverse osmosis equipment.
2.0 Company Summary
G3 is primarily an engineering, research and development company contracting outside
companies to manufacture products and systems developed by the company.
The company office is located in the Process Automation facility in Santa Ana, California.
Process Automation is the primary subcontractor for the company and was originated as
J. Austin Co. in June,1972 by Jerry and Karen Carter,
The products of G3 are:
First is the completion of the Vertical Axis Wind Turbine (VAWT) to a 1 MW size. This 1 MW
turbine shall yield approximately $500K per year. This turbine line of machines, deployment
through out the Americas and beyond, shall be the primary source of income and profits
produced by the sale of energy prior to the development of additional products.
The second product is identified and described basically in a video at Omegagarden.
com. This is a mechanical hydroponics farm. The farm designed for the company is much
larger and is very efficient in land use.
The third product exists in may processes. Solar/vacuum desalinization is used to produce
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powdered milks and other totally dehydrated products and to produce fruit juice
concentrates. By-products include many valuable commodities such as the by products
in ocean water which contains .005 percent lithium chloride and other chemicals.

2.1 Company Ownership
G3 is a California C-Corporation. The stock is close held and privately owned. 100,000
shares are authorized. California requires that stock value is at least $.01 per share. We
are selling stock at $100.00 per share. The Carter Family Trust owns 1,000 shares to
compensate for $100,000.00 in invested components and labor to October 13, 2010.
Greg Martin has a labor and component claim for a stock option of 1,000 shares of which
100 shares are issued as of April 1, 2012.
Jerry Carter has a labor and component claim for a stock option of 2,000 shares as of
April 1,2012.
Brian Lindquist has a liability against the company of $100,000.00 for which he has not
stated whether to take cash or stock.
The simplest form of investment is purchasing stock as an investment and seating on the
board of directors.
We encourage any investors to be directly involved in the company.
We shall continue to sell stock at $100.00 per share. 2000 shares sold is required to start
the project. Sale of 20,000 shares is required to complete the 1 MW turbine project. Sale of
an additional 20,000 shares along with sales over the five year period is required to complete
the project for a total of 50 turbines.
2.2 Start-up Summary
The start up graph is somewhat misleading since the start up for this program is the whole
five year program. The graph shows the total investment only. The actual investments are
$200,000.00 day one, $2 million in the sixth month or upon completion of the 10KW turbine
and $2 million in the second year or after the completion of the 1MW turbine.
G3 has been incorporated since October 13, 2010 and only requires minimal legal
assistance such as stock issues.
A patent process shall be required later.
Most of the day by day expenses shall be born by Process Automation.
Business cards, phone and initial record keeping supplies for G3 are the office expenses.
Insurance is basic liability since initially all products shall be owned by the company.
Buy/sell insurance shall be a variable over time.
Office and project maintenance is part time labor for start up.
Project design and engineering is near completion.
Prototype development is completed.
Cash on hand insures the completion of the start up and completion of the 10KW turbine.
Process Automation has all machines and tools to complete the 10KW program.
G3 shall not require tools and machines.
Long term assets shall be turbines, the 10KW program and the 1MW when completed.
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G3 will not own assets until the assets produce revenue.
Table: Start-up
Start-up
Requirements
Start-up Expenses
Stationery etc.- Process Automation shall perform the
day to day office chores and the expenses are minor.
Insurance - Product and premises liability/Buy/Sell
agreements.
Rent - is paid to Process Automation.
Other- Accounting, secretarial and project fabrication
labor
Project design and engineering
Prototype development
Total Start-up Expenses

$150
$0
$2,500
$6,000
$5,000
$150,000
$163,650

Start-up Assets
Cash Required
Other Current Assets
Long-term Assets
Total Assets

$0
$0
$0
$0

Total Requirements

$163,650

3.0 Products and Services
This company is devoted to renewable energy products and other green projects such as
hydroponics farming of produce along with solar vacuum desalinization.
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We are presently developing a vertical wind turbine. There are many advantages. The
towers are erected without the use of cranes, the alternator and all electrical gear is at ground
level and the overall structure is much less expensive to build. Costs and maintenance are very
low. Add to that, they can be placed close together, they are quiet and do not kill birds.
In this program, thus far, we have developed a very efficient turbine design proven by the
installation of a prototype in a wind zone east of San Diego, California. This unit has
demonstrated greater energy production than originally estimated. A second generation 10
kilowatt unit is nearing completion.
A new 10 KW alternator is designed but has not been produced at this time.
This program includes the development of a Megawatt ( 1 million watts ) turbine.
Originally the prototype and 10 Kilowatt turbines were to be stepping stones to a Megawatt
but the smaller turbines may well be very useful for lesser energy requirements. 10 Kilowatt
and 100 Kilowatt may be used for power in small villages in countries lacking power. In the U.
S.A., a household uses about 2 Kilowatts.
The technology we are developing is quite simple and requires minimal education to train
operators and maintenance personnel.
There are small, under 5 Kilowatt, horizontal turbines available and there are giant horizontal
turbines we are all familiar with but not a lot of turbines available in the 10 Kilowatt to 100
Kilowatt sizes that would be available for relatively low power in isolated areas. This is one
market for sales.
Selling energy is more lucrative so we intend to sell energy, not turbines.
Energy prices range widely with power costing as low as $.07 per Kilowatt hour up to $.40
per Kilowatt hour retail. Power from the turbine sold at the reduced price of $.10 per Kilowatt
hour in a good wind zone is $100.00 per hour, for a Megawatt turbine, 10 hours a day is
$1,000.00 per day or $365,000.00 per year. We believe we can build Megawatt turbines in
production for less than $250,000.00 each.
The product we are selling is reduced cost power. We own the turbines. The customer has
no cost except to pay for their electric power at a reduced cost.
Each element of the turbine developed so far has been very successful. We have
established the basic design requirements. Now we only need to build them bigger.
The actual use and application for each installation may be sized and customized. We have
no problem with extremely high winds such as hurricanes and typhoons since we are able to
completely furl our turbines, that is, button up quickly in high winds.
The various turbines available for consumers range between 400 to 1500 watts with a
minimum price of $2.00 per watt. Some cost as much as $4.00 per watt. The towers cost
$500.00 to $1200.00. Solar is 7 to 150 watts for $5.00 to $10.00 per watt. Major home
systems are now down to $1.50 per watt for 1500 watts and up.
This program all just takes intestinal fortitude on the part of the investors as a willing
participant who will take risks. In this case, the risk is minor. The world is waiting. The world is
ready to take risks. There is 150 gigawatts of turbine power in the world today. It is projected
that in ten years there will be 2000 gigawatts.
After two and a half years of research and development, we have a complete proven design
for a vertical wind turbine. A prototype of the basic turbine is operating in east San Diego
County. Over the past several months, the final development, that of electrical control and
regulation has been performed and completed. A model of this design is located at the G3
facility and a visitation to the San Diego site can be arranged.
Videos taken during development are available for viewing.
Several papers may be reviewed explaining the state of this technology excluding detailed
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information for proprietary intelligence property.
The program at this point continues with the completion of a larger turbine estimated to be 10
kilowatts at 25 MPH wind speed. Completion of said 10KW turbine is our next milestone. The
final alternator and regulator production engineering shall be completed for the 10KW and
any larger size turbine, such as 100KW and 1MW.
The next milestone is the completion of a 100KW and then one Megawwatt turbine.
The 100KW is an expansion of the 10KW machine.
We are a power company. We own the turbine and sell power in perpetuity.
Features of the G3 wind turbine:
Many periodicals, letters and books note the negatives for Vertical Axis Wind Turbines
(VAWT) but seldom identify negatives for Horizontal Axis Wind Turbines (HAWT).
By making this comparison, the features of the G3 (VAWT) turbine shall be identified and
described.
First, a general description of the VAWT.
The VAWT spins on a vertical axle with spokes at the top and bottom of the turbine. Wings
very similar to aircraft wings are attached between these spokes and pivot controlled by a
furling apparatus. The relatively light turbine assembly is mounted on a tower. At the base of
the tower, ground level, is the alternator and all the electrical hardware.
Furling refers to storing or securing sails or flags out of the wind. For turbines, it is the function
of shutting down and turning to reduce damaging forces of high winds.
HAWTs furl by braking and stopping the turbine, rotating the blades to neutral and rotating the
complete head, blades and power house broadside to the wind. The top of a HAWT is very
heavy and does not rotate rapidly. Twenty three(23) of twenty five(25) San Diego Gas and
Electric turbines, fifty (50) miles east of San Diego were damaged by a seventy (70) mile per
hour wind gust that they could not furl fast enough to avoid. Five miles away our prototype
turbine survived the storm with no damage.
Myth-VAWTS do not furl: Wrong. The G3 VAWT can pivot the wings which overlap each other
to producing a reduced diameter round object. Since each wing is light, it pivots rapidly and
is able to furl in a very short time.
Since the G3 VAWT is able to close up in high winds, it is not necessary to close
completely allowing it to produce power in high winds. A control monitors the wind conditions
and adjusts the wings accordingly regardless of wind intensity. As long as the G3 VAWT is
built to withstand high winds, there is no reason not to draw power from it.
But HAWTs shut down at twenty-eight (MPH) miles per hour. Some new models shut down
at 45 miles per hour. The G3 VAWT never shuts down.
Myth-VAWT: Are structurally weak. -Wrong.
HAWT have very long cantilever blades attached on one end. VAWT blades or wings are
attached at both ends requiring less structure, less weight for comparable structural integrity.
The rotation speed causing centrifugal force on the wings is not difficult to design for since
the rotational speed is not great, especially for large turbines. The megawatt turbine is
expected to have a sixty (60) foot diameter. According to our research, a floating turbine, that
is; a turbine producing no power, consequently no load, rotates with a peripheral speed
about 25% greater than the wind speed.
The sixty (60) foot diameter turbine has a 188.5 foot circumference. In a 100 mile per hour
wind, the rotor would turn at fifty eight(58) RPM. Under load, producing power, the rotational
speed would be thirty(30) RPM.
Myth-VAWTs are inherently inefficient since during rotation, half the blades are traveling with
the wind and half the blades are traveling against the wind. The statement is true but is not a
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negative, in fact it is an advantage. As any sailor or aviator would recognize, the blade or
wing angular to the wind produces lift and in this case, drive. The side rotating with the wind
produces less power. HAWTs actually require input power to start the rotors turning in order
to produce the lift in conjunction with the wind to produce power.
A study by O. Agren and M. Legion of the American Institute of Physics addresses this
phenomenon for open VAWTs. The G3 VAWT is closed resulting in low speed high torque like
a Savonius turbine and high speed efficiency of a Darrieus turbine making this design omnidirectional and self starting requiring no external power to operate.
Second, the truth: HAWTs are not omni-directional as VAWTs are. The blades, rotor and
power house must rotate to face the wind to operate. HAWTs produce a vortex in the wind
causing buffeting and turbulence following the turbine. The flow through a VAWT is laminar,
slightly pulsed and quickly smoothed.
HAWTs kill birds. The blade tips for a one hundred fifty(150) foot blade at only fifteen(15)
RPM travel at one hundred sixty (160) miles per hour and rotate perpendicular to the flow of the
wind, which is typically the direction of bird flight. Birds traveling twenty (20) miles per hour
are broad sided by a blade.
G3 VAWTs are closed and very visible and rotating about an axle with a peripheral speed
slightly faster than the wind. G3 VAWTs do not kill birds.
G3 VAWTs are light at the top allowing assembly on the ground and erection with self
contained rigging.
HAWTs require huge cranes and expensive equipment to construct and service the machine.
HAWTs rotors are mounted on lubricated steel bearings driving alternators through gear
boxes all located hundreds of feet above ground.
The G3 VAWT floats on magnetic levitation, no bearings, no maintenance. The G3 VAWT
transmits power through a vertical drive shaft to a large diameter alternator at ground level
without a gear box, no maintenance.
Third- Other features and developments.
We have developed a power regulator controller applicable to any size turbine.
We have developed a modular alternator allowing for manufacturing of three sizes of modules
that can be used on any size turbines of 1 KW through 10KW, 10KW through 100KW and
100KW through 1MW, in conjunction with our regulator to produce power AC or DC. 24 Volts
to 4160 AC Volts, all without a speed increasing gear box.
The G3 VAWT may be equipped with 8 wings, 16 wings or 24 wings in its
present configuration.
We are also constructing a prototype of a hydroponics farm, designed in a modular form,
allowing for virtually any magnitude, a few modules or hundreds of modules all operating in
the same manner, completely programmable.
A sizeable farm can be well supported by a 10 Kilowatt turbine and a 5 gallon per hour solar
vacuum desalinization unit, all self contained any where near any water. Trade winds and salt
water come to mind.

4.0 Market Analysis Summary
The basic market is electrical energy. Specifically, the market is for renewable energy.
Solar, wind, geo-thermal, hydro-electric and nuclear qualify but the country still requires more
than 50% of its power from coal. Other fossil fuels make up another major portion of power.
Page 8

Global Green Generation Inc. Plan
There are approximately 316 companies that provide non-nuclear and non-fossil fuel
power generation to the general public, Each year, these businesses aggregately provide
more than $18 billion dollars of energy to the open market. The trend among these
alternative energy sources is expected to grow significantly as the need for alternative fuels
and power grows. Currently the price of oil and other fossil has risen to the point where many
consumers are looking for alternative methods of power. Collectively, the industry employs
more than 18,000 people. Aggregate payrolls exceed $4 billion dollars per year.
Renewable sources are expensive to produce and most require high maintenance.
G3 has developed a relatively inexpensive wind turbine with very low maintenance. The
market for this device is anybody, anywhere with wind that requires electric power.
The highest priced power is users in remote areas where there is little access to the infra
structure. Solar can provide some power but is expensive. Most remote industries use
diesel generators which require high cost fuel. Locating this market only requires direct sales.
Small communities in remote areas need power since typically their power is expensive.
Direct sales to industry that presently uses public utilities is the next higher priced energy
where regulations allow.
Sales to public utilities is the lowest priced energy.
Another market is government installations. The United States government is the most
versatile customer on the mainland U.S. and all over the world.
The value of the energy we shall provide is the reduced cost of power we produce. In some
areas we will also install energy accumulators for providing power when the wind is light.
The product is described in the products section above and is simply: We own and operate
the turbine. We sell power. The customer has no expense except their reduced power costs.
4.1 Market Segmentation
There are five segments of the market addressed in this plan.
Remote industrial sites are located all around the country. They require a lot of power and
typically are not located near a good power source since power lines connect power
sources with metropolitan areas.
Remote sites such as mines and chemical industries are located where the natural resources
are available.
This market requires extensive research and direct sales. As with other markets, state
regulations may be a hurdle but various legal procedures may help to overcome these
hurdles such as leasing the turbine to the customer with lease payments based on power
produced.
Remote communities typically pay higher rates since it costs more to bring the power in and
to maintain it. In this case, a community co-op may be the best way to provide power.
Indian reservations are the ideal location since they are sovereign nations and only have their
internal laws. This may be one of the first markets to pursue other than the markets we are
seeking at this time.
Industry served by the infrastructure of public utilities is regulated by each state. Net metering
is allowed in some areas, not all. This market may be best served with lease arrangements.
Public utilities are the most difficult to deal with since the typical contract requires a certain
amount of power continually, wind or no wind. We do have a design for energy storage to be
used in light wind periods. There are areas where continuous power can be supplied with
turbine and storage.
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The city, county, state and federal governments are users on tight budgets for the most
part. Reducing their utility bills may be an untouched market with little competition and a way
to circumvent regulations.
Table: Market Analysis
Market Analysis
Potential Customers
Remotely located industry
Remote communities
Industries served by others
Public utilities
Government
Total

Growth
75%
75%
50%
50%
25%
67.56%

Year 1

Year 2

Year 3

Year 4

Year 5

10
10
10
3
1
34

18
18
15
5
1
57

32
32
23
8
1
96

56
56
35
12
1
160

98
98
53
18
1
268

CAGR
76.93%
76.93%
51.73%
56.51%
0.00%
67.56%

4.2 Target Market Segment Strategy
This pie shows our initial marketing priorities.
The sales strategy for each of these markets will follow the completion of the 10 kilowatt
turbine. All markets shall be approached.
All personnel involved in G3 shall be involved in sales. We know our product, its
performance, reliability, integrity, efficiency and value to the company and its value to the
customer. Before we proceed beyond the 10KW turbine, we shall obtain commitments from
our customers. There is no reason to continue with the program unless we have committed
customers.
The 10KW turbine shall prove our design and its value.
The initial investment shall pay for the completion of the 10KW and, more importantly, since we
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have proved the turbine design with the 1KW prototype, we shall design and develop
brochures, art work and other promotional material. All personnel involved shall be trained in
the sales approach and shall be tested as sales personnel. Daily sales meetings shall be held
and evolve to weekly meetings. We plan to solicit people that we know can research and sell.
The five segments of marketing this product are approached differently.
The remote industrials require a direct sales approach for independent industries. This
requires research in the industry performed by sales person and to become familiar with the
customers needs and power requirements. Under some conditions, schedules for
production may vary. Production schedules may be altered to coincide with the wind to save
the customer major costs. At Calico Ghost town, the wind starts at 11:00 in the morning
everyday and ends at 18:00 everyday. There are many such areas in this country. Casper,
Wyoming is a good example. This condition can encourage the user to alter their primary
production schedule.
Each customer is unique and the more we know about their operation, the more we can
satisfy their concerns. We have to be the best informed, the best wind technicians, the best
"fix it" company on the planet. We guarantee the bottom line.
The same approach applies to remote communities although it is an easier sell.
' It doesn't cost you a cent. We supply the equipment. It looks good, it's quiet, it doesn't
kill birds and it saves you money.'
If regulations are a problem, we lease to a community Co-op or we install in the closest Indian
reservation with wind and pipe it to the community, underground.
Industry served by a public utility, especially in a metropolitan area is the hardest sell. It
requires research into all the regulations. Industries outside metropolitan areas served by
public utilities are difficult unless the public utility is overloaded. Under these conditions, the
utility will welcome our supplemental power supply. The sales approach is 'big company,
big money' and is a more expensive sales PR commitment so we shall begin sales with the
said remote requirements.
The sale to public utilities can be the major sales. Getting in with the utilities can lead to
infinite opportunities. Several utilities are advertising online for power suppliers who have
solar and wind and anyone with a plan. It will be important to hire a person who is connected
to the utilities, a retired person or a friend of a friend, etc. We need to know what they need
and many utilities do need help. I am told that Niagara Falls is turned off at night so the water
can go to the power plant and supply New York and Boston. We are presently researching
utility requirements in the Kingman, Arizona area since our preferred turbine development
and test site is 25 miles North of Kingman. A paper on Arizona renewable energy is attached.
We are going to investigate requirements in the Imperial Valley. The edge of the Coachella
Valley is another good wind site along I-10, not Banning Pass, the other side of the valley.
Proving ourselves with a small utility would open the door to the world of utilities.
The sale to government agencies must be preceded by successful sales to civilian
agencies and customers. Once a wind farm is functioning and it is proven to be more efficient,
less costly with low maintenance and high reliability, there is not a government or utility in the
world that won't want it. News releases will do the rest of the job.
4.3 Service Business Analysis
The business that G3 is in is the engineering and development of green products but that
doesn't exclude any product that we can design, develop and manufacture that is lucrative
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and is needed. We do not intend to devote any resources to products that simply appear to be
possible to market. We will devote our time and resources to homeland security projects,
renewable energy projects, food production especially in areas with low food production
potential through the use of mechanical hydroponics and clean water projects. This is our
passion but a smart passion.
G3 is fully capable of completing these projects along with Process Automation who has a
history of innovation and 40 years of successful projects. Process Automation' s motto is 'If
you can't find it, we will design and build it.' We are a custom machinery builder, systems
integrator and turnkey project producer.
In order to enable our capability, we have allied ourselves with the best independent
scientists, engineers and technicians in the business, the business of innovation,
engineering and practical accomplishment.
G3 has been formed by Process Automation with the purpose of addressing green
technologies. It is a necessary entity.
The long term sales shall require well trained ambitious young go-getters. Jim Collins and
Lisa Hull are two we shall seek to spearhead this sales agency. Good sales people are
expensive so that program starts after the 10KW wind turbine is up, the 100 KW is up and
the 1MW is proving we know what we are doing.
A think tank develops very lucrative products. We are a very small company in a very big
industry. It only takes money and we will be big.
4.3.1 Competition and Buying Patterns
Energy production is one of the most free markets in the economy. These markets operate
on a global scale and , as such, it is difficult to determine the exact competitors the company
will face as it progresses through its business operations. Any business that produces
electricity is a potential competitor. However, wind energy is becoming an increasingly popular
method of producing electricity, and the company`s primary competitive advantage will be its
low cost operating infrastructure, its completely renewable input (wind) and the demand among
customers for cleaner alternatives to traditional oil, natural gas, coal and nuclear energy
power plants.
There is about 150 Gigawatts (150 billion watts) of wind energy in the world today. In ten
years there is expected to be 2000 GW. There is room for everybody. We are starting very
small as opposed to Siemens and General Electric and as soon as we can make a mark in
the industry, we will be hearing from those big guys so our approach is to install turbines where
others fear to tread such as the Kingman, Arizona site. The winds there are too severe for the
standard horizontal turbine. The area is a trough aligned north and south with winds often up to
60 or 70 M.P.H.. Our turbine is built to deal with those winds and to draw power from them.
The customers we shall seek are not currently a target market for the big guys. There are
regulations in place inspired by power company lobbyists to dissuade the little guys but there
are Federal mandates that favor us little guys. Just as many independent solar companies
such as Solar City are well established as alternative energy suppliers, we will travel that same
path to success. In fact an alliance with a solar company may be a viable approach in some
areas. They may want the versatility of day time solar and night time wind.
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5.0 Strategy and Implementation Summary
The primary markets we shall begin with are those with the greatest need such as those
requiring energy produced by diesel power plants and high cost fuel. Also areas which have
outgrown the infrastructure.
The Pacific and Caribbean Islands are prime markets. Not only is fuel expensive,
transporting the fuel and accessing the existing power plants is expensive.
American markets are the priority, especially those fairly close to Southern California, such
as Arizona and possibly, Mexico. and American territories and those regions with strong
American influence.
The Western Hemisphere will keep us busy for the foreseeable future.
5.1 Competitive Edge
Most information for wind turbines is for horizontal axis wind turbines, HAWTS. Also most
information condemns vertical axis wind turbines, VAWTS. We have dealt with all the
negatives for VAWTS and we have all the positives and the HAWTS have all the negatives.
See attached papers: Elsevier renewable energy and American Institute of Physics.Journal
of Applied Physics 97,104913(2005).
Since this company is in a start up mode with well established sub-contracting small
businesses, the overhead burden is very little compared to the big guys.
Pursuing the smaller markets also reduce costs in PR, advertising and sales personnel
while competing favorably with fuel costs and high cost utility power. These turbines are
designed with proprietary, patentable features which allow us to enter the big turbine market
with many favorable advantages.

