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On October 20th, 1956 Israeli forces swept into Egypt and overcame local opposition as they raced for the Suez Canal.  This was the first stage of a plan designed by Israel, France, and Great Britain to regain control of the Suez Canal, which represented a vital lifeline to oil supplies that was nationalized by Egyptian president Nasser.  The next stage of the plan involved British and French intervention as part of a “peace initiative” that would essentially allow the European powers to occupy and control the Suez Canal again.  Ultimately pressure from the U.S. and the UN led to the withdrawal of British and French troops that occupied the canal.  The conflict cost over 1,000 Egyptians their lives
.   This conflict, and others that followed, such as Operation Desert Storm (also known as the Mother of All Battles if you’re a Ba’athist), indicate the value of oil and energy in the foreign policy of the world’s nations.  Would the nations that heroically aided the troubled Saudi and Kuwaiti regimes in 1990 have allowed the slaughter of 500,000 - 1,000,000 Tootsies by Hutu extremists to have occurred in Rwanda in 1994
 if the land contained oil reserves?
Given the importance placed on energy, and oil, one may find it interesting that 20% of all energy consumed in Denmark comes from electricity generated by wind turbines
.  In 2001, the Danish Wind industry produced 4.3 Terawatt Hours (TWh) of electricity, which served the energy needs of over one million Danish households
.  1 TWh (Terawatt Hour) is equivalent to 1 trillion Watt Hours (1,000,000,000,000)
.  A Watt Hour is a unit of energy, which expresses the amount of power (Watts) available for an amount of time (Hour)
.  1 million barrels of oil produce can produce 73 Gigawatt Hours (GWh) of electricity.
  1 GHw is equivalent to 1 billion Watt Hours (1,000,000,000) 
.  Denmark, through the use of wind therefore produced the energy created by 59,000,000 barrels of oil in 2001.  The author would like to give an introductory analysis of the science of the harnessing of the power of the wind currents that blow across our planet by introducing the reader to the process, requirements, and limits of using wind energy. 
I.
Introduction to Wind

No description of wind turbines would be complete without an introductory understanding of what wind is, and where it comes from.  Wind is caused by the energy radiated to the Earth by the Sun
.  Inside the sun nuclear reactions take place inside the sun’s core, where the temperature is 1 x 107 K.  These reactions produce 4 x 1026 joules of electromagnetic radiation every second that is radiated into space
.  Humanity did not originate the process of harnessing the power of atoms, since the Sun has been doing  this rather effectively it for over 4 billion years.  Beams of the sun’s radiation (commonly referred to as sunlight) strike the Earth, by striking the equator directly (giving it the most radiation) and diffusing along the Northern and Southern Hemisphere, with the poles receiving the lowest amount of radiation
.  The tilt of the Earth’s axis and its rotation around the sun determines the amount of sunlight each area of the Earth is exposed to, creating seasons for some regions, while leaving the equator perpetually heated and the poles perpetually frozen.
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The beams of radiation from the sun heat the Earth's surface.  This heating process creates temperature differences between the land, water, and air, due to their different physical properties, such as density, which affects their respective abilities to absorb heat
.    This phenomenon, which occurs in conjunction with the temperature differences that exist between the equator and the Earth’s poles, creates wind.  Wind is defined as a “current of air (air moving (sometimes with considerable force) from an area of high pressure to an area of low pressure.”
 The heating of the Earth by the Sun’s radiation creates wind, because, as hot air rises, it expands, becomes less dense, and is then replaced by denser, cooler air
.  This phenomenon distributes the energy brought by the radiation from the sun from warmer areas to cooler areas.

The heated air rises from the equator and moves north and south in the upper levels of the atmosphere, as it circulates above cooler air.  At roughly 30° latitude in both hemispheres, the Coriolis Effect prevents the air from moving much farther.  At this latitude there is a high pressure area, as the air begins sinking down again
.  The Coriolis Effect is defined as “ the tendency for any moving body on or above the earth's surface, e.g., an ocean current or an artillery round, to drift sideways from its course because of the earth's rotation. In the Northern Hemisphere the deflection is to the right of the motion; in the Southern Hemisphere it is to the left.”
  The effect was discovered by the 19th-century French engineer-mathematician Gustave-Gaspard Coriolis in 1835. Coriolis determined that, “if the ordinary Newtonian laws of motion of bodies are to be used in a rotating frame of reference, an inertial force, acting to the right of the direction of body motion for counterclockwise rotation of the reference frame or to the left for clockwise rotation, must be included in the equations of motion”
  In the case of wind, as the wind encounters the high pressure conditions in the poles (due to the denser, cooler air), the spinning of the Earth causes the deflection of the currents to the right (in the case of the North Pole), or to the left (in the case of the South Pole).

