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CHAPTER 1

The Development of Wind Converters

1.1 Nature and Origin of the Wind

The wind is the motion of a mass of air. For the purpose of using wind energy,
it is normally the horizontal component of the wind that is of interest. There
is also a vertical component of the wind that is very small compared with the
horizontal component, except in local disturbances such as thunderstorm
updrafts.

At the earth surface, the atmospheric pressure is measured in the unit
Pascal (Pa) and has an average value 101,325 Pa, which is sometimes called
“one atmosphere”. Another unit of pressure used for meteorological calcula-
tions is the millibar (mbar). There are exactly 100 Pa per millibar so that one
atmosphere is about 1,000 mbar. On a map, regions of equal atmospheric
pressure are identified by isobar lines such as those illustrated in Fig. 1.1.
A close concentration of isobar lines indicates a high pressure gradient or
region of rapid pressure change. Wind speed is directly proportional to the
pressure gradient.

The atmospheric pressure varies from place-to-place and from day-to-
day, caused by the combined effects of solar heating and the rotation of
the earth. As the earth spins, illustrated in Fig. 1.2, the atmospheric air
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Bbjects deflect to
the right in the
Northern hemisphere

Objects deflect to
the left in the
Southern Hemisphere

Fig. 1.2 The Coriolis effect on wind direction!1].
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surrounding it is dragged round with it at different levels depending on
altitude. The mix of air forms turbulence causing wind at the earth surface.

An additional feature is the inertial force known as the Coriolis force,
which occurs in rotational systems. When air moves over the surface of the
earth as it rotates, instead of travelling in a straight line, the path of the
moving air veers to the right. The effect is that air moving from an area
of higher pressure to an area of lower pressure moves almost parallel to
the isobars. In the northern hemisphere, the wind circles in a clockwise
direction towards the area of low pressure but in the southern hemisphere,
the wind circles in an anti-clockwise direction, as shown in Fig. 1.2.

The heating effect of solar radiation varies with latitude and with the time
of day. The warming effect is greater over the equator causing less dense
warmer air to rise above the cooler air, reducing the surface atmospheric
pressure compared with the polar regions. The combined effect of the solar
heating and the Coriolis force is to create the following prevailing wind
directions!t.

Latitude  90°-60°N 60°-30°N 30°-0°N northern
Direction NE SW NE hemisphere

Latitude 0°-30° 30°-60°  60°-90° southern
Direction SE NW SE hemisphere

In any particular location, the wind direction is much influenced by the
presence of land masses and features such as mountain ranges. The general
picture of sea winds for the north and south Atlantic regions is shown in
Fig. 1.3,

1.2 Development of Wind Converters

Wind energy provided the motive power for sailing ships for thousands of
years, until the age of steam. The fortunes of the European colonial powers
such as England, France, Germany, Spain, Portugal, Holland and Belgium
rested on their mastery of the sea and its navigation. But the intermittent
nature and uncertain availability of the wind combined with the relative
slowness of wind powered vessels gradually gave way to fossil-fuel powered
commercial shipping. Today, most shipping uses oil fuelled diesel engines.
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; ::t__;,." i

Sea Winds
Credit: NASA JPL Satellite: QuikSCAT Sensor: SeaWinds

Fig. 1.3 Global wind distribution!1!.

However, yachting and small boat sailing remain important recreational
sports throughout the world.

The wind has also been used for thousands of years to provide the motive
power for machines acting as water pumps or used to mill or grind grain.
Such machines came to be known as “windmills”. The operators of wind-
mills in feudal England took the name of their craft and acquired the surname
Miller (or Millar).

Very early wind machines were vertical axis structures and have been
identified in China, India, Afghanistan and the Middle East, especially
Persia, going back to about 250 B.C. and possibly much earlier.

Horizontal axis wind machines were developed by the Arab nations and
their use became widespread throughout the Islamic World. In Europe, the
horizontal axis wind machine became established about the 11th Century
A.D., mostly having the form of a tower and rotating sails which became
known as the Dutch windmill. The earliest recorded windmill dates from
1191 A.D. By the 18th Century A.D., multi-sail Dutch windmills were
extensively used in Europe. It is estimated that by 1750 A.D. there were
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Fig. 1.4 Classical ‘Dutch’ windmill in Southern England (unknown origin).

8,000 windmills in operation in Holland and about 10,000 windmills in
both Britain and Germany. Dutch settlers built windmills in North America,
mainly along the eastern coast areas that became the New England states
of the USA. At one stage, the shore of Manhattan Island was lined with
windmills built by Dutch settlers!?,

The principal features of the classical type of Dutch windmill are illus-
trated in Fig. 1.4. Usually there are four sails, located upstream (i.e., facing
into the wind). Five, six and eight mills have been built. Although a five-
sailed machine is relatively efficient, it is disabled by the failure of just one
of its blades. On the other hand, a six-sailed machine can continue to oper-
ate with four, three or two sails, if necessary. One of the many engineering
sketches left by Leonardo da Vinci (1452-1519 A.D.) represents a design
for a six-sailed windmill®!,

To achieve variation of the rotational speed, the effective sail area of a
Dutch type of windmill can be modified by the use of shutters. This corre-
sponds to furling the sails on a yacht. Furling or shuttering can also be used
to prevent over-speeding in high wind conditions. The cupola on top of the
tower, in Fig. 1.4 for example, is designed to rotate, under the guidance of
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a rudder or stabilizer wheel, so that the sails remain upstream and perpen-
dicular to the wind direction. Mechanical rotational power obtained from
the sail shaft is transmitted down the tower, via a beveled toothed bearing,
onto a vertical drive shaft. This, in turn, drives a toothed gear system which
supplies power to rotate a grinding wheel for the corn.

In Fig. 1.4, the height of the horizontal, rotating axis above the ground
is often called the “hub height”. For a typical windmill this might be 30 ft,
40ft or even 50 ft high. Despite such a large structure the power rating
of this Dutch windmill is the mechanical equivalent of only a few tens
of kilowatts. The power developed by such a large structure is therefore
roughly equivalent to the electrical power supply now required by a large
family house in Western Europe or North America. In engineering terms,
the efficiency of a Dutch windmill is low, although this may be a secondary
consideration since the input power is free.

Wind energy is transmitted by what is essentially a low density fluid.
(i.e., the wind). The physical dimensions of any device used to convert
its Kinetic energy into a usable form are necessarily large in relation to the
power produced. Wind availability is not only intermittent but unpredictable.
The energy source, however, is free, environmentally clean and infinitely
renewable. There is no pollution and no direct use of fossil fuels in the
energy gathering process.