5.2 Marketing Strategy
The world will need much more energy in the future especially produced by alternative
energy devices that have no carbon footprint.
The current geopolitical environment has led us to believe that energy prices will continue to
increase in the near future. The general instability in the middle east has let many economists
to believe that there is a fifteen to twenty percent risk premium associated with the price of
crude oil and related energy products. While these issues bring worry to the general
economy, we see a significant opportunity to enter the market with a source of alternative
energy. Many politicians and special interest groups have promoted the development of
alternative energy solutions to combat the continually increasing energy prices in the United
States. Additionally,the fast growth of Asian nations ( namely China and India ) has prompted
further increases in the global demand for energy. The trend is expected to continue in
perpetuity.
Nuclear is expensive and hazardous and is being phased out in several countries.
Geo-thermal and hydro electric require very large investments and are a very good source
of power but limited by availability of sites.
Solar is more expensive than wind but can be a good partner with wind.
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With the 10KW, the 100KW and the 1MW turbines completed, videos and power point
presentations should be all the sales material that is necessary to sell the power produced by
the machines manufactured and installed in the first five years.
Currently there are a number of organizations, including the American Wind Association
that are pushing initiatives, lobbying legislatures and informing the general public about the
benefits of alternative energy products. We believe it is important to invest in these public
relations campaigns ( even though they will not effect direct sales). The increased
awareness of wind electricity, its zero emissions, and ability to wean the United States off of
foreign energy sources may prompt consumers and lawmakers to further expand the rebates,
tax credits and other incentive programs available for making wind produced electricity an
economy viable energy product now and in the future. Approximately $10,000.00 to
$20,000.00 per year will be spent to promote these causes. Additionally, industry
conventions, energy product trade shows and other public relations campaigns will be enacted
in order to promote the understanding of wind electricity to the general and business public.
5.3 Sales Strategy
The sales approach is green, green, green and it saves you money. A share or all of the
government incentives passed on to the customer may be a sales tool. Initially the incentives
shall help G3 get established but it is something to consider.
Those and other elements of sales shall be discussed during the first sales meeting when
sales procedures are established.
Sales shall be compensated with commission and toll. Toll is 10% paid for sale of electric
energy to a customer. The wholesale price for a KW hr. is usually $.10. The retail price can
be as much as $.40 per KW hr.. One customer @ $.01 per KW hr., produced by 1MW turbine
is $10.00 per hour for 20 hours per day is $200.00 per day. For the 50 turbines of this
program, it's $10,000.00 per day.
Prices for power shall be relative to the area. We shall under cut any standing rates or we
won't go there.
5.3.1 Sales Forecast
The development program shall continue with the installation of recording equipment on the
prototype in San Diego and wireless (cell Phone) communication with the recorders.
The miscellaneous financial burdens of Process Automation shall be dealt with in order to
devote full time to this program. The 10 KW alternater shall be the primary R&D activity.
The axle, spokes, furling apparatus, tower sections, anchor fabrication and installation tools
and equipment shall be fabricated. All working drawings for this portion of the 10 KW are
completed.
The alternator shall be completed in the third month and magnetic levitation shall require
purchases of the neodymiun iron boron N42 permanent magnets. The fifth month shall be the
completion of the 10 KW turbine, data collection, the beginning of promotional development
and sales.
A minor sales effort shall be made from the first month. One or more customers are to be
contracted in order to continue the program in the sixth month.
With sales secured, the detailed working drawings shall be completed in the sixth month.
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All materials shall be procured in the seventh month. A facility shall be secured for
assembly and test. A 5,000 square foot building with a large fenced yard will do.
The eighth and ninth months shall be construction. The tenth month shall be site
preparation. The eleventh month is installation and test. The twelfth month is grid
interconnect and operation.
In the second year the prototype 1MW is in full production.
Three more 1 MW turbines are constructed, refined, installed and enter service.
The major organization is assembled and adequate facility is secured.
In the third year production increases to six and all systems for manufacturing are developed
and go into operation.
The fourth year will see more than one machine per month.
The fifth year will yield up to 25 machines.
This basic annual income for a 1 MW turbine at $.10 per KW hr. for 20 hours a day, 300
days a year is $600,000.00.
We are basing income at $500,000.00 per year per turbine.
According to the plan, income is $32,570.000.00. The cost of this program is
$14,023,000.00. The profit at the end of the five year program is $18,547,000.00.
In the sixth year with no expenses other than maintenance, the income will be
$24,995.000.00.
There are other factors that have not been addressed in this plan such as government
incentives. The entity that bears the cost of the alternative energy devices is the entity that
collects the incentives.
Table: Sales Forecast
Sales Forecast
Year 1

Year 2

Year 3

Year 4

Year 5

Sales
First 1 MW Turbine
Second thru fouth 1 MW turbines
Fifth thru tenth 1 MW turbines
Eleventh thru twenty fifth 1 MW turbines
Twenty sixth thru fiftyeth 1 MW turbines
Total Sales

$20,000
($0)
$0
$0
$0
$20,000

$300,000
$500,000
$0
$0
$0
$800,000

$500,000
$1,500,000
$1,500,000
$0
$0
$3,500,000

$500,000
$1,500,000
$3,000,000
$3,000,000
$0
$8,000,000

$500,000
$1,500,000
$3,000,000
$5,000,000
$10,250,000
$20,250,000

Direct Cost of Sales
First 1 MW Turbine
Second thru fouth 1 MW turbines
Fifth thru tenth 1 MW turbines
Eleventh thru twenty fifth 1 MW turbines
Twenty sixth thru fiftyeth 1 MW turbines
Subtotal Direct Cost of Sales

Year 1
$1,150,000
$0
$0
$0
$0
$1,150,000

Year 2
$20,000
$1,000,000
$0
$0
$0
$1,020,000

Year 3
$5,000
$6,000
$1,500,000
$0
$0
$1,511,000

Year 4
$2,000
$3,000
$6,000
$2,500,000
$0
$2,511,000

Year 5
$1,000
$3,000
$6,000
$10,000
$6,250,000
$6,270,000
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5.4 Milestones
Our first milestone is completed.
The next (2) is the completion of the 10 KW turbine and the installation near Kingman,
Arizona or another site closer to Santa Ana.
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The next (3) is completion of data collection from the 10 KW machine and wind tunnel
testing of the model.
The next (4) shall be production of videos and promotional materials, organization of sales
force and contracting of our first customer.
The next (5) shall be securing the $2 million for the completion of our 100 KW and 1 MW
turbine.
Next (6) is the completion, testing and data collection for the 100 KW.
For this initial program, the next (7) is the completion of the 1 MW turbine and installation and
our first pay check.
We are past our first milestone by completing the prototype which has been operating for
over two years. It is approximately 1 KW. We have not recorded the data to establish the
actual power output at 25 M.P.H., the wind speed at which turbines are rated. The winds are
very erratic at the site. We are doing some follow on regulator studies.
No. 2 milestone is the 10 KW turbine in process. The wings are completed and parts of the
tower are fabricated. It is at this point that we need to organize and obtain outside funding
for our start up costs.
No. 3 milestone is to install data collecting recorders to demonstrate exactly what we have in
this design. Size is the only variable we are aware of at this time as to rated power so the
wind site is very important for data gathering.
We have an available wind tunnel for testing the model we have at our facility in Santa Ana,
CA. We shall be testing extensively with smoke through all variations of wing pitch to confirm
our design. There is phenomena occurring that has increased the efficiency of this design that
we need to witness and understand.
No. 4 milestone shall be a video production showing the 10 KW operation, some model
testing and possibly an animated graphic of a MW turbine. Brochures shall be designed and
printed and contracts drawn for various customer agreements.
Sales calls shall be made and our first agreements signed with a customer.
No. 5 milestone shall be a funding exercise. With contract (s) and data in hand, we shall seek
$2 million dollars in funding in order to produce a 100 KW turbine which shall be an
extension of the 10 KW turbine utilizing the same wing molds to produce 48 wings.
The MW development shall be completed with this funding and installed to produce power
for the first customer. GE and Seimens spend $10 million to $20 million to develop their
horizontal turbines.
No. 6 milestone is the completion of the 100 KW turbine. This machine uses the same
wings as the 10 KW turbine.
No. 7 milestone is the development, installation and operation of the 1 MW turbine.
The first milestone is completed so it does not appear in the milestone table.
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Table: Milestones
Milestones
Milestone
10 kw finish
Data colection and test
Sales materials
Major funding secured

Start Date
7/1/2012
10/1/2012
11/1/2012
6/1/2012

End Date
11/1/2012
12/10/2012
1/1/2013
1/1/2013

Budget
$180,000
$5,000
$5,000
$20,000

Manager
JAC
GM
TL
TL

Department
Engineering
Engineering
Sales
Sales

100 kw finish
Data collection
1 mw finish
Totals

10/1/2012
2/1/2013
6/1/2012

2/1/2013
2/1/2013
7/1/2013

$50,000
$5,000
$1,270,000
$1,535,000

JAC
JAC
All

Production
Engineering
Department

6.0 Management Summary
G3 shall rely on Process Automation for management and making arrangements for
subcontractors support.
Jerry Carter is the overall manager and chief engineer. Greg Martin is the electrical/
electronic manager and engineer.
Process Automation has a machine shop and welding capabilities sufficient to support this
complete program to the completion of the prototype one MW.
Tom Lewis shall function in sales and PR.
Several other professional personnel are available for the program on a part time or
permanent basis.
6.1 Personnel Plan
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The team has been selected by Process Automation for the completion of the 1 MW
program.
Most of the team are subcontractors. Process Automation works with subcontractors rather
than permanent employees because of the irregular business requirements. Some projects
are only consulting and engineering so there is no work for the shop. Other projects are
completed totally outside the company and some projects require a full crew of five to twenty
personnel.
Costs vary from $125.00 per hour for a PhD scientists down to $15.00 per hour for a laborer.
This project shall require all levels of payroll.
Table: Personnel
Personnel Plan
Process Automation
Department heads and managers
Tradesmen and subcontractors
Total People

Year 1
$120,000
$57,000
$84,000
7

Year 2
$150,000
$72,000
$144,000
8

Year 3
$250,000
$100,000
$250,000
12

Year 4
$250,000
$100,000
$500,000
18

Year 5
$250,000
$100,000
$1,000,000
35

Total Payroll

$261,000

$366,000

$600,000

$850,000

$1,350,000

7.0 Financial Plan
The sixth year, and each year thereafter, with no additional assets would yield twenty million
dollars.
GE, Siemens. and other major companies with very high overhead burden and extremely
expensive machines with high maintenance are building thousands of machines.
I suspect that with government incentives and more favorable income than shown in this
plan, the profitability is greater than shown herein. The truth shall be known after the
completion of the 10 KW turbine and confirmed upon completion of the 1 MW.
7.1 Start-up Funding
The first financial package is truly the only risk in this program and it is not considered a
major risk since the turbine has been proven and now it is only an order of magnitude, Piper
Cub versus the 747airplane.
We have a 1,000 Watt turbine. Now we will build a 1,000,000 Watt turbine.
As shown in the projected five year plan, the total investment is returned and profits are
realized in the third year.
Profit sharing is proposed to be:
50% of the profits from the program are paid to the investor following total principle pay back
for a period of two years. Following the seven year period, 25% of the profits from the sale
of power produced by the 50 units in this program is paid to the investor until death do you
part.
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Table: Start-up Funding
Start-up Funding
Start-up Expenses to Fund
Start-up Assets to Fund
Total Funding Required
Assets
Non-cash Assets from Start-up
Cash Requirements from Start-up
Additional Cash Raised
Cash Balance on Starting Date
Total Assets

$163,650
$0
$163,650

$0
$0
$4,036,350
$4,036,350
$4,036,350

Liabilities and Capital
Liabilities
Current Borrowing
Long-term Liabilities
Accounts Payable (Outstanding Bills)
Other Current Liabilities (interest-free)
Total Liabilities

$0
$0
$0
$0
$0

Capital
Planned Investment
Investor Unknown
Major investor after 10kw finish in the 7th month
Major investor in the second year
Additional Investment Requirement
Total Planned Investment

$200,000
$2,000,000
$2,000,000
$0
$4,200,000

Loss at Start-up (Start-up Expenses)
Total Capital

($163,650)
$4,036,350

Total Capital and Liabilities

$4,036,350

Total Funding

$4,200,000

7.2 Important Assumptions
Eventually the economy will recover and there will be a surge in energy requirements which
will reflect in energy prices. The cost of the wind turbines today will be greatly overshadowed
by the price of energy tomorrow. Now is the time to take advantage of the economic
conditions in the world.
7.3 Break-even Analysis
Since this plan and this company financial spans a five year period, this analysis is not
based on monthly or yearly financial but the whole five years.
A very rough estimate is that the break even point occurs in the third year with profits in the
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fourth year and all investments and minimal profits paid in the fifth year. A total solvent
company emerges.
7.4 Projected Profit and Loss
The profit and loss projection and assumptions are the least supported and most
unpredictable element in this plan.
Conscientious management and scrutiny can make up for early erroneous assumptions.
The one major advantage to the success of this plan is low cost of our product and the high
price of the competitive product.
At this time we are throwing darts to complete this plan with some semblance of
professionalism from past experience.
Table: Profit and Loss
Pro Forma Profit and Loss
Year 1
$20,000
$1,150,000
$0
$1,150,000

Year 2
$800,000
$1,020,000
$0
$1,020,000

Year 3
$3,500,000
$1,511,000
$0
$1,511,000

Year 4
$8,000,000
$2,511,000
$0
$2,511,000

Year 5
$20,250,000
$6,270,000
$0
$6,270,000

($1,130,000)
-5650.07%

($220,000)
-27.50%

$1,989,000
56.83%

$5,489,000
68.61%

$13,980,000
69.04%

$261,000
$6,000
$0
$47,500
$4,350
$0
$39,150

$366,000
$10,000
$4,791
$60,000
$5,000
$10,000
$54,900

$600,000
$10,000
$37,500
$60,000
$5,000
$10,000
$90,000

$850,000
$5,000
$125,000
$100,000
$7,000
$10,000
$127,500

$1,350,000
$2,000
$250,000
$100,000
$9,000
$15,000
$202,500

$0

$0

$0

$0

$0

$358,000

$510,691

$812,500

$1,224,500

$1,928,500

Profit Before Interest and Taxes
EBITDA
Interest Expense
Taxes Incurred

($1,488,000)
($1,488,000)
$0
$0

($730,691)
($725,900)
$0
$0

$1,176,500
$1,214,000
$0
$352,950

$4,264,500
$4,389,500
$0
$1,279,350

$12,051,500
$12,301,500
$0
$3,615,450

Net Profit
Net Profit/Sales

($1,488,000)
-7440.09%

($730,691)
-91.34%

$823,550
23.53%

$2,985,150
37.31%

$8,436,050
41.66%

Sales
Direct Cost of Sales
Other Costs of Sales
Total Cost of Sales
Gross Margin
Gross Margin %

Expenses
Payroll
Marketing/Promotion
Depreciation
Rent
Utilities
Insurance
Payroll Taxes
Other
Total Operating Expenses
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7.5 Projected Cash Flow
Cash flow is cash out for the development project. For the projected, estimated first six
months the prototype 10 KW turbine is being constructed, installed, tested with data
collection from Arizona where we will be able to fully test this machine.
At that time the major decisions are made regarding the future of this project which
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will depend on the success of the program at that time.
Major funding is required to as much as three million. Positive cash flow does not occur until
the third year.
Marketing in the seventh month shall be the primary endeavor and until there is a strong
market and customer commitment, the project and cash flow will be on hold.
Table: Cash Flow
Pro Forma Cash Flow
Year 1

Year 2

Year 3

Year 4

Year 5

Cash from Operations
Cash Sales
Subtotal Cash from Operations

$20,000
$20,000

$800,000
$800,000

$3,500,000
$3,500,000

$8,000,000
$8,000,000

$20,250,000
$20,250,000

Additional Cash Received
Sales Tax, VAT, HST/GST Received
New Current Borrowing
New Other Liabilities (interest-free)
New Long-term Liabilities
Sales of Other Current Assets
Sales of Long-term Assets
New Investment Received
Subtotal Cash Received

