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WIND POWER – Betz‟s Law

Maximum Power Extraction



Wind Power

 Transformation of Translational Kinetic Energy 
from Wind to Rotational Kinetic Energy

 Natural Resource Availability

◦ Intermittency

 Extraction of Power

◦ Efficiency

◦ Turbulence

 Power Quality

 Cost 



Wind Power:  Betz‟s Law

 Albert Betz (1919)

 Determined a relationship for 

the maximum power delivered 

as a function of the velocity 

ratio  

 Idealized analysis              

(like Bernoulli or Carnot)

 Important for understanding limits 

imposed on system
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Rate at which energy is 

extracted from flow 

(POWER)

The Decrease in the Kinetic 

Energy (per unit volume) of 

the Air as it passes through

Q  volume flow rate



Wind Power:  Betz‟s Law
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 Maximum efficiency  achieved when 

downstream velocity is 33% of the 

upstream velocity



Wind Power:  Betz‟s Law

 Punchline.

3

1max vSP 

S = swept area



Power Generation - Not So Simple

3

1max vSP 
 Angle of Attack (pitch)

 Blade shape 

◦ (root to tip)

◦ stall speed (cut in speed)

 Generally speaking

◦ Larger good

◦ Faster better



Atmospheric Boundary Layer

 Obstructions 

complicate the issue



Turbulence Complicates

 Eddies produced by shedding of 
vortices from roughness        
elements

 Decreases „useful‟ wind speed and 
available power



WIND TURBINES – Survey of Types 

and Needs of Each



Survey of Wind Turbines

 Savonius (Drag Cups)

 Vertical Axis (Darrieus)

 Horizontal Axis 



Horizontal-Axis Wind Turbines

(HAWTs)

Small (10 kW)
• Homes
• Farms
• Remote Applications

(e.g. water pumping, 
telecom sites, ice 
making)

Intermediate

(10-250 kW)

• Village Power

• Hybrid Systems

• Distributed 
Power

Large (250 kW to 2+ MW)

• Central Station Wind Farms

• Distributed Power



Horizontal-Axis Wind Turbines

(HAWTs)

Nacelle

56 tons

Tower

3 sections

Workers

Blade

112’ long

Large (250 kW to 2+ MW)

• $3.5 Million (2MW)

• O&M Costs 5%+



Horizontal-Axis Wind Turbines

(HAWTs)

Small (10 kW)
• $15k for turbine
• $15k for tower

• Low maintenance

80' guyed lattice tower with a10-kW 

Bergey machine 



Empire Eiffel 1.5 MW             Medium       Farm 

State Tower                       Turbine            Turbine Turbine

1250’ 986’ 356’ 212’ 142’ 

381 m 301 m 109 m               65 m          43 m

Relative 
Height of 
Wind Turbines



300 ft.

 Large scale power 

systems.



210 ft.

 Above most small 

scale systems.



150 ft.

 Pole mounted 

systems (100 – 150 ft)

 Small scale.



Conclusions

 Michigan has 
significant wind 
power potential.

 Offshore.

(the third coast)

 Potential does 
not imply 
actualization.



Side Note:  Economic/Social Incentives

 While other states were making a concerted 

effort to actualize their potential …

http://www.eere.energy.gov/windandhydro/windpoweringamerica/images/windmaps/installed_capacity_2000.jpg


Side Note:  Economic/Social Incentives

 While other states were making a concerted 

effort to actualize their potential …

http://www.eere.energy.gov/windandhydro/windpoweringamerica/images/windmaps/installed_capacity_2005.jpg


Side Note:  Economic/Social Incentives

 While other states were making a concerted 

effort to actualize their potential …

http://www.eere.energy.gov/windandhydro/windpoweringamerica/images/windmaps/installed_capacity_2006.jpg


Side Note:  Economic/Social Incentives

 Michigan was not.

2000 

Values

TX = 181

OR = 25

CO = 22

WI = 23

CA = 1646



Resource Availability

• Energy is the Betz limit through a 100-m 

diameter circle facing directly into the 

wind. 

• Total energy for the year through that 

circle was 15.4 gigawatt-hours.

• Histogram shows 

measured data, while the 

curve is the Raleigh 

model distribution for 

the same average wind 

speed. 

2002 at the Lee Ranch facility in Colorado.



Opportunities for an Educational 

Environment



Large HAWTs

 Not appropriate for a school 

environment

 ROI issues limit student explorations

http://upload.wikimedia.org/wikipedia/commons/d/de/Scout_moor_gearbox,_rotor_shaft_and_brake_assembly.jpg


Small HAWTs

 Inexpensive

 Easily manipulated components

 100 foot towers = problem



VAWTs

 Exotic and dynamic designs                

have evolved over time - opportunities

 Concrete footer or guywires required

 Technology at “ground level”
 Accessible to students

 „Special‟ Kettering problem



Architecturally Mounted Turbines

 Take advantage of  structure height

 Design elements to enhance power production



The Bahrain World Trade Center is 

a 787ft high twin tower complex, 

located in Manama, the capital of 

Bahrain, and the first skyscraper to 

integrate large-scale wind turbines

Turbines supply about 11% to 15% 

of the electricity (=300 homes).

(rated or actual?)