References

1. “Wind Energy and Wind Power”, Solcomhouse website, Oct. 2008, http://www.
solcomhouse.com/windpower.htm

2. McVeigh, J. C., Energy Around the World, Pergamon Press, Oxford, England, 1984.

3. Golding, E. W. The Generation of Electricity by Wind Power Chapter 2 “The History
of Windmills”, E. and F. N. Spon Ltd., London, England, 1955.



CHAPTER 2

Theory of Wind Converters

2.1 Power and Energy Basis of Wind Converters

2.1.1 Origin and properties of the wind

From the viewpoint of energy conversion, the most important properties of
the wind at a particular location are the velocity of the airstream and the air
density. The air density varies with altitude and with atmospheric conditions
such as temperature, pressure, and humidity. At sea level and at standard
atmospheric temperature and pressure, the value is:

p = 1.201kg/m? at 1,000 millibars (29.53 inches of mercury) or
101.3 kilo pascal (kPa) pressure and temperature 293 K.
In the UK, a useful figure for the atmospheric air density is:
p = 1.29kg/m3(0.08 Ib/ft3). (2.1)

In the USA, a commonly quoted figure, for sea level under dry conditions
at a temperature of 0°C (273 K), is:

p = 1.275kg/m?3. (2.2)
There is a lot of local variation of the values of the air density in different
areas of the world. It is found that the temperature, pressure, and density of

7
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the air decrease with altitude. For wind-turbine applications, the range of
interest is mostly within a couple of hundred feet of ground level. Within
this range, it is adequate to use the density values in Egs. (2.1) and (2.2) or
their local alternatives at other locations.

2.1.2 Power and energy

It is important to note that power P and energy W are not the same thing.
The energy of a system is its capacity for doing work, irrespective of the
time taken to do it. The power of a system is the time rate of doing work
or expending energy and therefore has the dimension of energy (or work)
divided by time.

Energy (Work
Power = L (2.3)
Time
For large increments of time t, the average power P is given by:
P = K (2.4)

t
For small increments of time dt, the instantaneous value of the power Pjngt
is given by:

aw

Pinst = E. (2.5)

In most wind-energy calculations, the average power in Eq. (2.4) is used.

In the Systeme Internationale (S.1.) system of units used in this book, the
unit of energy is the joule and the unit of power is the joule per sec (J/s),
which isusually called the watt (W). For practical engineering purposes, itis
often more convenient to use the kilowatt (kW) or megawatt (MW). A table
of conversion factors relating power and energy is given as Table 2.1.

Power in watts is not concerned exclusively with electrical engineering.
For example, the rotational mechanical power of engines is often expressed
in kilowatts. The power ratings in watts of various devices and animals are
shown in Fig. 2.1, using a logarithmic scale.

In terms of the human perception of power, it is sometimes helpful to
use the old British power unit of horsepower (HP).

1 Horsepower (HP) = 746 W. (2.6)

Energy converters with a rotational mechanical output, such as combustion
engines and wind turbines, can be rated either in the mechanical units of
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Table 2.1 Conversion factors in power and energy.

Unit Equivalents

Power 1 watt (W) 1joule/sec (j/s) = 0.001341 HP

1 kilowatt (KW) 1000W = 1.34HP

1 megawatt (MW) 1000,000W = 1340 HP

1 horsepower 745.7W = 550 ft Ib/sec
Power density 1w/m? 3.6 kdfm2/h
Energy 1Joule 1 watt-second (WSs)

1 kilowatt hour (kWh) 3.6 x 10° Joules

1 megawatt hour (MWh) 3.6 x 10° Joules
Pressure 1 Pascal (Pa) 1 N/m?

1 bar 10° Pa = 14.5 Ib/m?

1 Ib/in? (psi) 6.895 kPa

Atmospheric Pressure = 14.7 psi 101.325 kPa

horsepower or in the electrical units of kilowatts. From Fig. 2.1, for example,
anautomobile is shown as having an efficiency of about 25% and has a power
rating of about 0.3 x 10° W, which is roughly equivalent to 400 HP.!

2.2 Theoretical Power Available in the Wind?

If the air mass is m and it moves smoothly with an average velocity V, the
motion of the air mass has a kinetic energy (KE).

1
KE = Emvz. (2.7)

Consider a smooth and laminar flow of wind passing perpendicularly
(normally) through an element of area A of any shape, having thickness
x, shown in Fig. 2.2.

The mass m of air contained in an element of volume xA is given, in
terms of density p, by:

m = pAx. (2.8)

Combining Egs. (2.7) and (2.8) gives, for the KE associated with this mass

and volume of air:

1
KE = E,oAxVZ. (2.9)
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Solar Flat-Plate Cotlector
Steam Power Plant

Gas Laser
Industrial Gas Turbine

Diesel Engine, Stirling
Higfh Intensity Lamp

Small Electrical Motor
Engine

Fuel Cell

Small Wind Turbine
Automobile Engine

Steam Locomotive

Incandescent Lamp

Fiuorescent Lamp
Thermocoupie

Electric Generator
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Large Electric Maotor
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Fig. 2.1 Efficiencies of energy converters.!
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Table 2.2 Power available in the wind3 (at standard temperature
and pressure).

Power Sweptarea, A Wind velocity, V  Power equation, Py

w ft2 mph 0.0053AV3
w m2 m/s 0.64AV3

It is seen that RHS of Eq. (2.9) represents a force (1/2)pAV? multiplied
by a distance x. Now, the KE passing through the element per unit time is
equal to the power rating:
d(KE) 1 o dx
= —pAxV°-—. 2.10
dt 2’0 * dt (210)
But the average time rate of change of the displacement, dx/dt, is the average

wind velocity V:

element —

dx

— =V 2.11
= (2.11)
The average power in the wind P,, is obtained by combining Egs. (2.10)
and (2.11) to give:

1
Py = szv3. (2.12)

Equation (2.12) is the basis of all wind power and energy calculations. The
most obvious feature is that the wind power is proportional to the cube of
the average wind speed. It is clear that the average wind speed is, by far, the
dominant consideration in wind turbine location.

Table 2.2 summarises more detailed expressions for the power in watts
in English units and in metric units.

2.3 Theoretical Maximum Power Extractable
from the Wind?:2

Only a fraction of the total theoretical power available in the wind, repre-
sented by Eq. (2.12), is extractable. It is an intrinsic property of all phys-
ical systems that when energy is converted from one form to another, this
conversion is accompanied by various energy losses. The result is that con-
version is always subject to significant intrinsic limitations of efficiency.
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-

Fig. 2.2 Element of space through which the air flow passes.!