As the wind rises from the equator there will be a low pressure area close to ground level (because of the heating of the Earth caused by the Sun’s radiation) which attracts cooler winds from the North and South.  At the Poles, there will be high pressure due to the cooling of the air.  The cycling of wind from low pressure areas to high pressure airs, as it cools and becomes heated by the Sun’s radiation is referred to as the Three-Cell Model
.  The wind circulation phenomenon creates the different prevailing wind directions, as illustrated by the figure below:  
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II. The Process of Harnessing Wind Energy


A wind turbine is defined as a “rotary engine in which the kinetic energy of a moving fluid is converted into mechanical energy by causing a bladed rotor to rotate
.”  The simplest way of understanding how a wind turbine works is to imagine it as the opposite of a fan, where turbine blades spin from the wind and make energy, instead of using energy to make wind
.  The wind rotates the turbine blades, which spin a shaft connected to a generator.  The spinning of the shaft in the generator makes electricity
.   

Wind turbines, like windmills, are mounted on a tower to capture the most wind energy
.  This is because wind speed varies by height.  For instance a wind current 100m above the ground dropped in speed by 10% when its height declined to 50m
.  This property is known as wind sheer, where wind speed increases in speed with height, due to friction at the Earth’s surface
.  Friction is defined as “the resistive force acting between bodies that tend to oppose and damp out motion
,” which accounts for the usefulness of wind speed at greater heights.  Wind Turbines have many complex internal parts, whose interconnection and distribution are illustrated by the figure below:   
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The Hub heights of modern wind turbines, which produce 600 to 1,500 kW of electricity, are usually 40 to 80 meters above ground
.   At these heights, wind turbines can use wind that is fast and predictable.  Since friction over the ocean is lower than that of land, many wind turbines are located off shore
.  


There are generally two types of wind turbines:  Horizontal Axis Wind Turbines and Vertical Axis Wind Turbines.  The two types of wind turbines have distinct advantages and disadvantages, which depend upon the physical characteristics of area in which they are used, and the needs of the operator    

According to Danish Wind Energy Association, the basic advantages of a vertical axis wind turbine are: 

“1) You may place the generator, gearbox etc. on the ground, and you may not need a tower for the machine. 

2) You do not need a yaw mechanism to turn the rotor against the wind. 

The basic disadvantages are: 

1) Wind speeds are very low close to ground level, so although you may save a tower, your wind speeds will be very low on the lower part of your rotor. 

2) The overall efficiency of the vertical axis machines is not impressive. 

3) The machine is not self-starting (e.g. a Darrieus machine will need a "push" before it starts. This is only a minor inconvenience for a grid connected turbine, however, since you may use the generator as a motor drawing current from the grid to to start the machine). 

4) The machine may need guy wires to hold it up, but guy wires are impractical in heavily farmed areas. 
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5) Replacing the main bearing for the rotor necessitates removing the rotor on both a horizontal and a vertical axis machine. In the case of the latter, it means tearing the whole machine down.”
  The following diagram depicts the two types of wind turbines:














An individual or company interested in wind energy must analyze the properties of the proposed sight as well as the advantages and disadvantages of vertical and horizontal axis wind turbines into account in order to adequately utilize the benefits of the two types of wind turbines.  


The process of cultivating wind energy begins when wind currents encounter the turbines.   Before continuing, its worth noting the manner in which one can determine the amount of wind energy that is available at a given site, determining the amount of potential energy available for cultivation.  Wind, since it is moving, has kinetic energy.  Kinetic energy is the energy of motion.  If one wanted to find out an object’s Kinetic energy, they would use the equation.  KE = ½ M * U2, where Kinetic Energy (KE) is equal to one half of the mass (M) of an object multiplied by the square of its speed (U).
  The Mass of Air per second is its volume (V) multiplied by its density (D), illustrated in the equation M = VD.  Since the density of air is 1.2929 kilograms/m3, the volume of a wind current multiplied by this density gives the mass
.  Since one may have difficulty measuring the volume of an air current in an outdoor setting, another and easier way to calculate the mass of an air current is to use a hoop.  The mass of air per second (M), traveling though a hoop is the area of the hoop (A) (which can easily be measured), multiplied by speed of the wind per second (u) , multiplied the density of air (D), as illustrated in the equation M = AuD
.  The area of the hoop (A) is calculated by multiplying the square root of its radius (r) with Π,
 as illustrated in the equation A = П r2.   One can use a wind speed indicator to measure instantaneous wind speed, such as the Dwyer and Kestrel wind speed indicators
.  Therefore, with a hoop, and a wind speed indicator, one can measure the Kinetic Energy of Wind before it makes contact with a turbine, allowing one to measure the suitability and usefulness of a specific site for the harnessing of wind energy.