$0
$0
$0
$0
$0
$0
$0
$20,000

$0
$0
$0
$0
$0
$0
$0
$800,000

$0
$0
$0
$0
$0
$0
$0
$3,500,000

$0
$0
$0
$0
$0
$0
$0
$8,000,000

$0
$0
$0
$0
$0
$0
$0
$20,250,000

Year 1

Year 2

Year 3

Year 4

Year 5

Expenditures from Operations
Cash Spending
Bill Payments
Subtotal Spent on Operations

$261,000
$1,187,357
$1,448,357

$366,000
$1,124,209
$1,490,209

$600,000
$1,966,699
$2,566,699

$850,000
$3,875,392
$4,725,392

$1,350,000
$9,706,490
$11,056,490

Additional Cash Spent
Sales Tax, VAT, HST/GST Paid Out
Principal Repayment of Current Borrowing
Other Liabilities Principal Repayment
Long-term Liabilities Principal Repayment
Purchase Other Current Assets
Purchase Long-term Assets
Dividends
Subtotal Cash Spent

$0
$0
$0
$0
$0
$0
$0
$1,448,357

$0
$0
$0
$0
$0
$0
$0
$1,490,209

$0
$0
$0
$0
$0
$0
$0
$2,566,699

$0
$0
$0
$0
$0
$0
$0
$4,725,392

$0
$0
$0
$0
$0
$0
$0
$11,056,490

($1,428,357)
$2,607,993

($690,209)
$1,917,784

$933,301
$2,851,085

$3,274,608
$6,125,692

$9,193,510
$15,319,203

Cash Received

Expenditures

Net Cash Flow
Cash Balance
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7.6 Projected Balance Sheet
The computer program used to write this business plan is not totally applicable to this
business.
Following the completion of the 10 KW machine a period of engineering and cost research
shall be accomplished. The costs, funding requirements and balance sheet will be made
much more realistic.
The depreciation listed is only for tax purposes. In our case, the assets are machines. The
income is payment for energy which we obviously do not depreciate. There is no inventory
of energy.
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Table: Balance Sheet
Pro Forma Balance Sheet
Year 1

Year 2

Year 3

Year 4

Year 5

Current Assets
Cash
Other Current Assets
Total Current Assets

$2,607,993
$0
$2,607,993

$1,917,784
$0
$1,917,784

$2,851,085
$0
$2,851,085

$6,125,692
$0
$6,125,692

$15,319,203
$0
$15,319,203

Long-term Assets
Long-term Assets
Accumulated Depreciation
Total Long-term Assets
Total Assets

$0
$0
$0
$2,607,993

$0
$4,791
($4,791)
$1,912,993

$0
$42,291
($42,291)
$2,808,794

$0
$167,291
($167,291)
$5,958,401

$0
$417,291
($417,291)
$14,901,912

Year 1

Year 2

Year 3

Year 4

Year 5

Current Liabilities
Accounts Payable
Current Borrowing
Other Current Liabilities
Subtotal Current Liabilities

$59,643
$0
$0
$59,643

$95,334
$0
$0
$95,334

$167,585
$0
$0
$167,585

$332,042
$0
$0
$332,042

$839,503
$0
$0
$839,503

Long-term Liabilities
Total Liabilities

$0
$59,643

$0
$95,334

$0
$167,585

$0
$332,042

$0
$839,503

$4,200,000
($163,650)
($1,488,000)
$2,548,350
$2,607,993

$4,200,000
($1,651,650)
($730,691)
$1,817,659
$1,912,993

$4,200,000
($2,382,341)
$823,550
$2,641,209
$2,808,794

$4,200,000
($1,558,791)
$2,985,150
$5,626,359
$5,958,401

$4,200,000
$1,426,359
$8,436,050
$14,062,409
$14,901,912

$2,548,350

$1,817,659

$2,641,209

$5,626,359

$14,062,409

Assets

Liabilities and Capital

Paid-in Capital
Retained Earnings
Earnings
Total Capital
Total Liabilities and Capital
Net Worth

7.7 Business Ratios
We do not have industry profiles.
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Table: Ratios
Ratio Analysis
Year 1
n.a.

Year 2
3900.05%

Year 3
337.50%

Year 4
128.57%

Year 5 Industry Profile
153.13%
0.00%

Percent of Total Assets
Other Current Assets
Total Current Assets

0.00%
100.00%

0.00%
100.25%

0.00%
101.51%

0.00%
102.81%

0.00%
102.80%

100.00%
100.00%

Long-term Assets
Total Assets

0.00%
100.00%

-0.25%
100.00%

-1.51%
100.00%

-2.81%
100.00%

-2.80%
100.00%

0.00%
100.00%

2.29%
0.00%
2.29%
97.71%

4.98%
0.00%
4.98%
95.02%

5.97%
0.00%
5.97%
94.03%

5.57%
0.00%
5.57%
94.43%

5.63%
0.00%
5.63%
94.37%

0.00%
0.00%
0.00%
100.00%

100.00%
-5650.07%
1790.02%
30.00%
-7440.09%

100.00%
-27.50%
63.84%
1.25%
-91.34%

100.00%
56.83%
33.30%
0.29%
33.61%

100.00%
68.61%
31.30%
0.06%
53.31%

100.00%
69.04%
27.38%
0.01%
59.51%

100.00%
0.00%
0.00%
0.00%
0.00%

43.73
43.73
2.29%
-58.39%
-57.06%

20.12
20.12
4.98%
-40.20%
-38.20%

17.01
17.01
5.97%
44.54%
41.89%

18.45
18.45
5.57%
75.80%
71.57%

18.25
18.25
5.63%
85.70%
80.87%

0.00
0.00
0.00%
0.00%
0.00%

Year 1
-7440.09%
-58.39%

Year 2
-91.34%
-40.20%

Year 3
23.53%
31.18%

Year 4
37.31%
53.06%

Year 5
41.66%
59.99%

n.a
n.a

20.91
27
0.01

12.17
24
0.42

12.17
24
1.25

12.17
23
1.34

12.17
21
1.36

n.a
n.a
n.a

0.02
1.00

0.05
1.00

0.06
1.00

0.06
1.00

0.06
1.00

n.a
n.a

$2,548,350
0.00

$1,822,450
0.00

$2,683,500
0.00

$5,793,650
0.00

$14,479,700
0.00

n.a
n.a

130.40
2%
43.73
0.01
0.00

2.39
5%
20.12
0.44
0.00

0.80
6%
17.01
1.33
0.00

0.74
6%
18.45
1.42
0.00

0.74
6%
18.25
1.44
0.00

n.a
n.a
n.a
n.a
n.a

Sales Growth

Current Liabilities
Long-term Liabilities
Total Liabilities
Net Worth
Percent of Sales
Sales
Gross Margin
Selling, General & Administrative Expenses
Advertising Expenses
Profit Before Interest and Taxes
Main Ratios
Current
Quick
Total Debt to Total Assets
Pre-tax Return on Net Worth
Pre-tax Return on Assets
Additional Ratios
Net Profit Margin
Return on Equity
Activity Ratios
Accounts Payable Turnover
Payment Days
Total Asset Turnover
Debt Ratios
Debt to Net Worth
Current Liab. to Liab.
Liquidity Ratios
Net Working Capital
Interest Coverage
Additional Ratios
Assets to Sales
Current Debt/Total Assets
Acid Test
Sales/Net Worth
Dividend Payout

7.8 Long-term Plan
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Global Green Generation Inc. Plan
Soon after a positive cash flow is realized, several other projects shall be addressed, namely:
1. Hydroponics farming.
2. Solar vacuum desalinization.
3. Free piston engine.
4. Sludge conversion to energy.
5. And the development of a 1.5 MW, a 2.5 MW and a 5 MW turbines.

8.0 Expansion Plan
Investors shall be invited to invest in wind farms ranging from 10 to 100 machines per
farm. These projects shall be independent of this initial project. The turbines shall be
manufactured by G3 and its subcontractors.
Revenue shall be shared on a 50/50 basis between the investor pool and G3 after
expenses and investor pay back.

9.0 Exit Plan
The overall goal of G3 is to create a R&D company. It is doubtful that G3 will be sold
anytime soon. A buy/sell agreement shall be maintained, in any case, in order to insure
against any unforeseen charges caused by the death of principle personnel or change of heart.
9.1 Based on the success of these projects, it may be decided to sell rights to collect revenue
for one or more of the wind farms for approximately five times the previous years net earnings.
This sale may be outright inspired by a direct offer or may be posted through a broker if the
investor or investors unanimously choose to do so.
9.2 The entity at the nucleus of this organization, be it G3 or another entity, has first right of
refusal for a buy back of any rights of revenue collection.
9.3

Out right sale of wind farm property is prohibited in this plan.
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Table: Sales Forecast
Sales Forecast
Month 1

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 11

Month 12

$0

$0

$20,000

$0
$0
$0

$0
$0
$0

($0)
$0
$0

$0
$0

$0
$0

$0
$20,000

Month 9
$200,000
$0

Month 10
$50,000
$0

Month 11
$100,000
$0

Month 12
$50,000
$0

$0
$0
$0
$200,000

$0
$0
$0
$50,000

$0
$0
$0
$100,000

$0
$0
$0
$50,000

Sales
First 1 MW Turbine

$0

$0

$0

$0

$0

$0

$0

$0

$0

Second thru fouth 1 MW turbines
Fifth thru tenth 1 MW turbines
Eleventh thru twenty fifth 1 MW turbines

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

Twenty sixth thru fiftyeth 1 MW turbines
Total Sales

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

Direct Cost of Sales
First 1 MW Turbine
Second thru fouth 1 MW turbines

Month 1
$50,000
$0

Month 2
$20,000
$0

Month 3
$50,000
$0

Month 4
$50,000
$0

Month 5
$30,000
$0

Month 6
$50,000
$0

Month 7
$300,000
$0

Month 8
$200,000
$0

Fifth thru tenth 1 MW turbines
Eleventh thru twenty fifth 1 MW turbines
Twenty sixth thru fiftyeth 1 MW turbines
Subtotal Direct Cost of Sales

$0
$0
$0
$50,000

$0
$0
$0
$20,000

$0
$0
$0
$50,000

$0
$0
$0
$50,000

$0
$0
$0
$30,000

$0
$0
$0
$50,000

$0
$0
$0
$300,000

$0
$0
$0
$200,000

Month 10
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Table: Personnel
Personnel Plan
Month 1
$10,000
$3,000
$3,000

Month 2
$10,000
$3,000
$3,000

Month 3
$10,000
$3,000
$3,000

Month 4
$10,000
$3,000
$3,000

Month 5
$10,000
$3,000
$3,000

Month 6
$10,000
$6,000
$6,000

Month 7
$10,000
$6,000
$9,000

Month 8
$10,000
$6,000
$9,000

Month 9
$10,000
$6,000
$9,000

Month 10
$10,000
$6,000
$12,000

Month 11
$10,000
$6,000
$12,000

Month 12
$10,000
$6,000
$12,000

Total People

3

3

3

3

3

5

6

6

6

7

7

7

Total Payroll

$16,000

$16,000

$16,000

$16,000

$16,000

$22,000

$25,000

$25,000

$25,000

$28,000

$28,000

$28,000

Process Automation
Department heads and managers
Tradesmen and subcontractors
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Table: Profit and Loss
Pro Forma Profit and Loss
Sales
Direct Cost of Sales

Month 1
$0
$50,000

Month 2
$0
$20,000

Month 3
$0
$50,000

Month 4
$0
$50,000

Month 5
$0
$30,000

Month 6
$0
$50,000

Month 7
$0
$300,000

Month 8
$0
$200,000

Month 9
$0
$200,000

Month 10
$0
$50,000

Month 11
$0
$100,000

Month 12
$20,000
$50,000

Other Costs of Sales
Total Cost of Sales

$0
$50,000

$0
$20,000

$0
$50,000

$0
$50,000

$0
$30,000

$0
$50,000

$0
$300,000

$0
$200,000

$0
$200,000

$0
$50,000

$0
$100,000

$0
$50,000

($50,000)
0.00%

($20,000)
0.00%

($50,000)
0.00%

($50,000)
0.00%

($30,000)
0.00%

($50,000)
0.00%

($300,000)
0.00%

($200,000)
0.00%

($200,000)
0.00%

($50,000)
54727433.46%

($100,000)
0.00%

($30,000)
-150.00%

Gross Margin
Gross Margin %

Expenses
Payroll

$16,000

$16,000

$16,000

$16,000

$16,000

$22,000

$25,000

$25,000

$25,000

$28,000

$28,000

$28,000

Marketing/Promotion
Depreciation
Rent

$0
$0
$2,500

$0
$0
$2,500

$0
$0
$2,500

$0
$0
$2,500

$0
$0
$2,500

$0
$0
$5,000

$0
$0
$5,000

$0
$0
$5,000

$0
$0
$5,000

$2,000
$0
$5,000

$2,000
$0
$5,000

$2,000
$0
$5,000

Utilities
Insurance
Payroll Taxes

$50
$0
$2,400

$100
$0
$2,400

$200
$0
$2,400

$200
$0
$2,400

$300
$0
$2,400

$500
$0
$3,300

$500
$0
$3,750

$500
$0
$3,750

$500
$0
$3,750

$500
$0
$4,200

$500
$0
$4,200

$500
$0
$4,200

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$20,950

$21,000

$21,100

$21,100

$21,200

$30,800

$34,250

$34,250

$34,250

$39,700

$39,700

$39,700

($70,950)
($70,950)

($41,000)
($41,000)

($71,100)
($71,100)

($71,100)
($71,100)

($51,200)
($51,200)

($80,800)
($80,800)

($334,250)
($334,250)

($234,250)
($234,250)

($234,250)
($234,250)

($89,700)
($89,700)

($139,700)
($139,700)

($69,700)
($69,700)

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

($70,950)
0.00%

($41,000)
0.00%

($71,100)
0.00%

($71,100)
0.00%

($51,200)
0.00%

($80,800)
0.00%

($334,250)
0.00%

($234,250)
0.00%

($234,250)
0.00%

($89,700)
98181095.03%

($139,700)
0.00%

($69,700)
-348.51%

Other
Total Operating Expenses
Profit Before Interest and Taxes
EBITDA
Interest Expense
Taxes Incurred
Net Profit
Net Profit/Sales

15%
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Table: Cash Flow
Pro Forma Cash Flow
Month 1

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 10

Month 11

Month 12

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$20,000
$20,000

Cash Received
Cash from Operations
Cash Sales
Subtotal Cash from Operations
Additional Cash Received
Sales Tax, VAT, HST/GST Received

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

New Current Borrowing
New Other Liabilities (interest-free)
New Long-term Liabilities

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

Sales of Other Current Assets
Sales of Long-term Assets
New Investment Received

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

Subtotal Cash Received

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$0

$20,000

Expenditures

Month 1

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 10

Month 11

Month 12

Expenditures from Operations
Cash Spending

$16,000

$16,000

$16,000

$16,000

$16,000

$22,000

$25,000

$25,000

$25,000

$28,000

$28,000

$28,000

Bill Payments
Subtotal Spent on Operations

$1,832
$17,832

$53,952
$69,952

$26,003
$42,003

$55,100
$71,100

$54,437
$70,437

$35,987
$57,987

$67,148
$92,148

$305,917
$330,917

$209,250
$234,250

$204,332
$232,332

$63,367
$91,367

$110,033
$138,033

Additional Cash Spent
Sales Tax, VAT, HST/GST Paid Out
Principal Repayment of Current Borrowing

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

$0
$0

Other Liabilities Principal Repayment
Long-term Liabilities Principal Repayment
Purchase Other Current Assets

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$17,832

$0
$0
$69,952

$0
$0
$42,003

$0
$0
$71,100

$0
$0
$70,437

$0
$0
$57,987

$0
$0
$92,148

$0
$0
$330,917

$0
$0
$234,250

$0
$0
$232,332

$0
$0
$91,367

$0
$0
$138,033

($17,832)
$4,018,518

($69,952)
$3,948,567

($42,003)
$3,906,563

($71,100)
$3,835,463

($70,437)
$3,765,027

($57,987)
$3,707,040

($92,148)
$3,614,892

($330,917)
$3,283,975

($234,250)
$3,049,725

($232,332)
$2,817,393

($91,367)
$2,726,027

($118,034)
$2,607,993

Purchase Long-term Assets
Dividends
Subtotal Cash Spent
Net Cash Flow
Cash Balance

0.00%
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Table: Balance Sheet
Pro Forma Balance Sheet
Assets

Month 1

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 10

Month 11

Month 12

Starting Balances

Current Assets
Cash
Other Current Assets

$4,036,350
$0

$4,018,518
$0

$3,948,567
$0

$3,906,563
$0

$3,835,463
$0

$3,765,027
$0

$3,707,040
$0

$3,614,892
$0

$3,283,975
$0

$3,049,725
$0

$2,817,393
$0

$2,726,027
$0

$2,607,993
$0

Total Current Assets

$4,036,350

$4,018,518

$3,948,567

$3,906,563

$3,835,463

$3,765,027

$3,707,040

$3,614,892

$3,283,975

$3,049,725

$2,817,393

$2,726,027

$2,607,993

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$0
$0
$0

$4,036,350

$4,018,518

$3,948,567

$3,906,563

$3,835,463

$3,765,027

$3,707,040

$3,614,892

$3,283,975

$3,049,725

$2,817,393

$2,726,027

$2,607,993

Month 1

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 10

Month 11

Month 12

Long-term Assets
Long-term Assets
Accumulated Depreciation
Total Long-term Assets
Total Assets
Liabilities and Capital
Current Liabilities
Accounts Payable

$0

$53,118

$24,167

$53,263

$53,263

$34,027

$56,840

$298,942

$202,275

$202,275

$59,643

$107,977

$59,643

Current Borrowing
Other Current Liabilities
Subtotal Current Liabilities

$0
$0
$0

$0
$0
$53,118

$0
$0
$24,167

$0
$0
$53,263

$0
$0
$53,263

$0
$0
$34,027

$0
$0
$56,840

$0
$0
$298,942

$0
$0
$202,275

$0
$0
$202,275

$0
$0
$59,643

$0
$0
$107,977

$0
$0
$59,643

Long-term Liabilities
Total Liabilities

$0
$0

$0
$53,118

$0
$24,167

$0
$53,263

$0
$53,263

$0
$34,027

$0
$56,840

$0
$298,942

$0
$202,275

$0
$202,275

$0
$59,643

$0
$107,977

$0
$59,643

Paid-in Capital
Retained Earnings

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

$4,200,000
($163,650)

Earnings
Total Capital
Total Liabilities and Capital

$0
$4,036,350
$4,036,350

($70,950)
$3,965,400
$4,018,518

($111,950)
$3,924,400
$3,948,567

($183,050)
$3,853,300
$3,906,563

($254,150)
$3,782,200
$3,835,463

($305,350)
$3,731,000
$3,765,027

($386,150)
$3,650,200
$3,707,040

($720,400)
$3,315,950
$3,614,892

($954,650) ($1,188,900) ($1,278,600) ($1,418,300) ($1,488,000)
$3,081,700
$2,847,450
$2,757,750
$2,618,050
$2,548,350
$3,283,975
$3,049,725
$2,817,393
$2,726,027
$2,607,993