Fig. 2.3 Rotor of a wind converter.!

Let a flow of smooth and steady air with an upstream average velocity
V1 impinge upon the rotor of a wind machine, as illustrated in Fig. 2.3.
Some of the energy from the wind is transferred to the wind machine rotor
so that the smooth and steady air far downstream flows at a smaller average
velocity V,. The KE reduction of the airflow, of mass m, per unit time is:

I 1 2 1 9
Kinetic Energy (KE) = Emvl — EmV2

1
= 5m (VE - VZ). (2.13)

In the process of extracting energy from the wind, the wind velocity V; that
actuates the rotor is less than the upstream “free wind” velocity V;. With
an ideal and lossless system, all of the energy reduction in the airstream
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is transferred to the rotor of the wind machine. The downstream average
velocity V; is then smaller than the actuating velocity V; at the rotor.
Combining Eq. (2.8) with Eq. (2.11) for the airstream at the rotor blades
gives an expression for the time rate of air mass transferred.
dm dx

dr P dr PAVy ( )

The power at the rotor is, from Eq. (2.5), the time rate of KE transferred,
d(KE)

b= . 2.15
= (215)

Substituting Egs. (2.13) and (2.14) separately into Eq. (2.15) gives:
_ldm
T 2dr
Now the air mass passing through the rotor undergoes not only an energy
reduction but a reduction of linear momentum:

Reduction of Linear Momentum = m (V; — V). (2.17)

The time rate of the change of momentum reduction is a force, of value:

P (VE-VZ) = %pAvr(vl2 - VJ). (2.16)

d d
(Vi = V) = d—”;wl — Vy) = pAV,(V1 — Va). (2.18)

By equating the rate of the change of KE transfer (2.16) with the power
associated with the rate of the change of momentum, from Eq. (2.18), it is
found that the wind velocity V; at the rotor may be expressed as:

Vi+V,

In this idealised model of airflow, the wind velocity at the rotor is there-
fore the average of the upstream and downstream steady wind velocities.
Substituting for V; from Eq. (2.19) into Eg. (2.16) gives an expression for
the power extractable from the wind by the rotor. Using the symbol Py to
denote extracted power,

1 1 v, ANAAS
P = —pA(Vi + V) (VE—V2) = ZpAV3 |14+ 2 [ 2) - (22
ex 4/0 (V1 + 2)( 1 2) 4,0 1 |: + 7 (Vl) (Vl)

2
i3]

The value of wind velocity ratio V,/V; that results in maximum power
transfer is calculated by differentiating Eq. (2.20) with respect to (V2/ V1)
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and equating to zero. This results in a quadratic equation showing that to
maximise Pey the ratio V,/ V1 must have the values either V,/V; = 1/3 or
Vo/Vi = —1.

The negative option is meaningless so that the correct solution is:

V, 1
— = 2.21
V.3 (2.21)
Substituting Eq. (2.21) into Eq. (2.20) gives an expression for the max-
imum possible power extraction, under ideal conditions.

8 3 16\ 1 3
Pex(maX) = E)OAV]_ = E z,OAVl
1
= (0.593)51014\/13. (2.22)

The very important result (2.22) is sometimes referred to as Betz Law,
being named after the German astroscientist Albert Betz of Gaéttingen. This
states that “even with ideal wind energy conversion the maximum power
transferable is only 0.593 or 16/27 of the total power in the wind”. In reality,
only a fraction of this theoretical maximum power is realised, even by the
best-designed turbines.

Table 2.3 shows the values of the maximum theoretical power obtainable
from a range of wind-turbine sizes at typical wind speeds.® It is notable how
large a circular area must be used to generate any useful amount of power.
For example, in a 10-mph wind, which is a light breeze, a swept area of
25 ft diameter would realise only a maximum theoretical value of 1.5 kW
(and a practical value of roughly one-half of that). This immediately points

Table 2.3 Maximum theoretical power extractable by ideal wind machine3 (Oﬁ‘iﬂpAV2>.

Power (kW) from circular area of different diameter (ft)

Wind speed (mph) 12.5 25.0 50.0 100 200

10 0.38 15 6.0 24 96
20 3.08 12.3 49.2 196 784
30 10.4 41.6 166.4 666 2,664
40 24.6 98.4 393.6 1,574 6,296
50 48.2 192.8 771.2 3,085 12,340

60 83.2 332.8 1,331.0 5,326 21,300




Theory of Wind Converters 15

to the difficulty of using wind energy for domestic use in urban areas—the
swept area required is too large to be practicable.

Wind speed is usually expressed in miles per hour (mph) but also often
in metric units of metre/second (m/s). It is useful to use the conversion
factor:

1 mph = 0.447 m/s. (2.23)

2.4 Practical Power Extractable from the Wind

2.4.1 Power coefficient

The power actually extractable by a wind turbine is much less than the max-
imum theoretical value defined in Eq. (2.22) and illustrated in Table 2.3.
A practical wind machine experiences air drag and air friction on the rotor
blades causing heat losses. In addition, the rotation of the blades causes
swirling of the air and eddies, which reduce the torque imparted to the
blades. The net effect of the various losses is incorporated into a param-
eter called the power coefficient Cp. With an upstream velocity Vi, the
extractable power Pey can be written as:

1
Pex = sz,oA V3. (2.24)

Coefficient Cy, is seen to be the ratio of the power P, in the wind (2.12) and
the power Py extracted (2.24). It therefore represents the efficiency of the
turbine rotor:

Cp = Fex = turbine rotor efficiency. (2.25)

Py

Parameter C,, is a dimensionless variable. By comparison of Eq. (2.24) with
Eq. (2.20), it is seen that C, can be expressed in terms of the upstream and
downstream average wind speeds.

2
o3[ - (7)) 229

For the ideal theoretical case, when V,/V; = 1/3, coefficient C,, has a
maximum or Betz Law value of 0.593. But for practical wind turbines, the
value is usually in the range 0 < C, < 0.4. With a value C, = 0.4, for
example, the power available from the wind is 0.4/0.593 or about 67% of
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the ideal theoretical value and is 40% of the total power in the wind. Power
coefficient C,, has a value that depends on the wind average velocity, the
turbine rotational velocity and also on turbine blade design parameters such
as the pitch angle.