Turbines catch the wind's energy with their propeller-like blades.  Usually, two or three blades are mounted on a shaft to form a rotor.  The wind turbine blade acts an airplane wing.  When the wind blows, a pocket of low-pressure air forms on the downwind side of the blade.  Air pressure is defined as the force exerted on an object by the weight of particles in air
. Air Pressure is measured in Inches of Mercury (“Hg), Atmospheres (Atm), and Millibars (mb).  1013.25 mb = 29.92 “Hg = 1.0 atm.
  At standard or normal atmospheric pressure, and at 15° C, air usually weighs about 1.225 kilograms per cubic meter.  However the density does begin to decrease slightly if humidity increases
.  When air pressure is low in one locality, such as the downwind side of a wind turbine blade, air from another area will rush in to equal out the air pressure
.  The low-pressure air pocket created by the wind turbine blade then pulls the blade toward it, causing the rotor to turn. This process is referred to as lift.  The force of the lift is actually much stronger than the wind's force against the front side of the blade, which is called drag. The combination of lift and drag causes the rotor to spin like a propeller, which causes the spinning of the turbine’s shaft.  When the shaft spins, the kinetic energy of its movement is converted by generator into usable electricity.
  The following figure illustrates the movement of a turbine rotor due to differences in air pressure, drag, and wind energy:  
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This phenomenon is explained by Bernoulli’s Principle.  Bernoulli’s Principle holds that: 
EnergyKinetic + EnergyPressure  =  EnergyPressure + Energy Kinetic.  
   
This equation indicates that a decrease in pressure will lead to an increase in Kinetic Energy.  For instance if Energy Kinetic1  = (5), and Energy Pressure1 = (11), and Energy Pressure2 drops to (1), then Kinetic Energy2 Increases to (15).  Bernoulli, in the 1700’s recognized that while fluid (and by implication air) cannot be destroyed, a finding that corresponds with the Law of Thermodynamics, changes in pressure can alter the behavior of liquid (and air)
.  The changes in air pressure therefore lead to the increase in air speed, which turns the blades of the wind turbine, leading to the generation of electricity in the Turbine’s generator.  NASA used the following illustration to explain Bernoulli’s Principle:
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The NASA diagram readily illustrates that decreases in pressure create a rise in kinetic energy.  It is 
Therefore, the goal of an individual using a wind turbine to use pressure decreases of turbine blades to convert kinetic energy in the wind to kinetic energy of the turbine blades making them spin.  This motion of the blades generates the power stored by the generator.  On a larger scale, drops in air pressure (low pressure systems) are responsible for weather events that effect global climate conditions
.  Decreases in air pressure can even increase burner efficiency
.

Wind turbines can be used as stand-alone applications, or they can be connected to a utility power grid
 or even combined with a photovoltaic (solar cell) system
.  A stand-alone wind turbine refers to turbines that are not connected to a power grid, and instead, the power created by the generator is directly channeled into the site they are meant to power
.   Stand-alone wind turbines are typically used for water pumping or communications
.  The disadvantage of a stand-alone wind turbine is that it cannot store excess energy.  In contrast, a wind turbine connected to a power grid channels the electricity to the grid which stores the energy.  Excess energy can either be used on less productive days, or sold.  Obviously, for a wind turbine to be connected to a power grid, a connection to one must be available in the area in which the wind turbine is located.  A wind turbine with a photovoltaic system is a true testament to renewable energy.  A wind turbine combined with a photovoltaic system uses the energy produced by the wind, like a standard wind turbine, but is also has solar cells mounted on it.  Solar cells are defined as “thin wafers of silicon which, when exposed to sunlight, produce…electric current. These devices, which were developed for the space program in the 1950s, have a maximum conversion efficiency of about 15%. When a number of solar cells are mounted on a surface and are wired together in series, they become a solar module, the building block of a solar photovoltaic system.”
  The energy produced by the turbine rotors and the solar photovoltaic system are jointly entered into the power grid or power utilizing site.