Net Worth

$4,036,350

$3,965,400

$3,924,400

$3,853,300

$3,782,200

$3,731,000

$3,650,200

$3,315,950

$3,081,700

$2,847,450

$2,757,750

$2,618,050

$2,548,350
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Abstract
During the summer of 2003, the state of Arizona took delivery of a set of high-resolution wind
energy maps that were developed with a meso-seale wind energy model coupled with wind data. The
geographical information system data supplied with the wind maps was used to create a wind
resource inventory that included wind energy potential, proximity to transmission lines, and land
ownership. Four diverse sites were selected for further study, one predominantly class 3, one
predominantly class 4, one predominantly class 5, and one predominantly class 6. At each site, the
capacity factor was determined, the seasonal influence was observed, and the real levelized cost of
energy in 2005 dollars determined. As the wind class varied from 6 to 3 the levelized cost of energy
ranged from 4.22 to 6.00cents/kWh. These results do not include the production tax credit or the
renewable energy production incentive, do include adjustments for elevation, losses, and inflation,
and are considered conservative. This paper documents the findings of the wind mapping process,
describes the method and results of evaluating the most promising sites for wind development, and
presents the cost of energy results.
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1. Introduction
In 2002 Arizona produced over 94,000,000 MWh of electricity with 62,600,000 MWh of
in-state sales. Currently, Arizona is an exporter of electricity. The demand for electricity
has been increasing in the state of Arizona at an average of 3.9% annually from 1993 to
2002. Generation capacity has been increasing but at a lower rate of 2.8% during that
same time period [1].
In March 2006, the Arizona Corporation Commission (ACC) proposed a new renewable
portfolio standard (RPS) [2]. This new standard requires an increasing percentage of energy
be generated by renewable energy sources so that by 2025, 15% of electricity will be generated
from renewable resources. This is a significant increase from the 2001 standard of 1.1% by
2007. In addition, utilities will be annually graded on their contribution to this goal with the
commissioners discussing possible penalties if utilities are not adequately contributing [3].
Currently less than 1% of electricity is generated from renewable resources [1] (see Fig. 1), so
there is significant need for future wind and renewable energy development.
Arizona has an enviable solar resource with an average of 300 sunny days a year.
However, since current photovoltaic energy costs are estimated to be $0.15-$0.25/kWh,
there will likely be more development of wind, geothermal and biomass until solar costs
further decline [4]. The cost of wind energy has decreased significantly. In the 1990s, the
cost of wind turbines declined approximately 20% every time production doubled, which
occurred every 3 years. This made wind energy the fastest growing energy technology in
the 1990s [5]. While Arizona is not in the top 20 US states for wind resource [6] it does have
a wind resource capable of supporting utility-scale development. "The larger contiguous
areas of good-to-excellent resource are located in northern and eastern Arizona close to the
eastern edge of the Mogollon Rim. Good-to-excellent wind resources are also found on the
higher rims and ridge crests throughout the state [7]."
2002 Percentage Electricity Generation in Arizona
Natural gas

Fig. 1. Arizona electricity generation by energy source 2002.
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The wind resource for Arizona was first analyzed for the 1987 Wind Energy Resource
Atlas for the United States. This map (See Fig. 2) shows a few class 3 and 4 areas, and two
class 5 areas along the Arizona-New Mexico border. It was noted that the best wind

0
50
100
I
MB—Miles
0
50
100
CZZZZBHHB Kilometers
jgglggjg Ridge Crest Estimates

Fig. 2. 1987 Arizona wind map [6].
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occurred in the winter in northern Arizona whereas in the southern Arizona mountainous
areas winter and spring were the seasons of maximum wind power [8].
In 1991, Elliot et al. performed an assessment for the entire United States, by state.
Assuming a 10 diameter by 5 diameter turbine spacing, 50 m hub height, 25% efficiency
and 25% losses, and applying various exclusions, it was estimated that Arizona had
872 km of available land. The estimated power was 1090 MW.
Higher-resolution maps and data became available in Arizona in August 2003. This
work reports on progress made in analyzing Arizona's wind resource. Specifically,
• Created an inventory of the wind resource using GIS.
• Determined the capacity factor and seasonality of the wind resource at four sites with
different wind class regimes.
• Determined the cost of energy for these four sites.
The sponsor for this work was the Arizona Wind Working Group (AzWWG) which was
established in November of 2001 with support of the US Department of Energy's Wind
Powering America Program (Grant number: DE-FG65-03WA23843). The AzWWG is
administered and led by the Sustainable Energy Solutions Group (SES) at Northern
Arizona University (NAU). The group is composed of many stakeholders in the state
including Native American tribes, coops, utilities, universities, state and federal officials,
private businesses, environmental organizations, landowners, wind developers, and
interested individuals. The goals of the AzWWG include determining the magnitude and
geographic distribution of the wind energy resource available in Arizona and assessing the
feasibility of commercial-scale development of Arizona's wind resource.
2. Wind maps and data
In order to assess the wind resource of an area, surface and upper air data are collected
at several locations and then used to estimate Weibull distribution parameters. Landberg
et al. [9] provide an overview of wind resource estimation methods. Several studies in the
US and around the world have used these methods. Potts et al. [10] study the wind resource
of western and central Massachusetts using WindMap, a GIS-assisted software package by
Brower and Company. Jaramilla et al. [11] estimate the wind resource of Baja California
Sur, Mexico utilizing a year of data from 15 wind stations. They found the levelized cost of
production to be 4.5-6.2 cents/kWh with a capacity factor of 25%.
There are several studies of the wind resource in Saudi Arabia. Rehman et al. [12]
perform a cost assessment of 20 sites determine the most cost efficient site. Rehman and
Ahmad [13] describe seasonal and diurnal variations of five sites, wind energy production
for two hub heights and capacity factors for various turbine sizes. Rehman et al. [14] focus
on an area in the northeastern part of the country where there are villages not yet
connected to the national grid. They study 600, 1000, and 1500kW wind turbines from
three manufacturers to determine which will perform best in that area.
Wind assessment is occurring in many other locations around the globe and include the
Red Sea coast in Egypt [15], several locations in Kuwait [16], a wind atlas for Quebec
province in Canada [17], and coastal wind in Granada, West Indies [18].
On a much larger scale, Hoogwik et al. [19] performed a global, onshore wind-energy
assessment. Using a 0.5° x 0.5° (longitude, latitude) land-use grid they assess the
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theoretical, geographical, and technical potential of 17 world regions. They estimate the
global potential for wind at approximate 6 times the 2001 world energy electricity
consumption. The highest technical potential was found in the USA with the lowest in
some regions of Africa, Eastern Europe and South East Asia.
One of the first tasks of the AzWWG was to purchase a high-resolution wind map. In
August 2002, Northern Arizona University (NAU) contracted with TrueWind Solutions to
buy a set of high-resolution wind maps. Using a modified meso-scale numerical weather
prediction model coupled to a wind flow model, and 30-years of historical data, TrueWind
created various maps and data for wind speed and wind power density. The maps and data
delivered are:
• Mean annual and seasonal wind speed at 30, 50, 70, and 100 m (m) and wind power
density at 50 m, each on a 200 m grid.
• Normalized monthly mean wind speed and Weibull k data at 30, 50, 70, and 100 m and
wind power density at 50 m each produced on a 2 k grid.
• Normalized annual and seasonal mean diurnal wind speed data at 30, 50, 70, and 100 m
and wind power density at 50 m, each on a 2 km grid.
• Overlays of state and national highways, major cities, State and Federal lands, and
Native American Reservation boundaries.
Validation efforts by the National Renewable Energy Laboratory (NREL) used data
from over 50 measurement stations [20]. The accuracy of the Arizona wind map was found
to be comparable to other updated state maps, to within 10% of the annual average wind
speed and 20% of annual wind power density at over 80% of individual validation sites.
Electronic versions of the maps are posted at NAU's Sustainable Energy Solutions web site
(http://ses.nau.edu). The complete set of wind maps and data were delivered to NAU at the
end of August 2003.
Fig. 3 shows a map of the wind power density (W/m2) at a 50 m hub height. The map
indicates the wind power density via "wind class", tribal reservation boundaries, select
cities, major transmission lines, and county boundaries. This map, as with all the Arizona
wind maps, was designed for regional wind mapping and not for micrositing. It provides
an indication of the magnitude of the wind energy resource and points to favorable wind
resource areas, and provides much more resolution than the map shown in Fig. 2.
NREL quantified the potential developable wind areas as summarized in Table 1 [20].
The "Raw" wind resource results from summing the total area of windy lands in each wind
class and directly converting it to a wind electric potential through multiplying the land
area by 5 MW/km 2 of available windy land. The "Developable" wind capacity is computed
by removing various exclusion areas such as
• 100% exclusions for National Park Service, Fish and Wildlife Service, State and private
environmental lands, Wildlife, Wilderness, and Recreation Areas on federal land;
• 50% exclusions for remaining US Forest Service and Department of Defense lands;
• 100% exclusions for urban areas and airports, wetlands, water bodies;
• 50% exclusions for non-ridge crest forest;
• 100% exclusions of slopes greater than 20%;
• 3 km buffer around airports and 100% exclusion areas.
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Table 1
Wind energy resource potential, both raw and developable, in the state of Arizona [7]
Wind classa Entire State of Arizona
West of Cameron
West of Springerville
Raw (MW)
Class 3
Class 4
Class 5
Class 6

+
+
+
+

35430
5980
2040
790

Developable
(MW)
23290
2630
775
235

Raw
(MW)

Developable
(MW)

Raw
(MW)

Developable
(MW)

433
210
61

433
210
61

330
43
9

299
37
8

Class 3 + implies class 3 or greater; class 4 + implies class 4 or greater, etc.

In total, about 35% of the raw class 3 + lands and about 56% of the raw class 4 + lands
were excluded.
Table 1 also shows the expected wind resource at two of the more promising sites in
Arizona: Gray Mountain (west of Cameron) and west of Springerville (see Fig. 3 for
locations). These resources, modest when compared to other states in the west, represent
an important and significant resource in a state with approximately 19,500 MW of summer
generating capacity [1].
With these estimates of the wind energy resource potential in hand, the next steps
identified by the AzWWG were to devise a method to rank the top sites for wind
development and then evaluate the cost of energy at a few of these sites. These two tasks
will be described in the following sections.
3. AZ wind resource inventory
The TrueWind map data consists of both comma-delimited files and geographic
information system (GIS) files. NAU utilized its GIS software to "mine" the data and then
to rank the wind resource at various locations based upon specific attributes. The first step
in mining the data was to divide the state into a grid of 4 km2. Each 4-km "block" of land
contains 400 of the 200-m wind map data cells. Dividing the state into these blocks resulted
in 18,710 distinct blocks, of which 4370 contained at least one cell of windy land class 3 or
greater. Assuming a conservative 5 MW/km 2 of windy land, a block with sufficient wind
resource is capable of supporting 80 MW of wind turbine capacity.
Six key attributes for wind energy development were selected for the inventory. The key
attributes identified were
•
•
•
•
•
•

wind power resource potential,
distance to transmission and substations,
distance to roads,
land use/ownership,
county,
tribal reservation information.

To determine these attributes for each block, the GIS wind map data was combined with
overlays of transmission and substation data, roadways, land use/ownership information
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(e.g., National Forest, Wilderness Area, State Trust Land, private land, etc.), tribal
reservation boundaries, county boundaries, and city locations (urban areas). Except for the
transmission and substation overlay, TrueWind provided all overlays along with the wind
map data. The transmission and substation information was obtained from the Arizona
Corporation Commission as a CAD (computer-aided design) file that was converted
to GIS.
Assigning most of these attributes to each block of land was fairly straightforward. For
example, with regard to transmission, an output variable was defined for each block of
land to indicate whether or not any cell within the block was within 10 miles of a
transmission line. Then, if a transmission line was within 10 miles of any cell in the block,
the GIS software sets this variable to one; otherwise it is set to zero. In this way, each block
of land can be "flagged" to indicate its proximity to transmission, substations, roads, type
of land use/ownership, county(ies), and tribal reservation(s).
To determine the wind power resource potential for each block, a "Wind Power
Number" (WPN) was computed to quantify a given land block's wind power potential.
The capacity of wind power that can be installed on any given block of land depends on
the nature and magnitude of the wind resource, the terrain, the turbine characteristics and
layout, and a number of other factors. Because the goal in this ranking process is simply to
compare the wind power potential of the many blocks of land, it is not necessary to
compute the wind power potential in exacting detail. Counting only the cells of windy land
within a block (class 3 or better wind resource), the WPN was defined as follows:
WPN =

EL(WPDf^

x

^rotor X N

^xjv)

m

£
j-f

where WPD, is the mean wind power density for wind class i (W/m2), Arotor the swept area
of rotor (m2), WL7 the area of windy land in block of wind class i (km2); computed by
multiplying the number of cells within the block with this wind resource by the cell area, N
the number of turbines that can be installed per unit land area (1/km2), i the wind power
class ranging from 3 to 7.
For the purpose of this analysis, it was assumed that the number of wind turbines per
square kilometer is the same on all blocks of land, and that identical turbines are used
(thus ^rotor and N cancel out of the above equation). The resulting WPN physically
represents an approximate wind power potential and has the unit of Watts. Given to the
simplifying assumptions, the WPN is used only to compare the relative potential of blocks
of land and not as an indicator of the actual wind power potential.
Due to the irregular shape of the state border, many blocks of land along the border
have less than 16 km 2 of land area. Thus, it is necessary to normalize the WPN to account
for varying block area. The normalized WPN (denoted NWPN) is computed as follows:
_ r r T _ T WPN
NWPN =
WPN3
where WPN3 the wind power number for a block of land in which ALL cells within the
block have a class 3 rating.
WPN3 = WPD3 x Areabiock.
WPD3 is the minimum wind power density of a class 3 resource; equal to 300 W/m2,
Areablock the area of land within block in km2.
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Table 2
The top five rated land blocks within Arizona based on the NWPN
Block no.
NWPN Distance to Land ownership (%)
nearest
power line
(m)
Private State
Navajo
trust
Indian
reservation
West of Cameron (3851)
2926
1.68
10.8
0.0
87.5
West of Cameron (3979)
1.46
1481
7.0
0.0
93.0
West of Cameron (4108)
1.40
4893
2.0
0.0
98.0
West of Cameron (3722)
1.40
6917
21.0
0.0
79.0
West of Springerville (9556) 1.34
475
1.0
99.0
0.0
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Indian
allotments
1.8
0.0
0.0
0.0
0.0

The NWPN may be used to compare land blocks of different areas and allows for easy
interpretation. If a block has an NWPN of 1.0, then the block has a minimally class 3 wind
resource. Similarly, if a block's NWPN is equal to 1.33, 1.67, or 2.0, then on average the
block has a class 4, 5, or 6 resource, respectively. There are 107 blocks within Arizona that
have an NWPN greater than or equal to 1.0, the top five of which are shown in Table 2.
One of the blocks is rated class 5, five blocks are rated class 4, and the remaining 102 are
rated as class 3.
Calculating the NWPN and assigning the appropriate flagged attributes to each block of
land was accomplished through use of NAU's GIS software. A GIS model was created
that could analyze the data and write the results to an ASCII text file. This text file can be
imported into a spreadsheet program for further analysis and interpretation. Because of
the various flagged attributes (e.g., land use, county, proximity to transmission, etc.), the
data in the spreadsheet program can easily be sorted, filtered, and ordered. Table 2 shows
an ordering that is only one of many possible ways to view the data. For instance, using the
flagged attributes, one could easily focus in on blocks of land that contain State Trust
lands only and are within 10 miles of the transmission grid, then order them by NWPN.
None of the NREL exclusions have been applied to this data. However, to the extent that
each of the exclusion categories (e.g., wilderness lands, etc.) has been assigned as attributes,
the exclusions can be applied within the inventory spreadsheet file.
4. Capacity factor and cost of energy analysis
Four locations were selected for further study and their approximate locations are
illustrated in Fig. 3. These sites were selected because of the diverse geographic
characteristics, varied location within the state, and the diverse wind resource potential.
• West of Cameron in northern Arizona, Coconino County and the Navajo Reservation.
This site is also known as Gray Mountain. It is primarily owned by the Navajo Nation
with some privately owned land. One of the best wind energy sites in Arizona, there is
significant Class 5 and above wind resource. Two blocks were selected from this area.
One was predominantly class 5 and the other predominantly class 6.
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• West of Springerville is in the eastern part of the state and is primarily State Trust land.
There is very little Class 5 and above wind resource but there is significant Class 4
resource.
• Northwest of Kingman is in the western part of the state. The wind resource there is
primarily Class 3.
These 4 locations were analyzed to determine the capacity factor, the seasonality, and
the cost of energy.
4.L Capacity factor and seasonality
The capacity factor (CF) is defined as the ratio of the estimated annual energy output of
a wind farm to its output if all turbines were running at full rated capacity for the entire
year. In order to determine the CF at each site, the wind map data was utilized along with
a GE Wind Energy 1.5 s turbine power curve to estimate the energy output. The GE
turbine was assumed to have a 77 m rotor, and the power curve for an elevation (i.e., air
density) appropriate to each site.
At each site, nine grid points in close proximity were selected from the GIS data, and the
Weibull parameters from the wind map data at 30, 50, 70 and 100 m hub height were used
to determine an average distribution of wind speeds at each of the nine points. This
distribution was then transformed into an estimated annual energy output by using the GE
Average Annual
W i n d R e s o u r c e 5 0 m (164 f t )
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Fig. 4. Capacity factor data point for W of Cameron.
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Fig. 5. Capacity factor variation at four sites.

power curve, and finally an annual gross capacity factor was computed. The nine points
for the two sites West of Cameron are shown in Fig. 4. As shown in Fig. 5, the variation in
the capacity factor computed from the nine points at each site was between 2% and 2.5%
at the class 4-6 sites. There was less variation at the Kingman (class 3) site. The gross CF at
each location was reduced by 10% to account for array losses, soiling, availability, etc. and
this net capacity factor was used in the cost of energy calculations.
Fig. 6 shows the seasonal variation in capacity factor at each site. The Springerville
and Cameron sites are similar with the highest capacity factor occurring during the spring
and the lowest in winter and summer. At the Kingman site winter is the best season
for wind. Fig. 7 shows the gross capacity factor at each of the four sites plotted versus
hub height.
4.2. Cost of energy analysis
The Cost of Energy (COE) was determined for each of these four sites. The tool
employed to compute an estimate of the cost of energy was the NREL wind energy finance
calculator http://analysis.nrel.gov/windfinance. There are 28 inputs to the model including
general project parameters such as rated capacity, capacity factor, lifetime, and specific
parameters related to capital costs, financing, operating expenses, taxes, and more.
Identical inputs were used for the analysis at each site with the exception of the CF.
A summary of some of the key assumptions is shown in Table 3.
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A summary of the relevant parameters for each location, including the COE, is shown in
Table 4. The levilized COE figures shown range from an average of 5.21-7.51 cents/kWh
(in 2005 dollars), as the wind class varies from 6 to 3, respectively. These values are
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Table 3
Summary of key inputs to NREL wind energy finance calculator
75 MW project
15-year financing

No PTC or REP1

2005 start date
$1200/kW total capital costs
$20/kW/yr total operating costs

3% inflation rate
Target 1RR 15.22%
Discount rate 5.5%

Level mortgage
80% debt percentage
6.8% interest on debt

Table 4
Capacity factor and cost of energy results at three sites in Arizona
Real levelized
Location
Wind power
COE (cents/
class
kWh)
West of Cameron
West of Cameron
West of Springerville
Northwest of Kingman