2.4.2 Torque versus rotational speed

The basic operating characteristic for any rotational mechanical machine
is the shaft torque T versus the shaft rotational speed w. A separate T-w
characteristic is obtained for each different value of wind speed at the tur-
bine rotor. Typical forms of characteristic are shown in Fig. 2.4 for two wind
speeds V' and V”, where V” > V’. The value of the torque at zero speed
is the starting or stall torque, caused by friction, which has to be overcome
before rotation will commence. Stall torque increases, for any wind turbine,
as the wind velocity V increases. The locus of the maximum torque values
Tr, in Fig. 2.4 is a quadratic of the form Ty, = Kyw?, where K is a constant.

2.4.3 Shaft power versus rotational speed

Variation of the shaft power P versus rotational speed w is shown in Fig. 2.5,
for two wind speeds V' and V", where V" > V’. Now, the shaft power is
the product of shaft torque 7 and the shaft speed w. In S.1. units, there is no

®

Fig. 2.4 Shaft torque v shaft speed at wind speeds V’ and V"
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(O]
Fig. 2.5 Shaft power v shaft speed at wind and speeds vV’ and V"

constant of proportionality so that:
P = Tw. (2.27)

At zero speed, the shaft power is also zero, which is seen to be true for the
two cases shown in Fig. 2.5.* The shaft power also becomes zero when the
shaft torque is zero, illustrated in the compatible diagrams of Figs. 2.4 and
2.5. Maximum shaft power Py, increases with high values of wind speed.
The locus of the maximum power points, shown as a dotted line in Fig. 2.5,
is a cubic with the form P, = Kyw?, where K is constant. The rotational
speed at which maximum power is developed is not, in general, the same
as that for which maximum shaft torque occurs.

2.4.4 Tip-speed ratio (TSR)

In order to express the power coefficient C, in terms of both the upstream
wind velocity V and the blade rotational velocity w, a parameter called
the tip-speed ratio (TSR) is defined. Figure 2.6 illustrates the main physical
parameters, including the blade radius r. The instantaneous velocity v of the
blade tip is related to the angular velocity of rotation w by the relationship:

V= rw. (2.28)
For a blade of radius r, the TSR is defined as:
TSR= = =" (2.29)

Vv Vv
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v

v

v

N
Fig. 2.6 Motion of a two-blade propeller.l

The blade rotational velocity » in rpm is related to the angular velocity
in radians per second by the relationship:

2mn
W= (2.30)
If Cp, is plotted against V, there will be a different characteristic for every
value of w. Similarly, if C, is plotted against w, there will be a different
characteristic for every value of V. The characteristic of C;, versus TSR is a
“universal” curve that subsumes values of both w and V. Good rotor design
requires that the maximum value of the power coefficient Cym occurs near
to the design-rated value of the rotational speed. Typical characteristics for
various different types of wind turbine are shown in Fig. 2.7. The maximum
ideal efficiency characteristic for propeller machines is asymptotic to the
Betz Law value of 0.593. It can be seen that the most efficient forms of
wind converter are the propeller type, for which 0.4 < Cpy, < 0.5. In addi-
tion, the maximum value of the power coefficient is designed to occur in
the range of TSR, namely 4 < TSR < 7. A more detailed performance
characteristic for propeller and Darrieus machines is shown in Fig. 2.8. The
peak value of Cj, is seen to be approaching 0.4, which is typical of small
wind converters.
The power extractable from a freely flowing stream of wind, with a
power coefficient C, = 0.4, is shown in Fig. 2.9 using logarithmic scales
on both axes.
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Fig. 2.7 Power coefficient versus tip-speed ratio for various converters.
2.5 Mechanical Features of Wind Machines

2.5.1 Axial thrust (Pressure)

The action of the wind stream onto the rotating propeller, as in Fig. 2.3, is
to create a pressure force acting along the horizontal shaft, called the thrust,
Th. A detailed aerodynamic analysis (not given here) shows that the thrust
may be expressed as:

1 %
Axial Thrust = Th = EpAvf [1 - (72) } . (2.31)
1

The thrust may be expressed in terms of the extracted power P by com-
paring Eq. (2.31) with Eq. (2.20):

PEX — Pex
A IAD
Like the extracted power, the thrust per unit area in the wind stream is

determined entirely by the wind velocities. The thrust has to be counteracted
by the end bearings on the propeller shaft.

Th =

(2.32)
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Fig. 2.8 Power coefficient versus tip-speed ratio for Darrieus and propeller machines.

2.5.2 The “Yaw” effect

The wind at a given site is subject to rapid and frequent changes of direction.
But to maintain efficient operation, the turbine propeller plane must remain
perpendicular to the wind direction. This requires that the turbine assembly
be free to rotate about a vertical axis—a phenomenon that aeronautical
engineers call the “yaw” effect. With good bearings, a machine can be
pivoted to swivel under the influence of a vane or a rudder wheel mounted
downwind, as illustrated in Fig. 1.4 of Chap. 1.

In large modern wind turbines, a weather vane monitors the wind direc-
tion and an electric yaw drive is used to swivel the propeller plane broadside
onto the wind.

2.5.3 Gyroscopic forces and vibrations

Yawing rotation about the vertical axis while the rotor is turning about its
horizontal axis encounters strong gyroscopic forces. These forces have to be



Theory of Wind Converters 21

Wind speed
100MW ™
20 m/s (44.74 mph)
15 m/s (33.60 mph)
IOMWp = m e e mrm e e e e e -
10 m/s (22.35 mph)

1950\ phalalalalalaialaled ddaly b A dubaia il ol b
5 m/s (11.20 mph)

Power output

100kW

10kW i~

1kW 1 1 1 1
102 103 104 10°

Cross-sectional area of wind stream, m?

Fig. 2.9 Power extractable from a freely flowing wind stream (Cp = 0.4).l

transmitted through the bearings and propeller shaft causing high stresses
and vibrations. For this reason, the propeller blades of large machines are
made of a lightweight material such as a composite plastic such as fibreglass
rather than metal.

The action of rotation of the blades results in periodic vibrations. With
a downwind-designed machine, which is characteristic of many large sys-
tems, each rotating blade passes through the wind shadow of the tower once
per rotation. This results in a sudden reduction of air pressure on each blade
followed by a sudden increase of air pressure, as it emerges from the shadow
of the tower. The result is to apply a bending moment on each blade at its
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root or hub joint in alternate directions. Continual flexing of the propeller
blades at every rotation produces fatigue stresses in the materials. With
two-blade propellers, sometimes, the whole rotor is mounted on a single-
shaft hinge allowing fore-aft rotation or “teetering” to reduce out-of-plane
bending moment fluctuations. In order to minimise the vibration problem,
some wind machine designers prefer to use three-blade propellers rather
than two-blade propellers, even with the additional cost of the extra blade.