To harness a great deal of wind energy, at the bulk or utility level, a large number of wind turbines are usually built close together to form what is referred to as a wind plant.  The world’s largest wind plant located off the coast of Oregon has 450 wind turbines and generates 300 MWh of energy, enough to meet the needs of 70,000 homes.  This practice utilizes an area suited for wind energy by deploying multiple units.  While 450 turbines seems like a great number, perhaps a future wind farm may one day have 4,500 or perhaps 45,000 individual turbines.  The desire to build numerous wind turbines must be tempered with the limitations of wind energy.       
III.
Limitations in Harnessing Wind Energy

Unfortunately, there is a limit to the amount of energy that can be harnessed by an individual wind turbine.  The more kinetic energy that a wind turbine pulls out of the wind, the more the wind will be slowed down as it leaves. If a designer tried to extract all the energy from the wind, the air would move away with the speed zero.  This essentially means the air could not leave the turbine.  This would lead to a failure to extract any energy, since all of the air would obviously also be prevented from entering the rotor of the turbine.   If the designer did the exact opposite and allowed the wind to pass through the wind turbine without being hindered at all, again, energy will not be cultivated, since the rotor blades would not be spun, the shaft wouldn’t spin, and kinetic energy would not be converted into electricity.  This limitation is referred to as Betz Law
. 
 It therefore behooves the designer of a wind turbine to find an ideal balance between these two extremes, allowing an efficient cultivation of wind energy into useful mechanical energy.  Fortunately for wind energy advocates and enthusiasts, there is a surprisingly simple way to find the right balance between the two extremes of too much hindrance, and not enough out that there is a surprisingly simple answer to this dilemma.  Under Betz Law an ideal wind turbine would slow down the wind by 2/3 of its original speed (the capture of 59.6% of the wind’s speed).  The direction that wind travels in and the angel of the turbine’s rotors are likewise an important limitation and consideration.  Since wind at a site is being slowed down by each turbine, there is therefore a limit to the amount of individual units a site can support.  Another less understandable limitation is persons complaining about the effect wind turbines have on their view.  Such persons, by implication, prefer to have their energy needs met by the oil and nuclear faculties located elsewhere, often in poor neighborhoods.   
IV.
Policy Considerations

World governments, whether tyrannical or democratic, have illustrated an ability to go to war over oil, and energy.  Currently the presence of the United States in Iraq illustrates the strategic importance of the Middle East for the world, due to its vast energy reserves.  President Bush claims that the interests that the United States has in Iraq, is not the theft of oil, but democratic reform, both in Iraq and ultimately the Middle East.  If the United States’ government is solely interested in promoting democracy, it could focus on building a democracy in Afghanistan.  Afghanistan borders Iran, and Pakistan, which are two Middle Eastern dictatorships that may be affected by a reformed and free neighbor.  Likewise the United States gives billions of dollars each year to Egypt, Kuwait, Saudi Arabia, Qatar, and the Arab Emirates.  Rather than invade a country and cause thousands of deaths, why not seek reform from the beneficiaries of U.S. wealth?  The Saudi Arabian government’s police cut the hands off of poor thieves that steal bread, and have public beheadings, so why couldn’t the U.S. begin its democracy and reform project there?  Likewise, at a fraction of the cost of the Iraq invasion, U.S. wealth and logistics could go very far in helping the fledgling democracies in Africa travel towards reform and sustainability, yet such an initiative is not a consideration mentioned in the political discourse of the U.S.  Hopefully this introductory analysis of wind energy has given the reader an opportunity to consider another source of energy that is neither connected to despotic regimes nor a creator of pollution.  The Sun’s heat has created all life on this planet, so why not use the wind that it creates to power our cities, and free ourselves of oil politics?  
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�These parts are contained in the “Hub” of the Wind Turbine


�The Figure illustrates the two types of turbines and typical subsystems for an electricity generation application. The subsystems include a blade or rotor, which converts the energy in the wind to rotational shaft energy; a drive train, usually including a gearbox and a generator; a tower that supports the rotor and drive train; and other equipment, including controls, electrical cables, ground support equipment, and interconnection equipment.





�The Figure illustrates the basic aerodynamic operating principles of a horizontal axis wind turbine.