Tapered towers funnel coastal wind

Tower design also redirects wind gusts 

hitting the tower 

Design impacts pitch control for optimal 

electricity generation. 

http://skyscraper.tumblr.com/post/187842387/wtc-bahrain-240-m-photo-by-sami-t

http://www.buildinggreen.com/auth/article.cfm/2009/4/29/The-Folly-of-Building-Integrated-Wind/



Pearl River Tower

 4 VAWTs

 Funneled through the 

building

 China National Tobacco 

Corporation

http://www.buildinggreen.com/auth/article.cfm/2009/4/29/The-Folly-of-Building-Integrated-Wind/



Small Systems

 Existing Structures

 Seek to take  

advantage of locally 

increased velocity

 Small diameter 

faster speeds = noisier

AeroViroment – Logan Airport

http://www.buildinggreen.com/auth/article.cfm/2009/4/29/The-Folly-of-Building-Integrated-Wind/



Summary:

Small Architecturally-Mounted Wind 

Turbines

 Low power.

 Lower production.

 Low cost.

 Low return on investment.



So why bother?



This is why.



The Reasons for Kettering‟s Wind 

Turbine Facility



 Students are eager 
to explore the 
world around them.

 Students want to 
manipulate their 
environment.

 Students want to 
address global issues 
and participate in 
the solutions.

https://sites.google.com/site/dbensonme/Home/DSCF6187.JPG?attredirects=0


This is different from a practicing 

engineer or professor  …

 Involved in many 

different aspects as 

a part of a larger 

program.

 Willing to focus on 

detailed segment of 

a larger problem.

 Patient.



Students have a limited time and are 

growing in potential

 Need chances for 
unsophisticated 
interactions with 
concepts.

 Need chances for 
sophisticated 
interactions with 
facilities.

 ImPatient.



Student work runs the risk of being 

manipulative only …

Example:

◦ CFD is an easy tool to access and use
 Prevalence of AutoCAD  and other programs has helped

◦ Gives results and pretty pictures

◦ Interpretation and evaluation of validity of results 

is very difficult

Staggered Airfoils – Student Exploration 



Student work runs the risk of being 

manipulative only …

 Need guidance to 

connect world 

problems to concepts 

they have learned.

 Needs easy to use 

tools to explore 

hypotheses.

◦ Can‟t devote two years 

to a single project that 

might find dull later on



Opportunity – Architecturally 

Mounted Wind Turbine

 Local

 Accessible

 Low Cost means ROI is not concern

 Thinking students



Kettering‟s Wind Turbine Facility



Cascade Swift Wind Turbine

 1.5 kW turbine (max)

 1.0 kW at 23 mph

◦ (hair dryer in reverse!)

 8 mph cut in speed

If I were a business person then I would 

not be happy with any of this 

information …. but I am not.



Cascade Wind Turbine

 7 ft diameter ring

 Pole mount or 

structure mount

 250 lb unit

 Grid tied-system

 < 35 dB



Why Cascade?

 Inexpensive system

 Michigan Company

 Parent company makes 

garbage bins and other 

plastic products

 Injection molded blades

 Novel blade structure



Why Cascade?

 Simple Install

 Accessible Components

 Ideal for                                

Student                                           

Access and                                     

Projects



Unique Feature:

 Injection 
molded blades 
and outer 
support ring

 Single piece 
construction

 Future 
potential for 
student design 
projects and 
modeling



GOALS AND HOPES for 

Kettering‟s Wind Turbine Facility



Goals of an Architecturally Mounted 

Wind Turbine Laboratory

 Launch pad for                         
student projects.

 Thesis student                            
resource

 Potential for inter-departmental 
work (smart grid, EE/ME, IME)



Examples of Possible Student-Centered 

Investigations

 Impact of obstructions

 Remediation of obstructions



Examples of Possible Student-Centered 

Investigations

 “Soft” changes to building geometry



Examples of Possible Student-Centered 

Investigations

 Impulse/Disturbance Response



Examples of Possible Student-Centered 

Investigations

 Flow channeling (ducting)

 Improvement of Cut-In Speed



Examples of Possible Student-Centered 

Investigations

 Installation Qualification/Analysis (IME)



CHALLENGES FACING FULL 

USAGE of Kettering‟s Wind 

Turbine Facility



Challenges

 Foam Roof & Insurance

◦ Communication and shared objective issues



Challenges

 Brownfield Restrictions



SUMMARY AND CONCLUSION



Educator‟s Perspective

 Incredible Potential for Students to 

propose and explore Engineering Studies

 Self-Initiated

 Proposal process

 Low cost

 Potential for coursework/classroom 

connection

 i.e.   Anemometers – Fluid Mechanics class



Educator‟s Perspective

 Interplay between mechanical 
engineering concepts of power and 
electrical engineering concepts of power.

 NSF Education TUES grant possibilities.

 Opportunities to extend study to community 
colleges and engineering technology students.

 Requires inter-departmental cooperation

 Requires partnering with education specialists 
and/or increasing skill sets in qualitative 
assessment of student learning



Researcher‟s Perspective

 Potential for student projects to lead 

toward future research 
 More detailed study --- funded investigations

Lewis Thomas

science author,  physician,  poet,  essayist,  

educator, researcher

"I'm not as fond of the notion of serendipity as I 

used to be. It seems to me now that as you get 

research going... things are bound to begin 

happening if you've got your wits about you. 

You create the lucky accidents." 
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