2.5.4 Centrifugal forces

The rotation of the blades of awind turbine causes outward acting centrifugal
forces. This phenomenon can be experienced by tying a weight at the end of
a string and swinging it around. The outward acting force depends directly
on the mass or weight and on the speed of rotation. Calculation of the cen-
trifugal forces on a wind turbine tending to pull the rotating propeller blades
out of their sockets is complicated because the weight is distributed non-
uniformly along the length of the blade. A simple calculation that assumed
all the weight to be concentrated at a fixed radius of rotation would give
inaccurate results. In large modern wind turbines, the blades are large and
heavy. Moreover, the cost of the blades and propeller unit is a significant
portion of the total system cost.

The amount of power taken from the wind at a fixed wind velocity can be
adjusted by varying the pitch angle of the propeller blades. This is realised by
rotating part of the propeller arms in their sockets, such as adjusting a screw
or bolt. In effect, this changes the force and torque exerted on the rotating
propeller. The same principle is used in landing a propeller-driven aeroplane
to change the thrust on the blades and thereby reduce the speed. The use of
the same technique enables the power extracted from a propeller to be kept
constant over a range of wind speeds, illustrated in Fig. 2.10. When the wind
reaches a maximum acceptable level known as the furling velocity V, the
pitch angle of the blades can be adjusted so that zero power is extracted.
In severe wind conditions, some form of mechanical brake is also applied.

2.5.5 Solidity factor

The solidity factor is defined as the total blade area of the rotor divided by
the area swept normal to the wind. In a horizontal axis, propeller machine,
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Power Output

= Wind Speed
Ve Vi

Fig. 2.10 Effect of feathering the propeller.! V. = cut-in speed; V¢ = furling speed.

for example, an efficiently designed aerofoil intercepts a large area of wind
with a small area of blade. It therefore has a low-solidity factor, which is
highly desirable in high-rotational speed systems.

Turbines with high-solidity factor usually suffer from a high degree of
aerodynamic interference between the blades, which results in low values
of TSR and power coefficient C,. Examples are the Savonius rotor and the
American farm multi-blade type, with the typical performance characteristic
given in Fig. 2.7. Wind turbines with high solidity usually operate at low-
rotational speeds but have high-starting torques. They are used for direct
mechanical applications such as water pumping but are not usually suitable
for driving electric generators. For the purpose of electricity generation, it is
usual to use low-solidity machines, such as the two-blade propeller, in order
to utilise high-operational speeds and high values of power coefficient.

2.5.6 Two rotor blades or three rotor blades?

Most large modern wind turbines are horizontal axis, propeller machines
having either two blades (in the USA) or three blades (in Europe) on the
rotor. There are long-standing and ongoing differences of view amongst
wind and aeronautical engineers as to the merits of the two designs. The
maximum achievable values of power coefficient C, over arange of values of
TSR have been calculated under the idealised condition of no aerodynamic
drag, for the rotors with several blade numbers.
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Within the normal working range of TSR, a three-blade propeller has a
slightly larger value (e.g., 5%) of power coefficient. But most two-bladed
wind turbines use a higher value of TSR than most three-bladed machines.
There is little practical difference in the maximum achievable C,, between
two- and three-bladed designs, assuming no drag.

Three-blade machines have the advantage that the polar moment of
inertia with respect to yawing is constant, which contributes to smooth
operation. A two-bladed rotor has a lower moment of inertia when the
blades are vertical than when they are horizontal creating rotation imbal-
ance. An important consideration in selecting the number of blades is that
the blade root stress increases with blade number for a turbine of given solid-
ity. In general, increasing the design TSR entails decreasing the number of
blades.®

2.5.7 Shaft torque and power

Most wind energy systems are used to generate electricity. The wind turbine
is usually coupled to a generator directly as in Fig. 2.11 (a) or via a gearbox
to step up the generator shaft speed, Fig. 2.11 (b). For this reason, the
generator is usually mounted at the top of the supporting tower along with
the gearbox. Electric cables run down the tower to connect the generator to
its electrical load on the ground below. The torque, speed, and power of a
rotating shaft are linked by the relationship, given in Eq. (2.27).

If the torque T is in newton-metres (Nm) and the angular speed of
rotation w is in radians per second then the power is in watts. In Fig. 2.11(b),
the shaft torque into the gearbox Tz, from the turbine shaft, is given by:

_ Pu

T = (2.33)

wt
Similarly, the torque on the gearbox output shaft, into the generator Ty, is
given by:

Py

Ty =
g
Wy

(2.34)

Considerable torsional shear stress is imposed on a shaft due to rotational
forces. For a solid cylindrical shaft subjected to a torque T, the torsional
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Py, = power in the wind P, = electrical power generator

Pex = power extracted T4 = generator shaft torque
Py = power into generator T; = wind turbine shaft torque
¢ =wind turbine shaft speed
oy = generator shaft speed

(b)

Fig. 2.11 Power train for wind-powered electricity generation: (a) direct-on load,
(b) gearbox system.!

stress fs, at any arbitrary radius rs, Fig. 2.12, is given by:
T-r¢ N
fo= J ﬁ’
where J is the polar (area) moment of inertia having the dimension (mass)*

or m*. For a solid cylindrical shaft of outer radius r,, the polar moment of
inertia can be shown to be:

(2.35)

4.4
T rom

5 (2.36)
Combining Egs. (2.35) and (2.36) gives an expression for the shear stress
at the surface of a solid cylindrical shaft of radius r,:

2T N

=— —. 2.37
fS j'[}"(z:) m2 ( )

J =
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vYT7

Fig. 2.12 Wind machine shaft.1

2.6 Fixed Rotational Speed or Variable Rotational
Speed?

The ambient wind in any location is variable for both wind speed and direc-
tion. In addition, a turbine is subject to turbulent wind gusts of a transient
and unpredictable nature. A design choice has to be made between operating
a turbine at variable rotational speed following the wind and regulating the
speed of rotation to create a fixed speed or a choice of two (usually) different
fixed speeds of rotation. For either option, the turbine must be capable of
being completely stalled into total immobility at some predetermined safe
maximum operating speed.

Any wind energy system design must aim to optimise the annual energy
capture at its given site. In order to operate at its highest efficiency (i.e., with
maximum power coefficient C,,), aturbine must operate at its optimum value
of TSR as the wind speed varies, as illustrated in Figs. 2.7 and 2.8. The best
condition to be aimed for in design is for the turbine to operate, at all wind
speeds, at a value of TSR at or close to the value that results in maximum
power coefficient. But since the wind speed varies the design issue is there-
fore either (a) to operate the turbine rotor at a fixed speed by (say) adjusting
the pitch angle of the turbine propellers as the wind speed changes or (b) to
permit the rotational speed to change, following the variable wind speed.
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Fig. 2.13 Active power versus wind speed.6 — pitch controlled; --- stall controlled.