5.09-5.46
5.46-5.80
5.69-6.00
7.38-7.64

6
5
4
3

Capacity factor
no losses at
70m (%)
37.0
34.5
33.7
26.1

Capacity factor
10% reduction
due to losses at
70 m (%)
33.3
31.0
30.3
23.4

consistent with those published by the California Energy Commission in their Renewable
Resources Development Report [21]. Accounting for tax incentives could reduce the cost
per kWh by as much as 1.8cents/kWh [22].
The cost of energy results reported here are "bus bar" costs, and do not include
transmission costs or ancillary services. Transmission costs are project specific and can be
significant. Ancillary service costs (i.e., regulation, load following, unit commitment) can
also affect COE. For some specific projects, these costs have been shown to range from
S0.005 to $0.55/kWh, depending largely on the relative capacity of the wind farm to the
transmission control area load [23].
5. Conclusions
Wind energy potential for the state of Arizona has been studied. A high-resolution wind
map and data were delivered and was the basis for this study. The developable wind energy
potential was estimated by NREL to be 23,290 MW of class 3 or higher, 2630 MW of class
4 or higher, and 775 MW of class 5 or higher winds. Using a GIS, a grid of 4 x 4 km 2
blocks was created across Arizona. The GIS and the wind map data were employed to
create an inventory of the blocks that have windy land. Attributes inventoried for each
block included amount of each wind class contained in the block, ownership information,
distance to transmission, and a wind energy potential measurement.
Four of these blocks, each predominantly containing a wind resource from wind class
3-6, were selected for further study. The capacity factor for each block was determined
using nine points within the block. A GE 1.5 s power curve was assumed. Using wind map
data to compute the levelized cost of energy in 2005 dollars at these four sites within the
state revealed estimates ranging from 5.21 to 7.51 cents/kWh, as the wind class varies from
6 to 3, without considering any tax incentives, transmission, or ancillary service costs.
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Several additional studies are planned for the state of Arizona. The GIS and wind map
will be used to apply development exclusions to the windy land inventory. The wind
resource for each county will be determined; exclusions applied and wind farm economic
benefits for that county will be estimated. Additional cost of energy analysis is planned
including a cost comparison of generating wind energy in-state versus purchasing green
energy for the renewable portfolio standard from out-of-state.
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A B S T R A C T
This paper presents a combined experimental and computational study into the aerodynamics a n d
perfomiance of a small scale vertical axis w i n d turbine (VAVVT). W i n d tunnel tests w e r e carried out to
ascertain overall performance of the turbine and t w o - and three-dimensional unsteady computational
fluid dynamics (CFD) models w e r e generated to help understand the aerodynamics of this performance.
W i n d tunnel performance results are presented for cases of different w i n d velocity, tip-speed ratio and
solidity as w e l l as rotor blade surface finish. It is s h o w n experimentally that the surface roughness on the
turbine rotor blades has a significant effect on performance. Below a critical w i n d speed (Reynolds
n u m b e r of 3 0 , 0 0 0 ) the perfomiance of the turbine is degraded by a smooth rotor surface finish but above
it, the turbine performance is enhanced by a smooth surface finish. Both t w o bladed and three bladed
rotors w e r e tested and a significant increase in performance coefficient is observed for the higher solidity
rotors (three bladed rotors) over most of the operating range. D y n a m i c stalling behaviour and the
resulting large a n d rapid changes in force coefficients and the rotor torque are s h o w n to be the likely
cause of changes to rotor pitch angle that occurred during early testing. T h i s small change in pitch angle
caused significant decreases in performance.
T h e performance coefficient predicted by the two dimensional computational model is significantly
higher than that of the experimental and the three-dimensional CFD model. T h e predictions s h o w that
the presence of the over tip vortices in the 3D simulations is responsible for producing the large
difference in efficiency compared to the 2D predictions. T h e d y n a m i c behaviour of the over tip vortex as
a rotor blade rotates through each revolution is also explored in the paper.
© 2 0 0 9 Elsevier Ltd. All rights reserved.

1. Introduction
As a sustainable energy resource, wind energy is increasingly
important in national and international energy policy in response
to climate change. Many large scale commercial wind farms have
been built in the UK and electricity generation from wind now
exceeds 3.6 GW and is increasing rapidly. To meet its obligations
under the Kyoto Protocol the UK Government has adopted a target
for renewable energy generation of 10% of UK consumption by
2010,15% by 2015 and an aspiration of 20% by 2020 [1]. Much of
this, by necessity, must be met by wind energy. In addition, the EU
Commission has set a European target for 2010 of 12% of electricity
generation from renewable sources.
The two primary types of wind turbine are the horizontal axis
(HAWT) and vertical axis (VAWT) machines. The horizontal axis
machines are highly developed and used in all current large scale

* Corresponding author. Tel.: +44 (0)114 2227725; fax: +44 (0)114 2227890.
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wind farms. On the other hand, the majority of research on VAWT
design was carried out as long ago as the late 1970s and early 1980s,
notably at the USA Department of Energy Sandia National Laboratories [2-5] and in the UK by Reading University, and Sir Robert
McAlpine and Sons Ltd (through their subsidy VAWT Ltd) who
erected several prototypes including a 500 kW version at Carmarthen Bay [6]. When it became accepted that HAWTs were more
efficient at these large scales, interest was lost in VAWT designs and
HAWTs have since dominated wind turbine designs. It is therefore
not surprising that very little research can be found in the last
couple of decades on the VAWT, its aerodynamics and the problem
of the interaction of the blade structure with the unsteady aerodynamic loads. Their technical development lags significantly
behind that of HAWTs. However, it has never been shown that
HAWTs are fundamentally more aerodynamically efficient than
VAWTs. Indeed it has been suggested that VAWTs may be more
appropriate than HAWTs at very large scale (10 MW+) due to the
alternating gravitational loading on a HAWT blade becoming
excessive. There are a number of substantial advantages over
HAWTs. such as:
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• The VAWT has no need to constantly yaw into the local wind
direction.
• Due to the relatively lower rotational speed, VAWTs are typically quieter than HAWTs.
• The manufacturing cost for a very large VAWT could be lower
than that for an equivalent HAWT due to the simpler straight
constant section blades compared to the complex threedimensional blade shape in HAWTs.
• The VAWT is also mechanically better able to withstand higher
winds through changing stalling behaviour, offering a potential
operational safety advantage during gust conditions.
Considerable improvements in the understanding of VAWT can
be achieved through the use of CFD and experimental measurements. The aim of this paper is to illustrate some of the improved
understandings of the aerodynamics of vertical axis wind turbine
performance through wind tunnel testing and computational
simulation of the flow field around the turbine.
One of the constraints used with the turbine developed here
was that it was to be operated at realistic wind speeds. A median
wind speed of 3.5 m/s at 10 m above ground was measured at the
Sheffield University weather station between 1988 and 2007.
Performance measurements were taken around this wind speed as
well as some measurements at higher wind speeds, but it should be
born in mind that these higher speeds are rather rare, particularly
in the urban environment. For example just 0.3% of the wind speeds
recorded at Sheffield University's weather station were above 12 m/
s. The investigators were interested in real world performance, not
artificial 12 m/s 'rated' wind speeds often quoted by manufacturers.
2. Experimental set-up
The wind tunnel tests were conducted at the Aerodynamics
Laboratory at Sheffield University. The University low speed wind
tunnel used for this study has a square test section of dimensions
1.2 m x 1.2 m. The tunnel consists of a large bell mouth screened
inlet with a contraction ratio of (2.5:1) before the flow encounters
another screen and an array of honeycomb flow straighteners. The
tunnel has a working section of length 3.0 m.
Any obstruction placed within a wind tunnel will alter the
characteristics of the flow to some degree. If this obstruction is too
large then the area available to the flow is significantly reduced, and
so the speed of the flow around the model will increase. If the
blockage ratio is high enough then the effects of the tunnel walls
may begin to interfere with the flow over the model. The literature
suggests that blockage ratios below about 6-7.5% have a negligible
effect on the flow. However, the difficultly in this case comes in
defining the frontal area of the turbine as it spins. The area of the
wind turbine when it is stationary is small, but the area it sweeps
out as it spins is significant. For the most conservative value of
blockage ratio, the frontal swept area of the turbine could be used
and using the wind tunnel dimensions, this would result
a 20 cm x 43 cm turbine (i.e. area 0.086 m ) . Clearly this would be
a tiny model, and the difficulties in testing it would be numerous
including the problem that the Reynolds number would be too
much smaller than that of a realistic VAWT. It was therefore more
practical and reasonable to assume the apparent frontal area of the
turbine would lie somewhere between the small area of the
components and the large area of the swept frontal area. It was
decided that blockage ratios based on frontal swept area could be
tolerated beyond 7.5%, so a notable amount of the frontal swept
area would not actually be occupied by the turbine. Preliminary
experiments with the turbine in the wind tunnel showed that there
was no correlation between the rotational speed of the wind
turbine and the approach velocity within the tunnel (measured five
2
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rotor blade chords upstream). Furthermore, during the testing of
the Turby VAWT [7], a turbine with blockage ratio of 14% based on
frontal swept area was used with a view to it having a "negligible
blockage effect".
2.1. Aerofoil selection
Traditionally NACA 4-digit series have been employed for Darrieus-type VAWTs. For example, a NACA0015 profile has been used
in the Sandia investigations. In the late 1970s, Healy investigated
the effect of thickness on VAWT performance [8]. More recently,
a systematic numerical study of various aerofoils including NACA 4digit series based on the unsteady RANS solutions of the VAWT
flows by the authors indicated that thicker sections performed
much better under the flow conditions of interest. As a result of our
simulations, the NACA0022 profile was chosen as the primary
profile candidate for this research programme. In order to create
a geometrically accurate profile the rotor blades were manufactured using CNC milling machine from high-density foam. In order
to give the blades sufficient strength to withstand the centrifugal
bending forces cause by the high rotational speeds of the turbine,
the foam had to be of a minimum thickness. The NACA0022 profile
was therefore created with a thickness of 22 mm and a resulting
chord of 100 mm. This, combined with a height of400 mm (limited
by the CNC machine), gave the blades an aspect ratio of 4 and gave
the turbine a solidity of 1.0 for the three bladed turbine and a value
of 0.67 for the two bladed turbine. These values are rather high
given other research clearly shows a lower solidity will result in
a higher performance coefficient. However, the aim of this research
turbine was to provide validation data for computational methods
and an understanding of the aerodynamic inefficiency (such as
those generated by the tip flows and resulting vorticies) so
maximum performance in itself was unimportant. As will be shown
later, the low aspect ratio did indeed give rise to large tip vorticies.
Testing was carried out using 300 m m rotor arms resulting in
a blockage ratio (based on frontal swept area) 16.7%.
During initial testing at some conditions, the turbine would
suddenly reduce its rotation speed and eventually stop despite no
changes to the applied torque. It transpired that the turbine blades
were slowly rotating about an axis centred through the bolts that
fix them to the support struts. This was caused by the centre of
rotor lift not being aligned properly with the fixing bolts. It is clear
that the centre of lift for VAWT rotor blades is constantly changing
throughout every rotation so it was not a simple process to determine the best location of the fixing holes on the rotors. The
maximum change in the rotor blade fixing angle was measured to
be less than 5° and this small angle change caused a complete loss
of lift and hence the eventual complete loss of power from the
turbine.
A CAD model was used to carry out the design before manufacture, see Fig. 1. Two deep-grove ball race bearings were used to
support the turbine and allow free rotation of the rotor shaft,
where the lower bearing supporting the weight of the turbine by
acting as thrust bearings. Two support arm/strut brackets were
designed to fit on the main drive shaft so that they could be
mounted anywhere along the height of the shaft accommodating 2,
3 or 4 blades to accommodate future blades of different lengths
(aspect ratios). Rotor blade radial arms/spokes were machined
from aluminium bars and aerodynamically profiled with an elliptical leading edge (major to minor axis ratio of 2:1) and sharp
trailing edge. All components were attached such that they could
be assembled or adjusted with ease. The finished assembly is
pictured in Fig. 1.
To measure the power output from the turbine a simple torque
brake was employed. The torque applied to the turbine rotor drive
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Fig. 1. CAD model of the turbine model assembly and the model turbine in the wind tunnel.

shaft was increased and decreased by changing the separation
distance between two spring balances. The torque applied was
calculated using the difference in the forces applied by the spring
balances and the drive shaft radius. To calculate the power output,
this torque was combined with the rotational speed of the turbine,
itself picked up from a once per revolution optical tachometer. A
feedback control system was not used for the control of the turbine
so it was not possible to measure the characteristics of the turbine
past its maximum torque (and therefore minimum stable rotational
speed). This is because beyond this limit any small increase in
applied load (torque) causes a drop in the rotation speed of the
turbine and a drop in the lift (and driving torque) it generates. If
there is no control system to reduce the applied torque to match the
new aerodynamics condition, the turbine rotor will continue to
drop in speed so the applied torque becomes more unmatched to
the conditions of the slower rotating turbine.
3. Experimental results
This section presents the results obtained from the wind turbine
measurement campaign; however the effect of bearing and
windage losses must first be explained. To determine the amount of

power lost in the system a series of spin down tests were conducted. To increase the moment of inertia of the system once the
foam rotor blades had been removed, small weights were attached
to the ends of the support spokes. The rotor system was manually
spun up to slightly beyond the maximum speed used in the turbine
performance testing and then allowed to freely decrease in velocity
due to the effects of friction in the bearings and windage on the
support arms and the added weights. As the speed reduced, the
time and instantaneous rotor rpm were recorded. From this information, it was possible to calculate the bearing and windage losses
of the system (with its known moment of inertia) without the rotor
blades attached. In this paper, the power used to overcome these
losses is actually included in the stated power output from the
turbine. Clearly this is not useful power output, but it is still the
power developed by the turbine in overcoming losses as well as
generating useful work in the torque brake and is the correct value
to be compared to the CFD results. In a turbine of this size the
bearing losses are significant and so must therefore be carefully
analysed.
Fig. 2 shows how the measured torque due to bearing friction
and windage changed with tip-speed ratio as well as the torque
applied by the brake for the same conditions. It is clear that at high
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Fig. 2. Measured bearing and windage torque versus powet torque developed by the turbine for a wind speed of 5.07 m/s.
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Fig. 3. Variation of torque per blade with rotational velocity at 5.07 m/s wind velocity for 2 and 3 blade turbines.

tip-speed ratios, the torque caused by the losses generated in the
bearings, support arms and windage in the system are double that
of the applied braking torque. This means any error in the
measurement of the windage torque will have a very significant
effect on the performance coefficient. At the other end of the
performance envelope, at a tip-speed ratio of around 2, the applied
braking torque is more than double the windage torque, but none
the less this torque 'loss' is still very significant.
The power losses due to bearing friction and windage are
a complex function of tip-speed ratio. This is due to the changing
nature of the physics involved in the bearing dynamics and the
aerodynamics. At low values of TSR the flow over (parts of) the
support arms and the added masses will be laminar and result one
value of drag coefficient, whereas at higher values of TSR the flow is
likely to be turbulent. The losses in the bearings will also alter due
to changes in the oil film thickness which is itself a function of
rotational speed as well as other bearing parameters. It should also
be noted that given the large percentage of the total power lost in
the bearings (and windage), the turbine was left rotating for at least
30 min to warm up before any performance measurements were
taken.

From the measurements of the rate at which the rotor slowed
its rotation speed at different wind speeds, the losses due to
windage and bearing friction were calculated and curve-fits
generated. During the performance mapping studies, the wind
turbine performance was measured using the torque brake and
then a curve fit polynomial was then used (as appropriate for
each wind speed) to calculate windage and bearing power losses
that the turbine was overcoming. The brake measurements and
the losses were then added to give the total power developed by
the turbine.
A sensitivity analysis was carried out, whereby the drag coefficient of the added weights was altered and the resulting changes on
the overall performance coefficient were noted. In addition, an
error analysis was conducted by accounting for the accuracy of the
once per revolution trigger (used to obtain the rotational speed)
and also the accuracy of the spring balances used. The accuracy of
these results is overwhelming determined by the accuracy with
which the losses due to windage and bearing friction. The added
weights used to increase the moment of inertia of the rotor
assembly where of approximately cylindrical shape, and so a drag
coefficient appropriate to this shape and the Reynolds number
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seen in Fig. 3 are on the low side compared to other turbines. Kirke
(1998) [11] collected together data from other turbine tests with
a variety of tip-speed ratios and illustrated that maximum efficiency for those turbines was attained with a TSR of 3 and 5. At
lower TSRs (between 2 and 3) that data showed maximum
performance coefficients of less than 30%. Given the aspect ratio of
this turbine it is expected that the performance coefficients will be
lower still and was actually expected to be around 20%.
The effect of solidity is shown for the two and three blade
turbine models in Fig. 3, both models display a similar value of
maximum torque but the two blade turbine's maxima lie at a low
value of tip-speed ratio because of the lower solidity of the design.
This will be due to the ratio of the lift to drag on the two bladed
turbine being proportionally higher than the three bladed design
and thus generating higher torque and higher rotational speeds for
a given TSR. As rotational speed increases, the torque on the two
blade machine decreases at a lower rate to that of the three blade
machine. Although the maximum torque per blade was very close
for the two and three bladed turbine models, the power per blade
was higher for the two blade turbine model, as it developed the
maximum torque at a higher rotational velocity, see Fig. 4.
Fig. 4 also shows that adding more blades (with the same chord)
has a reduced benefit; as the blade number increases each blade
added adds another wake and lowers the rotational velocity at
which optimum perfomiance is achieved. Literature relating to
HAWTs shows similar conclusions. High solidity machines are
traditionally used for high torque, low speed operation, such as
water pumping; low solidity machines are used for low torque,
high speed operations, such as electrical power production. The
benefit of adding more blades depends on a trade off between the
various required performance characteristics and manufacturing
costs. Other parameters that may be affected by the number of
blades include, rotor weight and balance, structural loading, torque
ripple, starting torque, and fatigue resistance. It should be noted
here that the number of blades was increased, but the chord of
those blades was not reduced so the solidity rises substantially.