2.6.1 Constant speed operation

Operation at a constant speed may be realised by one of the two basic control
methods:

1. by varying the pitch angle of the propeller blades as the wind speed
varies. This can be achieved by rotating either the whole propeller blades
or the tips of the propeller blades in their sockets. This form of control
is usually called pitch angle control.

2. by the use of a propeller of fixed pitch angle but where the propeller
surfaces are designed to introduce stall over a range of wind speeds.
This form of design is usually referred to as “stall regulation” or “stall
control”.

The two design methods lead to very similar turbine power characteristics,
as shown in Fig. 2.13. At low wind speeds (1-3 m/s), the turbines are shut
down. Start-up begins at a cut-in speed between 2.5 and 5 m/s. Rated wind
speed, at which the nominal output is reached, is in the range of 12-15m/s.
Below the nominal wind speed, the aim is to maximise the turbine rotor
efficiency.’

When the turbine rotational speed is constant, a coupled A.C. generator
will operate at a fixed frequency, which can be synchronised to the frequency
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of the electrical system to which it is connected. It is not then necessary to
use any form of electronic frequency changer, as a decoupling device as is
required in variable speed systems. This results in a simpler and cheaper
electrical system.

2.6.2 Variable speed operation

From Eqg. (2.29), it is seen that to keep the TSR constant, at its desired
value, it is necessary to control the turbine rotational speed w in proportion
to the wind speed V. Alternatively, a turbine can be operated at one of the
two fixed rotational speeds, which gives a TSR closer to the optimal than a
single fixed speed, but is slightly less efficient.

Variable speed control is more expensive than fixed speed control but
is found to yield 20%-30% more energy. The additional expense of vari-
able speed control arises from the need for a controlled and variable-pitch
propeller and also from the need for a power electronic frequency controller

Table 2.4 Features of fixed speed and variable speed wind-turbine systems.?

Fixed speed

Variable speed

Lower capital cost
Higher reliability

Lower probability of excitation of
structural resonances

No frequency conversion device needed
between the generator and the system

Simple and cheap electrical system

Damping system needed for wind
speeds above rated (e.g. blade
pitch-angle control

Synchronisation of generator to system
frequency needed

No injection of electrical harmonics
from the generator into the supply

Operation at optimal TSR results in higher
energy capture

Lower transient torques, because rotor acts as a
flywheel

High performance aerofoil blades with peaky
Cp/TSR characteristics

Electrical interface frequency converter requ-
ired, which can add an ability of damping

Cheaper gearbox but more expensive electrical
drive train

Mechanical damping system not required

No synchronisation required

Injection of electric current harmonics from the
converter into the supply system

Better quality electrical power. Both active and
reactive power elements can be controlled,
leading to power factor control




Theory of Wind Converters 29

between the variable frequency generator output and the fixed frequency bus
bars of the load system. This is discussed in Chap. 7. “The aerodynamic
noise generated by a wind turbine is found to be offensive to some people.
This noise is approximately proportional to the fifth power of the tip-speed.
Both variable speed and two speed operation allow the rotational speed
to be significantly reduced at low wind speeds, which reduces the turbine
aerodynamic noise greatly”.’

The cost of generating electricity from a wind-turbine system depends
on the efficiency of the energy capture, the capital cost, and the lifetime of
the plant and on the reliability of the system.2 This is discussed in Chap. 10.

A summary of the relative merits of fixed rotational speed operation
compared with variable rotational speed operation is given in Table 2.4.
Further discussion of many of these various features is given in subsequent
chapters.

2.7 Efficiency Considerations of Wind-Powered
Electricity Generation

A power flow diagram for a basic wind converter system is given in Fig. 2.11.
The combination of turbine, gearbox and generator is sometimes called a
power train. The stage efficiencies of the various stages are given by:

P,
Turbine efficiency = — = C, (2.38)
Py
- P,
Gearbox efficiency = —% = Ngb (2.39)
Pex
- P,
Generator efficiency = Fe = 1)g. (2.40)

g

The overall efficiency n of the three-stage system of Fig. 2.11, from input
to output is:

electrical output power

= power available in the wind

PP Py P "
Py Py Pe Pg' '
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In terms of the individual stage efficiencies, from Egs. (2.38), (2.39), and
(2.40), the overall efficiency n can be written as:

n = % — Cp g - lg. (2.42)
w
For small wind energy installation, up to a few kW output rating, the overall
efficiency 7 is of the order 20%—-25%.

The electrical output power may be written in terms of the total power
in the wind P,, and the wind velocity V utilising Eqg. (2.42) and substituting
from the basic Eq. (2.12).

Pe=Cp'ﬂgb'ﬂg‘Pw=Cp'7lgb'779'%PAvs- (2.43)
Values of the power coefficient C, for the two-blade propeller type of the
wind turbine vary with size and rating. They are found to be in the ranges
shown below.

Cp = 0.4 — 0.5 for large machines (100 kW — 3 MW)
= 0.2 — 0.4 for small machines (1 kW — 100 kW)
= 0.35 typically for small machines. (2.44)
Modern types of mechanical gearbox have efficiencies that depend both on
the size (rating) and on the speed of rotation. At the rated speeds, it is found
that the gearbox efficiencies lie in the following ranges.
ngb = 80% — 95% for large machines
= 70% — 80% for small machines. (2.45)
Electrical generators have efficiencies that increase with rated size. The
process of converting rotational mechanical energy to electrical energy is
inherently more efficient than wind-turbine conversion or than any process
involving heat to work (i.e., thermodynamic) conversion. For operation at
rated output:
ng = 80% — 95% for large machines
= 60% — 80% for small machines. (2.46)
It is notable that large systems are more efficient than small systems.
In general, an increase of scale is accompanied by an increase of efficiency.

Typical values of overall efficiency n can be obtained by substituting typical
values of stage efficiencies into Eq. (2.42).
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For large machines:
n=0.45x%x0.9 x 0.9 =0.36.
For small machines:
n=0.35x0.75 x 0.7 = 0.18. (2.47)

2.8 Worked Numerical Examples on Wind-Turbine
Operation

Example 2.1

Use the data of Fig. 2.7 to predict the approximate diameter, in feet, of a
wind stream of circular cross-section that contains an extractable power of
1 MW in a wind speed of 38 mph,

C, =0.4.

The 1 MW coordinate in Fig. 2.7 intersects the line representing 15m/s
(33.6 mph) at a cross-sectional area of approximately 1100 m?. Interpolating
between coordinates on a non-graduated logarithmic scale requires careful
attention. The value 38 is almost midway between the calibrated character-
istic parameters of 44.74 and 33.6 in Fig. 2.7 but the 38 mph characteristic
does not lie midway between the two calibrated characteristics.

By estimation, 1 MW extractable power, at 38 mph, corresponds to a
wind-stream area of 1,000 m?

A = 1000 m?
= 1000 x (%)2 = 10764 ft2.
But A = ”TDZ
p2 = X 10704 a2
D= 112.§T4ft.
Example 2.2

The largest wind turbine in the British Isles to date (2010) is the 3-MW
generator system in the Orkney Isles, north of Scotland. Use the data of
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Fig. 2.7 to verify roughly its swept diameter for operation in a 38-mph
wind.

The Orkney wind-generator system is rated 3-MW electrical output power.
To realise this, the extractable power from the wind P, would need
to be (say) 20% or 0.75 MW bigger. Interpolating between the 1-MW
and 10-MW gradations in Fig. 2.7, for 3.75 MW, is about one-half way
and corresponds to a horizontal intercept of roughly A = 3000 m?. The
actual design diameter of the Orkney machine is 60 m, giving a swept
area:

2
”f =T XEGOO = 2827.4m?.
Despite the limitations of reading from a small-scale logarithmic data sheet,
it can be seen that there is good correlation.

A=

Example 2.3

A wind turbine of the two-blade propeller type is designed to have its max-
imum power coefficient value at a TSR = 6, when the wind velocity is 25
mph. If the blade diameter is 100 ft, what is the recommended speed of
rotation?

V =25mph =25 x 0.447 = 11.18 m/s.

From Eq. (2.28):
with TSR = 6

v=rw=V xTSR=6x 1118 =67.1m/s

D =100ft = 100 x 3937 = 30.5m
r= g = 15.25m.
Speed of rotation:
= ; = % =4.4rad/s.
From Eq. (2.30):
n= 80 =42rpm
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Fig. 2.14 Power flow in a wind converter system.1
Example 2.4

Evaluate typical values of overall working efficiency for (a) large wind
systems and (b) small wind machine systems, assuming realistic values of
the various stage efficiencies.

(a) For large wind-turbine systems, typical stage efficiencies are:

from Eq. (2.44) C, = 0.42

from Eq. (2.45) ng, = 0.85

from Eq. (2.46) ng = 0.92.

Then, from Eq. (2.42), n = 0.42 x 0.85 x 0.92 = 33%.
(b) For small wind-turbine systems, typical stage efficiencies are:

from Eq. (2.44) C, = 0.3

from Eq. (2.45) ng, = 0.75

from Eq. (2.46) ng = 0.7

from Eq. (2.42) n = 0.3 x 0.75 x 0.7 = 16%.

There is seen to be an overall efficiency advantage of the order 2:1 in
using large-scale wind generation.

Example 2.5

Wind-turbine units are rated at 2 MW in a rated wind speed of 13 m/s. The
stage efficiencies are Cy = 0.32, ngy = 0.94, ng = 0.96. What is the
necessary swept area? If the rotor is a two-blade propeller (horizontal axis),
what is the diameter? (p = 1.29 kg/m?3.)

n = 0.32 x 0.94 x 0.96 = 0.29
Pe=2MW
P, 2x10°

©Py=—

= 6.9 x 106 W.
n 029 %
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Now:
Pu= SpAV?
w = 2:0
1
6.9 x 10° = 5 X 1.29 x A x (13)®
2 x 6.9 x 10°
= T T _4870m2.
1.29 x 133
For a circular area:
DZ
A=""" D—788m(258ft).

4

The comparatively large diameter is because of the low value of the turbine
power coefficient.

Example 2.6

A generator driven by awind turbine is required to deliver 1 MW of power at
the generator terminals. The turbine is a two-blade propeller rotating about
a horizontal axis and the maximum permitted shear stress of the turbine
shaft is 55 x 10® N/m?2. The rotor is designed to operate at a rotational speed
of 22 rpm.

(a) Iftheturbine delivers its rated power at a wind average speed of 25 mph,
calculate the corresponding diameter of the propeller and its TSR,
assuming a typical value for the overall efficiency. The air density may
be assumed to have a value 1.29 kg/m?.

(b) Calculate the torque on the turbine shaft and the necessary shaft
diameter.

(a) Peject = 1.0MW
Let » = 0.35 overall
Peeet 1.0 x 106

. Pujind = = — 2.86 x 106 W.
wind n 035 X

Now 25 mph = 11.175m/s.
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But, wind power Pying = 30AV?

2 x 2.86 x 108

- = 3171.8m?.
1.29 x (11.175)3

But, A = ”TDZ.

po [3X38172 _ jiose
T

= 63.55m (208.51ft).

TSR="2

%
D
~Z —31.38m

ryr =

2
=22 x — = 2.3rad/s.
w X 50 /

31.78 x 2.3
TSR =28 X 2 g5y
11.175
P 2.86 x 10°
) T=-=22""" _124x10°Nm

w
Trs Trs 2T

= = = —, where ry = shaft radius
fs J ”7’4 mrd s
Now stress
2T 2 x1.24 x 10°
= S f T g oim?
T fs 7 x 55 x 106
3 10
-
* 1000
J10
rs = —— = 0.215m (8.46 inches).
10

Example 2.7

The Orkney wind machine in Great Britain is rated at 3 MW, at the rated
wind speed of 17 m/s, with a blade diameter of 60 m. What is the power
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coefficient of the turbine? (o = 1.29 kg/m?.)

From Eq. (2.12),

1

Py=3 pAV?3
1 2
= 5 x 129 700" 172 — g950810 W
Pe = 3 MW.
Overall efficiency is then, from Eq. (2.42):
3 x 108
= = 0.335p.u.
"= 3959810 P-4

But, n = Cp - ngp - 1g-
If ngp = 0.90 and ny = 0.90, the turbine power coefficient is:

2.9

2.1

2.2

2.3

2.4

0.335

Cop= ———  —0.414.
P 09x%x0.9

Problems and Review Questions?

Use the information in Eq. (2.20) to show that maximum power is
extracted from a wind stream when the upstream velocity V; is three
times the downstream velocity V5.