Fig. 5. Blade surface roughness before and after surface smoothing treatment.

encountered was used. However, this Reynolds number changed as
the rotor assembly slowed its rotation speed and so there is another
complication in determining the appropriate drag coefficient to
use. The shape of the weights was also only approximately that of
a cylinder which also complicates matters. Overall, this significantly complicates the analysis of the errors.
The maximum overall error in the determination of the power
developed by the turbine is approximately 20%. Despite this absolute error, repeatability is extremely good. For a number of wind
speeds the turbine was repeated moved through its range of TSR by
changing the applied torque and the repeatability was within 5%. It
will therefore be possible to compare changes in operating condition of the CFD and experimental model within 5% but we can
expect to see differences in absolute power coefficients between
simulation and experiment of 20%.
3.1. Effects of solidity on performance
Solidity is one of the main parameters dictating the rotational
velocity at which the turbine reaches its maximum performance
coefficient. Higher solidity usually dictates lower tip-speed ratio
and lower efficiency. At low tip-speed ratios, the rotor blades do not
interact as strongly with much of the air flow passing through the
volume swept out by the proceeding blades, but at high tip-speed
ratios, rotor blades begin to interact with the wakes strongly from
upstream blades.
As has been noted already, the solidity of this rotor blade was
rather high (for structural reasons) so the tip-speed ratios (TSRs)

3.2. The effect of surface roughness
With the correct level of surface roughness, it is possible to trip
a boundary layer from laminar to turbulent flow at a lower Reynolds number than for a flow on a smooth surface and this usually
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causes an increase in drag. However, a turbulent boundary layer
will also be more resistant to flow separation from the rotor blade
surface and so i t is possible for the drag to be reduced with
turbulent flow where a separation was present with laminar flow,
i.e. although skin drag has increased form drag and therefore
overall drag on the aerofoil is reduced.
The surface finish on the blades due to the manufacturing
process was visibly rough. Unfortunately since blades were manufactured from high-density foam, it was not possible to use
a surface profiler to determine the exact size of surface roughness.
However, using a roughness feeler gauge it was estimated that the
largest scales of roughness were approximately 0.5 mm in height,
giving a non-dimensional roughness of (x/C) equal to 0.005. The
turbine rotor blades were initially tested with the blades in this asmanufactured state. The model was then tested after the blades had
been smoothed by hand using fine-grade glass paper after which
the normalised roughness was estimated (again using the roughness feeler gauge) to be approximately 0.0005, i.e. an order of
magnitude lower than in the previous case. It should be noted that
any change in profile shape was negligible after sanding with the

glass paper. Fig. 5 shows qualitatively that the difference in surface
roughness before and after treatment was significant
From Fig. 6, it can be clearly seen that the surface roughness had
a significant effect on the performance coefficient of the model
turbine. At lower wind velocities (below a Reynolds number of
30,000, i.e. a wind speed of 4.3 m/s), smoothing the surface of the
blades reduced performance quite significantly in both the two and
three blade test cases. It is hypothesised that is due to the rougher
surface undergoing a laminar to turbulent boundary layer transition much earlier, and so being more inclined to stay attached to the
aerofoil surface and so resulting in a lower drag on the aerofoil.
It is interesting to note that for a wind speed of 4.31 m/s, the
performance curves for smooth and rough blades cross at a t i p speed ratio of just over 2.2. The traditional definition of Reynolds
number for a wind turbine remains constant for a constant wind
speed, but there appears to be a dependency in this data i f we
consider the Reynolds number that the flow sees is dependent on
the rotor relative wind speed. This is not surprising. The Reynolds
number over a VAWT rotor blade changes continually as it rotates
both towards the oncoming wind and against it, i.e. windward and
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leeward. As the rotational speed of the turbine increases (at low
applied torques, for example), the maximum relative velocity
increases and so does the maximum Reynolds number. It is of
course possible with the correct tip-speed ratio for the minimum
leeward Reynolds number to drop to zero. With these Reynolds
number changes occurring, it is therefore not surprising that such
a cross over in the performance curves occurs.
Above a critical Reynolds number the above figures shows that
in both two and three blade tests, the maximum torque obtained
for blades with rough surfaces was obtained at a lower tip-speed
ratios than for smooth blades. At a lower tip-speed ratios, there
exists a larger variation in the angle of attack than at higher TSRs.
From Fig. 6 it seems that a blade with a rough leading edge is likely
to help delay the onset of stall which is more likely to occur at the
high angles of attack. It should be noted that the maximum torque
point was difficult to measure being a rather unstable operating
point with the torque brake used there.
Adding boundary layer trips may have improved performance at
low Reynolds numbers without reducing performance at higher
velocities by causing an increase in skin friction drag, or compromising the leading edge. Researchers at Sandia Laboratories [5]
found flaking paint on the leading edge resulted in a boundary layer
trip that reduced efficiency, as the blades were natural laminar flow
blades designed to maintain a laminar boundary layer for a long

proportion of their chord length. It is likely that as this roughness
directly on the leading edge may have also delayed separation into
stall.
As can be seen from Figs. 7 and 8 the maximum performance
coefficient of this turbine is around 25% and occurs at the
maximum wind speed and therefore the maximum Reynolds
number tested. At the maximum TSR (around 2.8 for the two blade
and around 2.5 for the three blade design), the angle of attack
variation seen by each the rotor blades at each wind speed will be
the identical. Therefore the only difference (apart from surface
finish) between the cases, is the Reynolds number and it is clear this
has a significant effect on the performance on the two bladed (low
solidity design) but a smaller effect on the three blade design.
4. Numerical simulation and comparison to experimental
measurements
This section provides a comparison between the experimental
measurements and the computational predictions carried out to
more fully understand the flow structures around the model
turbine. The computational fluid dynamics code used was Fluent
while the mesh generation was carried out using Gambit. Having
achieved mesh independence and suitable Y+ values of less than 10
(and using wall functions, but not enhanced wall functions) this
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in the wind tunnel. The outlet of the domain was defined with
the boundary condition Outflow. The top, bottom and sides of the
domain are defined as non slip walls. It should be noted that the
inlet and output boundaries are not placed in representative positions relatively to the wind turbine in the wind tunnel, but are
instead further away. This avoids the potential problem of
computational boundaries interacting with the flow around the
turbine. A sliding mesh geometry was used to model the rotor
geometry and can be seen in Fig. 9b and a symmetry plane was used
at rotor mid span to ease the computational requirements.

resulted in a 3D model with approximately 1.3 million cells, as
shown in Fig. 9. The solutions were initially obtained using firstorder discretisation until periodic solutions were achieved (usually
after approximately 3 or four rotor revolutions) and after this the
spatial discritisation was switched to the more accurate second
order spatial discretisation.
The choice of the turbulence models influences the resultant
flow field and the computational resource and time required to
achieve solutions. For HAWTs it was found that standard k - t model
gave inaccurate results after flow separation in the previous
research done by Wolfe and Ochs [9]. However, the k - t RNG model
is known to predict flow fields involving large flow separations
more accurately so for the present task, k-e RNG turbulence model
was used.
The entire flow domain is shown in Fig. 9a, which models the
wind turbine and accurately models the side walls and roof of the
wind tunnel relative to the turbine. The wind tunnel walls were
included in the model as it is expected that the effects of the wind
tunnel wall could be significant, considering the relative size of the
model rotor to that of the test section. The front of the domain was
defined with boundary condition Velocity Inlet, which allowed the
magnitude of inlet flow and turbulent quantities to be specified.
The turbulent intensity of 1% and length scale of 0.01 m were
applied to approximately account for the incoming flow turbulence

4.1. Predicted turbine performance
Fig. 10 shows the effect of changes in turbine operating point on
the coefficient of performance for both the experimental
measurement, two dimensional and full three-dimensional CFD at
a wind speed of 4.31 m/s. The error bars on all the experimental
data is fixed at a value of ±20% of the measured value. There is
reasonable agreement in both the level and the shape of the 3D
predictions and the experimental measurements, which gives
confidence that the 3D CFD is correctly capturing the essential flow
physics of the aerodynamics. It should be noted that at this Reynolds number of 30,000, the agreement between the 3D predictions and the experimental data tends to diverge towards higher
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Fig. 12. Performance coefficient for the model turbine and simulations for a wind speed of 5.81 m/s.
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Rotation Period
Fig. 13. Predicted torque coefficient for a single rotot blade from 2D simulations.

tip-speed ratios. Fig. 11 shows the results for simulations and
experiments carried out at a wind speed of 5.07 m/s or a Reynolds
number of around 34,000. Once again the 3D simulations are
underpredicting the performance coefficient, particularly at the
higher tip-speed ratios. At higher tips speed ratios, the changes in
angle of attack between the relative velocity vector and the rotor
blades reduce. As such one might expect the agreement between
simulation and experiment to improve at higher tip-speed ratios,
but this is clearly not the case here. The 3D simulations do not
include the radial support arms, so if these were included there
would be an additional drag force on the turbine and as a result an
even lower power performance coefficient. This would make the
simulated results move even further way from the experimental
data.
Fig. 12 shows the performance coefficient for a wind speed of
5.81 m/s or a Reynolds number of 39,000. Although results at only
two tip-speed ratios are presented for the simulations, it seems that
the results are now closer than at lower Reynolds numbers. The
peak in performance coefficient does not seem to change at all in
the experimental data as the Reynolds number has increased as it
remains at around a tip-speed ratio of 2.1 to 2.2. As seen in earlier
figures of experimental data alone, the performance coefficient
generally increases with Reynolds number. This is also the case for

the 2D and the 3D simulations over most of the range of tip-speed
ratios. This increase in performance is likely to be due to the
changing stall behaviour as separation bubbles transition from an
initial laminar shear layer earlier along the blade surface than at
lower Reynolds numbers.
The overall difference between the predicted 2D performance
and the experimental and 3D CFD results is believed to be caused by
a number of reasons. The main one will be that, of course, the 2D
CFD simulation does not include the effects of the tip vortices
present on the real turbine and the 3D simulations. A simple
analysis of the drag losses caused by the support spokes showed
that these aerodynamic losses were rather small. This analysis was
carried out by calculating the drag losses on an elemental section of
the support spoke using an appropriate drag coefficient and the
local relatively velocity. These losses were integrated from root to
the tip of the support spoke give the total loss. The overwhelming
reason therefore for the difference between the 2D and the
experimental results and the 3D CFD simulation is caused by the
rotor tip vortices present on each end of each rotor blade. It should
be noted that the 3D CFD geometry does include the central drive
shaft, but does not include the support spokes so one would expect
to see a difference between those results and the measurements,
quite apart from the experimental and numerical accuracy.

Fig. 14. Predicted totque coefficient fot three individual rotot blades and the total torque developed by the turbine as predicted by 3D simulation.
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Fig. 15. Contours of vorticity for the three rotor blades illustrating the changing strength of the tip vortex for the rotors at different phases. 415 rpm, V . = 5.07 m/s.

The predicted torque output of a single rotor blade as predicted
by the 2D simulations is shown in Fig. 13. The torque curve is
characterised by a high and fairly narrow peak in torque coefficient.
There is very little negative torque developed as the rotor blades
travel through the stall regions (time periods of between 0.25 and
0.8). The details of the stall development and its relationship to the
torque ripple in a similar turbine is discussed in [10].
The torque output from the equivalent 3D simulations is shown
in Fig. 14. Overall the shape of the torque peaks is similar to those in
Fig. 13, but the shape of the torque curve between the peaks has
change character indicating different flow physics are at work and
most importantly, the overall torque level has dropped considerably. The reason for this must be due to the presence of the tip
vortices.
4.2. Detailed turbine aerodynamics
In an effort to determine some of the more important flow
physics occurring during the full 3D simulations, plans were used to
visualise the vorticity shed from the rotor blades. The planes were
set up at distances of 10% and 50% downstream of the rotor trailing
edges and also at just above mid span and 75% span as shown in
Fig. 15.
The wind velocity vector in this direction is into the page. From
the vertical visualisation plans, it is possible to see the variation in
the strength of the over tip vortex as the rotor blades find themselves at different phase angles. Shortly after the rotor blade

develops maximum lift (not necessarily the same as maximum
torque in Fig. 14) the tip vortex will be at maximum strength and
this appears to be the case for rotor blade (a). The intensity of the
vortex core and its extent are at a maximum for this rotor blade and
at this location (phase). As this rotor blade reaches the location of
rotor (c) the extent of the over tip vorticity has reduced, while by
the time the rotor reaches the location of blade (b), it appears to be
at a minimum.
This changing in strength is due to the changing lift developed
by the turbine rotor blade as it rotates through different phase
angles. It should be noted that there is likely to be a small delay
between maximum lift being developed and the maximum
strength of the tip vortex occurring. This will simply be due to the
time required for the flow to respond to the changing lift around
the rotor blade.
A horizontal visualisation plan has been used at the tip of
the rotor blades in Fig. 16 to further illustrate the strength of the
vorticity of the over tip flow. It is very clear from this figure that the
wake caused by the tip vortex extends to a considerable proportion
of the area swept out by the rotor blade. The region marked ' W in
Fig. 16 is the wake from the previous rotor and at the instant shown
in this figure is about to flow past the central support strut. As the
wake segment continues to flow downstream, it will actually
interact with the rotor that created it. This will cause changes in
both the surface pressure distribution of that rotor blade, but may
also change the laminar to turbulent flow transition locations in the
rotor blade. This is due to the elevated levels of turbulence in the
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Fig. 16. Contours of vorticity for the three rotor blades illustrating the changing strength of the tip vortex for the rotors at different phases. 415 rpm, V „ = 5.07 m/s.

wake and the relatively low Reynolds numbers of the flow over this
rotor. It should be noted that such flow physics are not captured in
these simulations, but are potentially present in the wind tunnel
model.

5. Conclusions
A small model research VAWT turbine has been manufactured
and tested over a range of operating conditions. The straight
turbine rotor blade, with an aspect ratio of 4:1, operates at relatively
low tip speeds and its performance shows a clear dependence on
the rotor blade surface finish. Below a critical Reynolds number
(30,000), the performance is enhanced by having the surface of the
turbine roughened, but above this Reynolds number the power
coefficient is degraded. The tests also shows that the two and three
bladed rotor models produces similar peaks in performance coefficient, but that the three bladed design did so at a much reduced
TSR.
Computational predictions of the performance coefficient of this
turbine were carried out and the 3D simulations were shown to be
in reasonably good agreement with the experimental measurements, considering errors and uncertainties in both the CFD
simulations and the wind tunnel measurements. The 2D simulations showed a significantly increased performance compared to
the 3D simulations and this was shown to be mainly due to the
presence of the large tip vortices present in the real turbine and the
3D simulations. Simulations illustrated the periodic pulsing nature
of the tip vortices caused by the changing lift generated by the rotor
blades as they travel through each rotor revolution. At phases
where higher amounts of lift are generated, stronger tip vortices are

present, whereas at phases where little lift is generated, the
vortices are significantly reduced.
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A time-dependent potential flow theory for the aerodynamics of vertical
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The Betz factor, i.e., the value 16/27 for the power coefficient, is widely expected to give an upper
limit for the performance of any wind turbine. In the present study, an analytical model of a
vertical-axis wind turbine with straight vertical wings is developed. A goal of the work is to study
if the one-dimensional Betz theory gives an upper limit of the performance of wind turbines when
two-dimensional effects are included. The two-dimensional and time-dependent potential flow is
solved by a confonnal map of the wing sections to circles. The stagnation points are determined by
the Kutta condition. The calculated power coefficient exceeds the Betz limit by a large factor. This
is due to a completely different flow pattern compared to the one-dimensional Betz theory. In
aerodynamic potential flow, the expanding flux tube of Betz is replaced by an asymptotic flow
consisting of a superposition of homogeneous flow and a circulation around the wings. Moreover,
the total torque on a turbine with three or more blades is found to be constant. The Betz theory does
not take into account the two-dimensional flow effects and the velocity of the rotating wind turbine.
By including these effects, far more optimistic theoretical results for the performance of
vertical-axis wind turbines are obtained. © 2005 American Institute of Physics.
[DOI: 10.1063/1.1896091]

I. INTRODUCTION

At present, the type of wind turbine that is most widely
associated with wind power is the three-bladed horizontalaxis wind turbine. There are also other kinds of wind turbines. Vertical-axis wind turbines, which we, for simplicity,
will call V-rotors, are independent of the wind direction. The
more frequent horizontal-axis turbines require a mechanism
to turn the turbine towards the wind. The Savonius rotor,
sketched in Fig. 1, is an old member of the V-rotor family. '
The French engineer George Darrieus invented in 1925
the first modern V-rotor, the Darrieus rotor. It is powered by
wings attached to a vertical tower at the upper and lower
ends, as seen in Fig. 1. The curved wings resist high centrifugal forces better since they have the same shape as a spinning rope bent by the centrifugal force, thereby eliminating
bending loads. These wings increase the performance of the
rotor, compared to earlier V-rotors.
A concern regarding the Darrieus rotor is the poor starting torque. Stall phenomena, associated with a too large
angle of attack, are important at low rotating speeds. The
wing sections have to meet the wind at a sufficiently low
angle. At a high-speed ratio, i.e., the ratio of the rotational
speed to the wind speed, the angle of attack becomes small.
In practice, a Darrieus turbine has to be spun up by some
kind of starting mechanism to work properly. There are various solutions to this. A combination of a Savonius and a
Darrieus rotor has been proposed due to the large starting
torque produced by the Savonius rotor. But the SavoniusDarrieus device is a compromise since the Savonius rotor is
1 2

3

a drag device with low performance at high speeds. Another
option is to use the generator as an electric motor to spin up
the rotor.
The V-rotor has more advantages besides its independence on the wind direction. It runs silently compared to the
horizontal machine which, in this respect, suffers from a very
high wing-tip speed ratio. In addition, the vertical axis allows
a generator to be placed on the ground, which simplifies
maintenance. When horizontal-axis rotors are used as underwater turbines and propellers, the high tip speed ratio causes
undesired cavitations. Darrieus turbines are, for that reason,
an interesting option when it comes to extracting electricity
from ocean currents and tides. Another application of the
V-rotor is for ship propulsion with the blade-angle-regulated
Voith-Schneider propeller.
Our study is about a Darrieus-type V-rotor that is driven
by straight vertical wings. It is sometimes called H-rotor because of the H-shape of such a two-bladed turbine (Fig. 1),
but we will still call it V-rotor further on. The straight wings
are easier to manufacture, transport, and install than curved
blades, but the wings and their suspension have to be solid
enough to withstand the centrifugal forces.
Savonius

Darrieus

V-rotor

FIG. 1. Three members of the V-rotor family.
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II. ASYMPTOTIC POTENTIAL FLOW

FIG. 2. Schematic contour plot for the flow around a wing at rest. The lift
on the wing is balanced by a corresponding change in the fluid velocity,
predominantly in the neighborhood around the wing. A contrast to the Betz
theory is that the asymptotic fluid velocity is a superposition of homogeneous flow and a circulation around the wing (indicated by arrows).

A situation is modeled where no obstacle, except for the
V-rotor, perturbs the wind. This case is relevant for a seabased wind turbine. In the model, the V-rotor has wings with
infinite length and the incoming wind is homogeneous and
does not depend on height. These simplifications permit a
two-dimensional model. Moreover, we assume incompressible and laminar, not turbulent, flow.
For incompressible, i.e., V-v=0, planar flow with v = 0
and <?/o!z=0, we can introduce a flux function ip(x,y,t) by
z

v = V X [ilix,y,t)z\=
The aim of the present study is to derive a clear analytical model for the performance of the V-rotor and investigate
how it depends on the number of wings, the rotational speed,
and other parameters. Differences from the Betz theory are
key issues in this paper. First, the calculated power transfer
from the fluid to the turbine is based on the exchange of
angular momentum rather than a direct energy transfer via a
unidirectional retardation of the fluid. Secondly, the
asymptotic flow pattern in the aerodynamic potential theory
consists of a unidirectional flow with a superimposed circulation around the wing, which is qualitatively different from
the expanding Betz flow. The velocity of the turbine is not
included in the calculation by Betz. Finally, to avoid the fluid
elements being added or subtracted in an uncontrollable
manner, fluid elements moving with the fluid have to be considered when the rate of change of the angular momentum or
energy carried by the fluid is calculated. This is a reason why
there need not be any expanding flux tube in aerodynamic
potential flow, despite the fact that angular momentum and
energy can still be transferred from the fluid to the turbine. A
similar situation appears in wing theory, where a change in
the potential energy of an airfoil with finite mass can appear
even in the absence of a Betz-like expanding flux tube (see
Fig. 2).
5

Special emphasis is put on the power coefficient. Ever
since its derivation nearly a hundred years ago (see Refs. 5
and 6), the "conventional wisdom" in the wind-power community is that the Betz factor gives an upper limit for the
performance of any wind turbine. We will, by rigorous calculations, demonstrate that the Betz factor should not be considered as a theoretical limit for the power of a vertical-axis
wind turbine. Our results for the performance of a V-rotor are
far more optimistic than what could be expected from the
Betz factor, but there are effects missing in the present analysis that would influence the results.
Our approach is based on Poisson's equation, with vorticity sources on the wing surfaces. The problem can be reformulated as a scattering problem by splitting the flux function into an external field and a response. The mathematics is
simplified by a conformal mapping of the rotating airfoils to
circles, and by using image sources. Some limitations of the
aerodynamic potential theory will be pointed out and we will
briefly indicate how a rigorous model can be developed, conceptually based on a generalization of the aerodynamic potential theory.

V if/X i.

(1)

The relation v V i | f = 0 implies that at each instant the flux
function ijj(x,y,t) is constant along the stream and each velocity field line can be labeled by the value of the flux function. In addition, we have |v| = | V ^ | for the magnitude of the
velocity; compare Fig. 2.
In incompressible flow, the only source for the velocity
field is vorticity, ta= V X v . We obtain w=wz and the Poisson's equation for an incompressible flow,
7

V i/t=-a>.

(2)

2

We attempt to solve this equation with w=0 in the open
domain outside the rigid surface of the rotating blades. First,
the fundamental solution to Laplace's equation in two
dimensions,

F(r,r') = ^ - t a | r - r ' | ,

(3)

is introduced. This is a normalized line source at the source
point r'=(x' ,y') and the field point r=(x,y). By using the
fundamental solution and Green's 2nd identity, the solution
of Poisson's equation can be expressed in terms of a "twodimensional Coulomb integral,"
iKx,y,t) = V (t)r sm(<p - <p) + K (t)
0

0

x

+ j> dl'F(r,r')u (r')dI',

(4)

s

where (r,<p) are the usual cylindrical coordinates and K^t) is
an arbitrary constant. The first term corresponds to a homogeneous and possibly time-dependent velocity field at infinity. The angle between the asymptotic velocity and the x axis
is <p . The integral over the vorticity is a Stieltjes integral:
i.e., all sources of « should be included, even those that
shrink to a surface distribution or a line source. In our case,
CD is a line density of vorticity, located at the boundary curve
C of the rigid blades. The total circulation has, in this case,
its sources at the boundary,
0

S

T(/) = (I)
Jc

x

v • dl =

udxdy -> CD a> dl,

(5)

s

JR

2

JC

where C* is a circle with infinite radius and the Stieltjes
integral has been used in the last step. With <p =0, a multipole expansion of Eq. (4) gives the asymptotic relation
0
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(6)

which corresponds to a superposition of a homogeneous flow
along the x direction and a circulation. Somewhat surprisingly, this potential flow shows no sign of an expanding flux
tube similar to the one-dimensional Betz flow. We need to
stress that an expanding flux tube is not required to extract
energy from a two-dimensional fluid motion. We will give a
consistent derivation of how energy and angular momentum
can be transferred from the fluid to a rotating turbine, despite
the absence of an expanding flux tube in aerodynamic potential theory.
In a similar manner as in the wing theory, the circulation
is crucial for the performance of a V-rotor. The circulation
r(/) is mathematically a free function in potential theory. In
the Kutta-Joukowski theory, the circulation around a wing
section is adjusted to give a stagnation point at the trailing
edge of the wing. For a moving wing, such as those of a
V-rotor, the circulation changes in time, since the angle of
attack varies. The time dependence of V(t) may seem to be in
conflict with the Helmholtz vorticity theorem. The vorticity
is "frozen" in an incompressible fluid,
—+ v

V <u = 0,

(7)

dt

if the momentum balance is governed by Euler's equation.
Our flow is not irrotational everywhere, since boundary
sources are set up at the wing surface to locate the stagnation
point at the wing trailing edge. The Helmholtz vorticity theorem in this case only states that no vorticity is generated
within the fluid. The vorticity at a fixed point in the lab can
change in time. At such a fixed point, the vorticity is constant, in our case zero, only along those flux lines that do not
intersect with an accelerated rigid boundary. A change in the
vorticity, originating from the boundary sources at the rigidly
rotating blades, is moving with the fluid velocity (until dissipated by viscosity). I f the rigid boundary accelerates,
which is the case for rigidly rotating blades, the boundary
sources give rise to a circulation T(t) that changes in time.

III. MAPPING A CIRCLE T O AN AIRFOIL

The Riemann circle theorem states that any smooth region S in the (x,y) plane can, by a conformal mapping s
=s(z,t), be transformed into a region bounded by a circle
with a finite radius. The time / is a parameter that could be
included to model a motion, like a rigid rotation, of the airfoils. In addition, Laplace's equation is invariant under a
conformal mapping, as seen from the relation
r?

#

2

—X +

—:

2

s

z(s) = s + — + G(s),
s

G(s) = i^

+ ^(iB„

(9)

+ A„)

(10)

1

The circle s(rj) = be' in the 5 plane, where —n< r)<ir, is
thus transformed into the curve z(r/)=x +iy ,
where
v

c

c

ydv) - ~r + 2 ( „ cos nr/-A„ sin nrj),

(ID

x {rj)

(12)

B

c

= 2b cos nrj+ 2 (A„ cos nr) + B sin nrj).
n

l

In the limit G(s)=0, the circle is transformed to a sheet at the
x axis, encircled one turn in the positive direction. This infinitely thin wing section is the Joukowski transformation.
With G(s) finite, a wing section with a finite thickness and
where various angles of attack can be modeled. As an illustration, the choice B„=Q gives symmetric airfoils, without
any camber. In this case y is an odd function of the angle TJ,
and we can define the thickness h{rf) of the wing by
c

h{rj) =-h(-

r)) = -2^A„
1

sinnrj,

(13)

where the Fourier coefficients are determined by
-1 P
A„ = —
h{7]')smmj'drf.
* Jo

(14)

The function h{ rj), with h(TJ) 0 in the interval 0 < r/< 77, is
arbitrary from a mathematical point of view. The upper side
of the wing is obtained for r/> 0, and the lower side corresponds to the angles with -n<0.
Equations (11) and (12) can be used to determine more
general profiles. With some effort, an airfoil with an adjusted
trailing edge, angle of attack, and a camber can be modeled
by Eqs. (11) and (12).
IV. MAPPING CIRCLES T O A V-ROTOR SECTION

The coordinates (x' ,y')> or in complex form z'=x'
+ iy', are fixed in the rotating turbine. The coordinates
(x' ,y') are obtained from the coordinates (x,y) in the lab
system by a rigid rotation,
z(s,t)

w,

z'(s),

(15)

(8)

where s=x +iy . It is convenient in our case to use the Riemann theorem in the opposite direction: i.e., we will construct a conformal mapping z{s) that transforms a circle in
the s plane into a curve in the z plane that is useful to model
a wing section.
s

We demand that z^s
at infinity. The angle of the
asymptotic fluid velocity is then the same both in the z and
the 5 plane. For a thin wing, we use the Joukowski transformation in combination with a Laurent series,

a(t) = \ (t')dt'.
Jo
r

(16)

The angular frequency can be time dependent, which is useful, for instance, i f the startup of a V-rotor should be modeled.
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FIG. 4. The conformal mapping maps the static circular V-rotor onto a
rotating rotor with wings.
FIG. 3. In the s plane the V-rotor consists of a circular tower and (in this
case) three circular "wings." In this geometry, the boundary condition is
simple and the solution of the potential problem can conveniently be constructed in the s plane.

The transformation for a single wing section is found by
first displacing the center of the airfoil to the point ae'$ and
combining that with a 90° rotation of the wing tip relative to
the unit vector along Vf3 ,
m

m

z'(s)

= 5+

•-

+ ^-W2)
e

G [ e

;(

f f

/2-/y

( 5

_

iP i

ae

m)

- ae

V. BOUNDARY CONDITIONS

Laplace's equation is preserved under the coordinate
transformations z—*z'—*s. To get a unique solution, the potential problem needs appropriate boundary conditions at the
rotating wing sections and the tower as well as an asymptotic
relation for the velocity field.
The boundary conditions at the rigid bodies are particularly simple to formulate in the rotating reference system.
The condition that no fluid particle should penetrate through
a rigid body implies

(17)
0.

The circle
(18)
is then mapped to the airfoil
z'(»?) =aefl » + etom-*n\2b cos 77 + G(be >)].
i

(23)

where v ' is the velocity of the fluid as measured from the
rest frame of the rigid body. In vector notation, the transformation z'=e~'"z and the formula v = VifrXz give

(19)

ir

A comparison with Eqs. (11) and (12) shows that the map
results in the correct wing profile, with location and wing tip
valid for any angle B . The airfoil is centered around the
point ae'& in the z' plane.
In an analogous manner, A^-evenly-distributed and wellseparated cylinders in the s plane, with centers at a distance
a from the origin, can be mapped to iV-rigidly-rotating airfoils in the z plane by

(24)

v'=V'(/r' X z ,
where

m

x' +y'

m

z'(s)=s

+

2
s - ae

1

2

2

(25)

and V is the nabla operator for the coordinates fixed in the
rotating turbine. It follows from Eq. (24) that tp'=K(t) along
a curve that is parallel to v ' . The tangent vector V of the
boundary curves is parallel to di'/drj and the normal vector
n ' is perpendicular to the tangent vector, i.e.,

(20)
h'=i'

P = 2rrm

(21)

N

The m circles given by Eq. (18) in the s plane are approximately mapped to the curves given by Eq. (19) if the circles
are well separated, i.e., Nb<ira.
This map can also include a rigidly rotating tower. In the
limits c<a and b <ca, the boundary curve
s (rj)=ce'
maps onto a nearly circular tower boundary at the z plane
given by
2

X0ViS!

•^towerC Vt') • ce

l

The V-rotor map is illustrated in Figs. 3 and 4

TI

(22)

Xi=:—•—'-Xz.
\dz'ldr}\

The boundary condition n ' - v ' = 0 thus gives i/j'=K(t),
with |x'| = |z'|,

(26)
or

-'|2
(27)
along the boundary curve. We note that the standard condition ijj=K{t), appropriate for a rigid body at rest, is not valid
for a V-rotor i f fi,.|z'| is varying along the boundary.
In a similar fashion, the boundary tangential velocity in
the rest frame of the wing sections is l-x'=-dtj/
/dn'(r/).
By
transforming to the variables in the 5 plane, this becomes
2
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^ l n F + O j i
2w
\r

4>

K

(34)

The solution is made unique by adjusting the circulation so
that the stagnation point in the rest frame of the wing is
located at the wing trailing edge. Eq. (28) gives, with 4>

a

= 0.

3r

(35)

,10)

The asymptotic field i/r is the lowest order external field
that is responsible for the associated response by the cylinder, i.e., the setup of a distribution of boundary sources that
prevent the fluid from penetrating through the boundary. Our
task is thus to determine this boundary source, and for a
V-rotor the response from all airfoils and the tower should be
added. The potential problem is similar to a scattering problem, where the external velocity field plays the role of an
incoming wave and the response, the role of the scattered
wave. The influence of the external wing sections and the
tower on the response from a single wing section can be
handled by adding the associated terms in the external field.
The lowest-order solution that ignores the contributions
from the external wings and the tower on the external field is
of the form
xt

FIG. 5. Graphical explanation of the angles appearing in the solution.

ds_ dtf/

dJ/_
i'-v'=dz'

dz

dn (v)

1

s

(28)

dr

m

where r is the distance in the s plane from the center of the
mth circle. The V-rotor map is constructed in such a way that
the wing trailing edge appears at the angle 77=0.
The rigid boundary condition has to be combined with
the asymptotic condition on the velocity field. The
asymptotic relation s—*z' holds for the V-rotor map. In the 5
plane, the asymptotic condition (6) therefore imply, with
K(t)=0, that
m

, -r

res

/1

«/r-> V r stn(<p + a) + — — In r, + O
0

s

!

2IT

(29)

\r.

where V is the asymptotic wind speed and r r e s is the circulation induced by the response from the airfoils and the
tower. Cylindrical coordinates are introduced by x,

_ 10)

/

F

2S

b

In r - V [ r - - ]COS(T7+ a+

Vext Vres

0

T

BJ

0

=r cos <p and y =r
s

s

s

s

+ 2 | ^ z j [C„(t)cosnr/ + D„(t)smnrf].

sin <p .
s

(36)
VI. R E S P O N S E FROM A CYLINDER IN A
H O M O G E N E O U S VELOCITY FIELD

To determine the coefficients in this expansion, we note that

In order to formulate the potential problem in the 5
plane, we use cylindrical coordinates centered at the symmetry axis of the wth cylinder, i.e.,
= rcos <p,

(30)

v - . v , = rsin (p.

(31)

x -Xo
s

M

J

0

m

= a + 2ay ( )

\z'(77)|

2

2

c

+ 2b + 2b cos 277 + O ^

V

2

2

(37)
The conditions at the cylinder boundary and the trailing edge
then give
(38)

D„ = aQ, (t)A„,
r

In complex notation, this can be written as s=s-s ,
where
s =ae'P ,
s=re'*, and 5=r,e" '. The asymptotic velocity
field is regarded as the lowest order external field,

j.

0m

0m

m

p

V fcos('n+

a + BJ,

(

r

7r/2-/3,„.

(33)

r e s

= 0,

2

btt,. r?[z'l

2

2

** ^r\
a

dr

+

2 ~ 2 A„
n

and thus
res

= 2bV \a + BJ + 77J - - + 2
0

res

n

nB

(40)

1

thus reads, with 1//= ip + ^ »
VV

r

Finally, to get the circulation, we also note that

The potential problem for the response of a single cylinder
eKt

2

(32)

where Eq. (29) has been used. Here, the angle 77, which has
already been introduced as a parameter for the wing sections,
is for the wth cylinder given by (compare Fig. 5)
77=$ +

(39)

c„=-aa (i)B„-b a (t)s„, .

—

277

r>b,

(41)
where

ilf = KU)-^\z'( )\-^
res

v

r=b,

(42)
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is the {tip) speed ratio. The formula indicates that the speed
ratio 77; should be large to get a large average vorticity and
thereby a maximal average torque on the airfoil.
For a+ B =-rrl2, the rotation speed adds to the external
wind speed in the V-rotor's rest frame. For a+B„=-ir/2,
the
speeds subtract, but the airfoil always meets a wind component in the forward direction i f 77/> 1. The angle of attack
can be estimated by the angle between the tangent of a thin
wing section and the wind direction, measured in the rest
frame of the wing. The wing sections of a V-rotor act like the
sails of a boat that beats up against the wind. The variation in
the angle of attack over a rotation period in the V-rotor is
suppressed substantially i f the speed ratio 77, is high.
By separating out from Eq. (36) the asymptotic velocity,
i.e., the external field, the response caused by the mth rotating cylinder is obtained,
m

_ t0)
m

COS(v

0

m

+ a+ BJ

m

b (b\
2

Vm

a

\r„)

~ % ^ o 2 I f " ) (B* cos nrj -A„
1
\r l

sin nr/J,

m

(43)

m

where r—*r is defined by Eqs. (30) and (31) and 77—* 77,,, by
Eq. (33). In the z plane, a(t) + B is the angle to the center of
the mth cylinder. The rest of the parameters should be obvious. The index m is here introduced to sort out the separate
responses of each wing in the V-rotor, and the superscript (0)
marks the zero-order response that ignores the interaction
between the different airfoils and the tower.
In general, the solution for the flux function in the s
plane can be written as
m

m

s

(44)

2 fejes + Slower.

S\n(<p + a) +
s

where N is the number of airfoils and ip
is the response
caused by a tower with circular cross section and radius c in
the 5 plane, centered at x =y =0. The tower is rotating, and
the expression for the asymptotic flux function is
Xov/eT

s

s

(^+0=0,37"

The circulation from the tower is then zero,

r
x

=0

(0)

tower

(49)

"

VII. INTERACTION BETWEEN THE WING
SECTIONS

r

The lowest-order response has been derived in the previous section. To the next order a monopole interaction between the airfoils and the tower can be included. The monopole approximation for this first-order interaction ought to be
accurate i f bla and cla are small parameters. In addition,
there should not be too many airfoils (up to 5 are acceptable
if b/a<0.2) to assure that b is small compared to the distances between the airfoils. The criterion for this is N
<^ nal b, or roughly
Nb

<0.3.

(50)

The monopole approximation for the first-order correction
should be mathematically accurate in this parameter regime.
Our wing sections behave like scattering antennas, or
loudspeakers, that generate perturbations that in reality
would propagate with the sound speed. However, the time
does not appear in the Laplacian. The response is thus immediate, and no retardation is present in the model. For size
and velocities typical of a V-rotor, a finite sound velocity
should not give any significant modification of the results.
The solution can be constructed by using image sources
to include the first-order correction. When the boundary
curve is a circle, the mathematics is simplified by using conjugate points and sources that satisfy the relation (see Ref. 8),

(45)

rexuower-* 0 s Sm( tp + a),
V

(48)

0.

dip/drj.

b

Inr + V—
r

-ViVq—\ \

0

s

2

r

- ~
2 IT

</r= V r

edge. There may not be any obvioixs choice for a stagnation
point at the tower boundary, since the tower cross section is
nearly circular in the z plane. The most natural choice is to
demand that the stagnation point appears along the wind direction, i.e., at <p=0,7r in the z plane or (p + a-0, TT in the 5
plane. This corresponds to

s

•b ,

(51)

2

and since | z ' | « c on the tower surface, we obtain
2

:

2

0,

(52)

r > c,
s

where b is the circle radius, r is the radius vector distance
from the circle center to the external "point source" w , and
Tj,,, is the radius vector from the circle center to the image
source to^. These two sources give a constant flux function
at the circle boundary. To get a different constant boundary
value, this pair of sources could be combined with a line
source at the symmetry axis of the cylinder,
e x t

Slower =

</Wer

K(t)-lfl,ext,tower»

-*

I

?

OWei

2TT

In r +
s

r' s=c,
s

ext

(46)

0\-),
\r
t

To the lowest order,
.p(0)
,//
+ i//°> Vext,tower S l o w e r "
(0)

+

l o w e r

jjj-

Inr + V \
"
°'

r,im.O

s

2ir

Xsin(<p,+ a).

(47)

For a wing section, the stagnation point is at the trailing

In r.

(53)

The monopole approximation for the interaction between
the airfoils means that we take
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</Wxt = - Vdr eos(r/„,+ a+ BJ +

_p(0)
m',res

2

m

/

<A=

\

2TT

Xln^m

a

2

s

+

m

„,

^ \ b

(54)

m'ml>

c \(0)
r - - sin(<p, + «) + 2 —f** In r

Vq2J

2

,
.
b {b\J IT cos(?7 + a+B„)- yr~\~
2

m

m

I'm

- Vi2i

(

where the external line sources have singularities at the symmetry axis of the cylinders,

2TT

y)

„
I cos2»7

(B„ cos nr/ -A„ sin n r,J
m

a \ n . = r , ' - o , = 4i.v(cos B , - cos B„)
m

0

m

r

m

m

^

+

s

1 - cos

2ir{m'

r

(55)

+ y. (sin/V-sin/3j],
1/2

-m)

+ 2

(56)

N

m,
2TT

} r e s

l

l n

r s

- (c /a){i
2

v-i

^m',res ,

2

- 2ir
r^-ln-

m &m

cos /3,„ + y sin /3„

s

s

f^m

(b/a i
m

m

) a„

(62)

where we, for convenience, repeat Eq. (41)
The tower does not give any contribution here, since the
tower circulation is zero. By using the results (51)—(53) for
image sources, the first-order correction to Eq. (34) for the
mth wing section is found to be

(l)
_
(If-"
Vmjes =

m,res

1

1

lnr +
m

2TT

2
m' ¥=m

(0)
mml' res

lir
(57)

Xhi\f -(b/a ,J a ,
m

m

2

m m

Since b<a, the Kutta condition (35) at the stagnation point
gives
r

(D

r

=

(o)
m'.res

(58)

2

= 26 J

^

cos(«

+

/

3j

+

(63)
It is straightforward to transform these expressions into the
lab system in the z plane or the V-rotor's rest frame by using
the conformal mapping defined by Eqs. (15), (16), (20), and
(21).
In an exact solution, there exist velocity field lines v ' ,
measured in the rest frame of the V-rotor, that are tangential
to the boundaries of the wing sections, and the stagnation
points of v' should appear at the trailing edges in this accelerated reference system. The solution can be sensitively
tested against these properties by tracing velocity field lines
near these boundaries by a flux plot for ip'. Such tests have
confirmed that the solution is very accurate in all relevant
parameter regimes.

We thus obtain
VIII. T O R Q U E B A L A N C E IN T H E E U L E R MODEL
1

^ m.res

ZJ

m',res ,

~ ^ ^

In

Cm

\V' m\m)
a

-

a

m'.ml

,

(59)

m'

which corresponds to a source without any net monopole
moment. From this we see that the first order response is
small,
1)

m,res
0)
m,res

- [
d

atj

m

r X xdV = - I r X VpdV,
J no
P

(64)

where we consider a volume element that moves with the
fluid to be sure that no fluid elements are added or subtracted
in the derivation. Euler's equation of motion,

(60)
a
o ( ^ + v-

The same conclusion can be drawn for the tower response.
Eqs. (46) and (48) give

Vtower

The torque acting on the fluid gives rise to a rate of
change in the angular momentum of the fluid,

(65)

Vv

has been used in (64). The z component of the torque gives a
power transfer to the turbine. For planar flow, with n directed
outward from the wing section, Gauss's law gives for a volume that has the height l ,
z

2TT

-y

2j

(61)
By summing all contributions to the flux function, i.e., by
using Eqs. (44), (43), (59), and (61), we obtain the solution
in the s plane,

^ = - < £ prdl=
'z
J at)

\
J-n

2

dp

(66)

1

where C(r) is the boundary curve for a cross section of the
body. As x + _ y = c for the tower, the expression above
shows that the torque on the tower is negligibly small. From
2

2

2

m
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now on, we therefore concentrate on the contour integrals
around the wing sections. The pressure is determined from
the flux function by Euler's equation
ldp_

ia\V'ip\

d ld<p

pdrj

2

dr)\

dr)

(67)

where we have introduced the scalar potential by V=V<J5
= V iffX i. We need to express the time derivative in independent variables in the z' plane (or the s plane). The scalar
potential can be eliminated by using the Cauchy-Riemann
equations,

dr/\ j

~
S , , „ , , [dx'd
a (/)—(x'-VV)+
dr)
\ dy
djl_

dy' d
:-——:
dr) dx

r

x

y

X

(68)

at
and, for the mth wing section, we use
dz'
dr/ dy'

drj

dr) dx'

dn'{ )

dn (y)

V

;.rotor _ _ £ V »

I

d\z'\\
dr) 2 dn'

dr).

(74)

'*
2
Moreover, it can be shown, by the same mathematical technique used to prove the constancy of the electric power in
symmetric three-phase current circuits, that the torque is constant in time with three or more blades.
To compute the torque, it is sufficient to generate only
two curves at each circular boundary in the 5 plane; one
curve coincides with the circular boundary of the wing section, and the other curve is a circle just outside the first one.
A l l quantities in the expression for the torque can be computed from values at the mesh points along these circles,
using Eqs. (62) and (25) and the V-rotor map. A very detailed
solution is required to accurately compute the nearly canceling torque contributions on the upper and lower parts of the
airfoils. Careful computations are also needed around the
trailing edge region. For these reasons it could be necessary
to include the interaction between the airfoils in the calculations, as has been done in Eq. (62).
m = 1

s

d
b—.
dr,„

=

r**

N

T

IX. POWER COEFFICIENT

(69)

The power of a generator, with the rotor rotating with the
angular velocity [ \ is related to the torque T
on the
generator by
2

The expression for the torque, due to the mth wing section,
on the fluid can now be written as
£|zf
d Tj

L

jyf

dr)

2

+ \z'\b

dip'

^gen

^r z,tolov

=

r

o

t

o

r

(75)

T

In case P <0, the power is delivered by the generator, and
the generator then acts like a motor to maintain or change the
rotation speed of the V-rotor.
The energy density of the asymptotic wind is pV\l2 and
the power of undisturbed wind through the projected area of
the V-rotor is, i f the span of the wings is / ,
gen

dt

dr„

d£l

r

W»J

(70)

dt

z

where
|v'| = | V V | =

dxli

(76)

= |v - il (t)z X r |

(71)

r

dri

where S=2al . A power coefficient can be defined by C
z

is the magnitude of the fluid velocity as measured from the
rest frame of the V-rotor. Eqs. (15), (24), and (25) also show
that |v'| is equal to the magnitude of the relative velocity. By
Gauss' law, H can be shown to be positive definite,

2

d7

=2

(72)
s

Mr

2

where C is the torque coefficient. We will see that CQ is
constant for a Uirbine with three blades or more, and then the
power coefficient is proportional to the speed ratio. There is
a maximum speed ratio for which our solution, which ignores drag and friction, could be expected to be accurate.
Drag and mechanical strength for a given design give limitations on the rotation velocity.
As a reference, the conventional "limit" for the power
coefficient is the well-known Betz factor.
Q

2J_„
4 dr„
J „,
Equation (70) gives the torque on the fluid. By Newton
111, the force and torque on the V-rotor have the same magnitude but opposite directions,

2r

(77)

= CQVh

pa V

m

\* rrir A

P

r>\2

dr)

l„'|2

2

dv\

~dr)

-rlLH ,
dt = i
m

C Betz "

(73)

PjH*

P
2

3
^O^turbine

_ 16
2

59 % ,

(78)

7

m

where the contributions from all wing sections are added.
With constant rotation velocity and with two or more wings,
this simplifies to

where the area swept by the turbine is used in the denominator. The Betz factor is derived assuming "circuit-like" flow
in a tube, with no fluid escaping or penetrating that tube. The
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30

FIG. 6. The maximum angle of attack as a function of the speed ratio.
FIG. 7. Flux plot for the velocity field, with F =10 and i7/=5.
0

conditions were assumed to be uniform over the turbine area.
Also, the ideal turbine did not move, but only performed a
formal pressure work. Above, the area swept by the turbine
^turbine turns out to be larger than the area of the flux tube for
the incoming wind. I f instead the Betz factor is defined in
terms of the area of the flux tube for the incoming wind, the
result is C , , = 8 / 9 = 89%.
5,6

Betz

ube

^ - ( i ) " ^ ) ' ^ * ^ -

( 8 0 )

where 0 =£ ?7=£ TT and 0 < / 3 < a . Due to the inequality B< a,
the leading edge is less narrow than the trailing edge of the
wing section. The parameter h, is the maximum thickness
of the wing section, which appears for rj=air/(a+ B). To
avoid too many test parameters, we restrict our attention in
this work to symmetric profiles with B„=0.
The parameters of the tested V-rotor are chosen to correspond to the parameters of a 17-m-tall curve-bladed Darrieus rotor used by Sandia Laboratories/DOE. The wing
profile is roughly similar to NACA 0015. The chord length
has been varied to keep the total blade area per unit length in
the z direction, i.e., AbN, constant when different numbers of
blades were simulated. For two blades the chord length is
equal to that of the Sandia rotor (0.6 m). The parameters are
listed below
mK

X. MODEL LIMITATIONS

During a revolution a wing faces the wind at different
angles of attack. The maximum angle of attack during one
cycle is given by

9

max cp

atteck

= cos (v'l + l/*7/)
_I

(79)

and is plotted in Fig. 6. The Kutta condition gives an accurate lift force if the angle of attack is sufficiently small. Stall
phenomena, which are not covered by the model, occur at
10°-15° for typical wing profiles and as high as 35° for
certain special profiles with a camber. From Fig. 6 one can
see that a typical wing profile gives a lower limit for the tip
speed ratio between 3.7 (with a 15° angle of attack) and 5.6
(with a 10° angle of attack).
The viscosity is neglected. This requires a large Reynolds number, Re > 150 000 or higher. Wind tunnel experiments with downscaled model turbines with b = 0.5 m would
give too low Reynolds numbers to model a big wind turbine.
More realistic values of the Reynolds number could be obtained in water tank experiments, i f some care is taken to
suppress cavitation.
As in the Betz theory, dissipative effects and large scale
or turbulent vortex generation in the fluid are not considered
in this study. A downstream wake or a boundary layer is not
formed in our model. Friction in the fluid and in the generator is neglected.
XI. RESULTS

A tentative choice for the thickness of the wing h(-n) is

Number of wings, N
Radius, a
Tower radius, c
Wing profile parameters:
AbN
^rnax

a
B

1-4
8.3
0.6
1.2
0.1

1.3
0.9

The flux plot in Fig. 7 shows the wind velocity v around
the V-rotor. The relative velocity and the angle of attack vary
along the surface and with time.
In Fig. 8, the torque coefficient on one of the blades of a
two-bladed V-rotor is shown for one period rotation. The
result for this single blade of the two-bladed rotor agrees
qualitatively with a typical experimental curve from the
Sandia/DOE 17-m VAWT, as seen by comparing with the
figure in Ref. 9. As the interaction between the wings is
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FIG. 8. The torque coefficient of a single blade o f a two-bladed (N=2)
turbine. The plot is with Nb=0A. The torque coefficient for this single blade
agrees qualitatively with the result in Ref. 9.

small, the variations shown in Fig. 8 are nearly the same as
for a single-bladed rotor (note that the value for Nb in Fig. 8
corresponds to N=2). When the number of wings increases
to two, the torque coefficient becomes ir-periodic, and with
three or more blades it becomes constant, as seen in Fig. 9. A
constant value for Nb means a constant wing area, and the
torques with three and four blades are practically identical.
The calculated torque is always positive, because no drag is
present in the model. The average torque over a rotation
period, when N=2, is nearly identical to the torque with
three blades.
By varying the tower radius c, the influence of the tower
can be tested. As expected, the tower does not give any important correction to the torque when c<a. Needless to say,
the tower is important for the flow near the tower boundary,
and stagnation points are present along the wind direction on
the tower surface.
Computations have shown that the torque coefficient CQ
does not depend on the tip speed ratio rji (there is an ex-

FIG. 10. The power coefficient of a tree-bladed rotor, with V = 10.
0

tremely small quadratic dependence but it is not significant
and could be caused by the approximations in the solution).
Constant CQ implies linear C which is the case in Fig. 10. In
other words, infinite tip speed ratio gives infinite C . Constant CQ does also mean that the torque on the rotor is proportional to V\, as seen in Fig. 11. Somewhat surprisingly,
the power coefficient grows without bounds as the speed
ratio goes to infinity.
P

P

XII. COMMENTS ON E N E R G Y B A L A N C E

In principle, the rate of change of the energy of the fluid
within an infinite volume V(t) moving with the fluid determines the power that is delivered to the turbine. A drawback
with this approach is that the change in the energy

cannot be interpreted due to lack of knowledge of the "internal energy density" e from the Euler momentum balance
mt

3000

90

180

270

360

450

o(t)
FIG. 9. The total torque coefficient of V-rotors with two, three, or four
blades. The wing section area is kept constant (^6=0.4). The results with
three or more blades are practically identical.

FIG. 11. The torque is proportional to V^. The figure is for 7;=5.
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(65). The microscopic interaction has to be modeled to get a
consistent determination of e . A satisfactory description
could be based on the microscopic Boltzmann's equation,
with the corresponding infinite sequence of macroscopic moment equations. Methods to obtain macroscopic relations by
averaging short-range microscopic collisional interactions
are described in Ref. 10. To determine the time evolution of
a given macroscopic moment, for instance a pressure tensor
component, higher-order moments have to be known. A way
to close the sequence of moment equations is to "guess" an
"equation of state." In our case the choice is the incompressible equation V-v=0. This procedure gives a solvable set of
equations, but a drawback is that the inaccuracy increases
with the order of the moment equation. The mechanical
power P =il T
of the rigidly rotating turbine could in
principle, i f an exact treatment would be possible, be determined either from the change in the fluid energy, as given in
Eq. (81), or from the fluid angular momentum. However, our
treatment has to be based on the angular momentum transfer,
since the angular momentum is a lower-order moment than
the energy. Better accuracy in an approximating
model is
achieved in this way. Finally, it is instructive to note that Eq.
(81) can give an energy transfer from a two-dimensional
fluid motion to the turbine, even i f the flow does not expand
as in the Betz theory.
ta

gen

r

tut rizie

s

XIII. DISCUSSION

Although our model does not include drag, it is in some
senses more complete than other V-rotor models. The solution does not just give the torque produced but also the
whole velocity field around the rotor. This is not the case for
semiempirical methods, based on the lift coefficient Q and
the drag coefficient C , that are frequently used to predict the
performance of V-rotors. In addition, the aerodynamic coefficients, Q and C , have some undesired properties as they
are determined at stationary conditions in wind tunnel experiments. Because of the fact that the velocity field is not
stationary around a V-rotor, such a model is an
approximation. Moreover, the turbine rotation causes the
relative wind velocity to be curvilinear and not straight as
when measuring airfoil data in a wind tunnel experiment.
From this perspective our model gives a better description as
the flow is not stationary and our model takes the curvilinear
relative velocity into account. On the other hand, the semiempirical model includes friction that is not considered in
our model.
d

d
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A widespread belief is that the Betz factor and the power
associated by the swept area are limiting the maximum
power that can be extracted from the kinetic energy of the
fluid. However, there is no obvious reason why the Betz
factor should be a fundamental limit for the power coefficient. The Betz factor takes into account the conservation of
mass flow, but any two or three-dimensional effect is disregarded, except that the area of the flux tube is adjusted to the
velocity to give mass conservation. One particular effect that
is not treated in the derivation of the Betz factor is the possibility to achieve situations where a larger portion of the
asymptotic wind energy interacts with the V-rotor. Our defi-

FIG. 12. Flow in the present model compared to the expanding flux tube of
Betz. The distance between the flux lines far away from the V-rotor is larger
than the turbine diameter (an expansion by approximately 5% is seen in the
scale of this figure). The figure is for a=4 and 37/=5.

nition of the power coefficient may give a result larger than
unity i f the effective area of the incoming wind is substantially larger than the swept area. In such a case, the V-rotor
would, figuratively speaking, act like an "attractor" of the
incoming asymptotic wind energy.
To avoid any confusion about energy conservation, it is
assumed that any loss in the wind energy is balanced by an
equal amount of energy gain in the electric generator. The
swept area does not correspond to the effective area of the
incoming wind. There is an infinite amount of energy in the
asymptotic wind. A finite power, associated with a finite effective area of the incoming wind, can be extracted by the
V-rotor. For the power generation, our results suggest that the
effective area of the incoming wind is enlarged when the
rotation speed is increased. This is analogous to the increased
amount of displaced air by an airplane flying at a higher
speed. A two-dimensional wing theory could be a more relevant model as it is the lift force on the wings that powers
the V-rotor.
The velocity streamlines in Fig. 12 show indeed that the
vortices on the wings attract streamlines from a wider area
than the area defined by the turbine diameter and the turbine
height; i.e., the turbine acts as a wind attractor to some extent. This is in sharp contrast to the flow in the Betz model,
which is assumed to be an expanding tube. The calculated
power coefficient does also differ considerably from the Betz
factor. In Fig. 10, the power coefficient exceeds the Betz
limit by far for any r7;>4.
A theory, in some sense similar to ours, has been developed by Wilson et al Their theory is based on potential
flow where a conformal mapping is used to map a circle onto
a wing section. In contrast to our work, their study is restricted to a single blade and the power coefficient is not
considered. In a multiblade rotor the interaction between the
wing sections can be included in various ways. In our case
the distribution of vorticity rearranges in order to satisfy the
boundary condition and the Kutta condition on each wing.
However, this interaction is of minor magnitude in the parameter regime where the monopole approximation is accun
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rate, although care is needed in evaluating the torque. Other
methods employ an expanding Betz tube as a fundamental
basis for the interaction. Le Gourieres describes such an approach in a semiempirical blade element momentum model:
By assuming that the Betz factor is the upper theoretical
limit for the performance of vertical axis rotors, he defines
an interference factor that reduces the predicted power coefficient even further.
The torque produced by a single blade in our ideal fluid
is hardly negative anywhere, as seen in Fig. 8. Drag is simply not modeled. When AbN—which represents the total area
of the wings—is kept constant, the average torque produced
by a two-bladed rotor is almost the same as for a threebladed rotor. Our model gives an exactly constant torque
with three blades. From that point of view, a turbine with
three (or more) blades should be an interesting alternative to
a two-bladed rotor with larger wings.
In practice, although not included in our model, friction
drag affects the performance. At a fixed angle of attack the
friction part of drag increases by the square of the magnitude
of the velocity relative to the wing. In contrast, the produced
torque is proportional to the square of absolute velocity, V\,
as shown in Fig. 11. As a consequence, at a fixed incoming
absolute wind velocity K , the neglected drag increases with
the speed ratio and thus reduces the performance at high
rotational speeds.
Reliable experimental results on rotating airfoils with
vertical axis (V-rotors) appear to be lacking due to the inconsistent Reynolds number in wind tunnel experiments. There
are more results on the Savonius rotor, which suffers from a
large drag, and the Darrieus rotor. The experimental power
coefficient for the Savonius rotor is in the range 0.25-0.30
(see Refs. 13 and 14). Power coefficients of up to 40% have
been achieved in Darrieus rotors. ' ' Intuitively, it seems
likely that a higher power coefficient could be reached for a
V-rotor with aerodynamically optimized airfoils, but this remains to be demonstrated. A concern is the fatigue problems
of the materials in wind turbines, problems that increase with
the rotation speed. Key issues for V-rotors are achieving a
speed ratio of 4 or higher, avoiding stall phenomena, and
obtaining a sufficiently low friction drag with optimized airfoils. Detailed studies on various airfoils in experiments with
realistic Reynolds numbers are necessary to settle these questions. Such studies are, however, out of the scope of the
present theoretical study.
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The power coefficient in our model, with a speed ratio
above three, is much larger than the Betz factor. It can therefore be questioned i f the Betz factor is a fundamental limit
for a vertical axis wind turbine. A larger effective area than
assumed in the Betz theory may interact with the turbine, and
an improved power coefficient cannot be excluded for this
reason.
Our model also shows that the tower is of little importance for the torque. The total torque produced by a turbine
with three or more blades can be expected to be almost constant in time.
Neither the Betz theory, nor the aerodynamic potential
theory, is a complete model for wind turbines. The growth,
without bounds, of the power coefficient in our treatment is
unphysical. The inclusion of dissipative effects, in particular
friction drag, is expected to resolve this. In our view, the
aerodynamic potential flow model ought to give, in many
cases, reasonably realistic flow patterns. Moreover, induced
circulations around the wing sections have to be included.
Despite some questionable effects in the present simplified
theory, the aerodynamic model is conceptually a better starting point than the Betz theory for the development of a future rigorous model. The most obvious generalization of our
work is to include friction drag to compute the power
coefficient.
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XIV. CONCLUSIONS

A time dependent two-dimensional model has been developed to analyze the performance of a vertical axis wind
turbine. The model gives the whole velocity field around the
V-rotor and the torque produced by each rotor blade simultaneously. Our calculations show that the velocity field differs considerably from the flow assumed in the Betz theory.
Aerodynamic potential theory predicts a circulation around
each wing section superimposed on the homogeneous flow.
This picture is in sharp contrast to the expanding flow of
Betz.
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