If the wind speed in a certain location is doubled, how does this affect
the power output of a wind generator?

Use the characteristics of Fig. 2.9 to estimate the necessary swept
diameter of a large wind turbine to generate 10 MW of electrical power
in a 25-mph wind.

Explain, using a diagram, the term “tip-speed ratio” (TSR). If the
optimum TSR = 6.0 for a two-blade propeller of diameter 180 ft,
what speed of rotation in rpm must be used in a 20-mph wind?

2.5 A large propeller-type wind turbine has a diameter of 200 ft. If the

2.6

speed of rotation at full load is regulated to 32 rpm when the wind
speed is 30 mph, what is the value of the TSR?

What are the extreme limits of overall efficiencies for (a) large wind-
turbine systems and (b) small wind-turbine systems, indicated by the
stage efficiency values of Sec. 2.7?
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It is required to generate 1200 W of electrical power at the terminals
of a generator driven through a gearbox by a wind machine. The
location is such that the wind supply is of smooth laminar flow with
an average speed of 17.5 mph. Assign typical efficiency values to the
components of the system and calculate the blade diameter required for
a good quality two-blade propeller type of wind machine (air density
= 1.29 kg/m?).

A two-blade propeller wind turbine is coupled to a 10-kW electric

generator. It is desired to generate 10 kW at the load terminals. The

average wind speed is 8 m/s and can be considered as ideally smooth.

Assign typical values of efficiency to the turbine and the generator and

calculate the necessary diameter of the area swept out by the rotating

blades (air density = 1.29 kg/m?®).

A two-blade propeller is used as a wind turbine directly on the shaft

of a small electric generator. Assign typical efficiencies to the wind

turbine and the generator and calculate the blade diameter required
to generate 500 W at the load terminals in a wind of average speed
15mph (p = 1.29 kg/m?).

A two-blade propeller wind machine has a blade diameter 3.5m and

a power coefficient C, = 0.36. What average wind speed in mph

would result in 1 kW of power generation if the generator has 70%

efficiency?

(@) A two-blade propeller wind turbine has a blade diameter of 4 m.
What average wind speed would result in a power output of 500 W
at the generator terminals, assuming typical efficiencies for the
generator, the gearbox, and the turbine?

(b) Atyour calculated wind speed, what is the TSR if the turbine shaft
speed is 40 rpm?

(c) Calculate the diameter of the turbine shaft if the maximum per-
mitted shear stress is 55 x 10® N/m?2.

A wind-turbine system consists of a two-blade propeller, rotating

about a horizontal axis, driving an electrical generator via a gearbox.

The generator is required to deliver its rated capacity of 2 MW with the

wind turbine rotating at 18 rpm. The maximum permitted shear tress

of the solid steel turbine shaft is 55 x 108 N/m?. The design estimate

for the overall efficiency is 30%.



38 Electricity Generation Using Wind Power

(@) Calculate the torque on the turbine shaft at rated load and the
necessary shaft diameter.

(b) Define the term “tip-speed ratio” (TSR) and explain its use in
wind energy calculations.

(c) Calculate values for the TSR and the required diameter of the
propeller if the rated turbine power is developed in an average
wind speed of 27.5 mph (air density = 1.29 kg/m3).

(d) Estimate realistic and consistent figures for the turbine power
coefficient, the gearbox efficiency, and the generator efficiency.

2.13 Asolid-steel cylindrical turbine shaft has a diameter of 12 inches. If the

2.14

2.15

2.16

shear stress coefficient f; = 55 x 10° N/m?, what is the maximum
permitted shaft torque?

The maximum safe rotational speed for a certain wind turbine is
35rpm. How is this maximum speed retained in high winds? What
problems would arise if the speed of rotation became excessive? What
mechanism is used on the cupola of a Dutch-type windmill to keep
the rotating blades facing upstream?

The jet stream over the North Atlantic Ocean travels from west to east
at 100 mph. How does this affect (i) the air speed and (ii) the ground
speed of 500 mph high-flying jetliners crossing the ocean between
Europe and the USA?

On a certain day, the North Atlantic jet stream travels from west to
east at 95 mph. If the average air speed of a jetliner is 445 mph, how
long the flight will take to travel from Manchester, UK to Atlanta,
a distance of 3400 miles?
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CHAPTER 3

Past and Present Wind-Energy Turbines

3.1 Nineteenth-Century Windmills

The use of wind power, mainly for the pumping of water, was very extensive
in Europe and North America during the nineteenth century. It is estimated
that, since the mid-nineteenth century, more than six million machines of
the American farm types, shown in Fig. 3.1, have been used in the USA. The
metal-blade rotor is roughly 12-16 ft diameter, with a tail-vane stabilizer to
keep the multi-sails upstream and is ideal for remote farm locations. Each
individual turbine is rated at less than one horsepower (HP). Typically for
this type of machine, the solidity factor is high, being of the order 0.7.

By 1850, the use of windmills in the USA provided about 109 kWh of
energy per year.12 The installation of steam engines began to support the use
of wind converters in the later nineteenth century. But the use of this type of
small system continued into the 1930s in the USA, both for pumping water
and to power small electric generators, rated up to 2 kW, used for charging
lead-acid storage batteries. These, in turn, provided power for the lighting
of barns and animal sheds.

In Europe, corresponding developments took place in several coun-
tries, notably Denmark, Germany, Holland, Russia, and Great Britain.

41
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Fig. 3.1 American Farm windmill used for pumping water. [http://www.windmills.net/
10windmill.jpg]
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For example, in Denmark, by the end of the nineteenth century, about
2500 industrial windmills were in operation, having a total rating of about
40,000 HP (30 MW). Most of these were in rural areas. Also, there were
approximately 4600 windmills on Danish farms, used for threshing and
milling grain and for the pumping of water. By the 1930s, industrial appli-
cations were much reduced but the number of small farm units had increased
to about 16,000.1 Denmark has always been a world leader in the design
and use of wind-energy systems and remains so to the present day.

3.2 Early Twentieth-Century Wind-Energy Turbines

Towards the end of the nineteenth century and into the twentieth century, the
application of wind energy changed from milling grain and water pumping
to the generation of electricity. This required the development of turbines of
low solidity factor and much higher speeds than were realisable by multi-
blade farm windmills.

The first use of a large windmill to generate electricity in the USA was
a system built in Cleveland, Ohio in 1888 by Charles F. Brush. Brush’s
machine had a multi-bladed rotor, 17 metres in diameter, with a large fan
tail. It was the first wind machine to incorporate a step-up gearbox (gear ratio
50:1) and drove a direct-current (DC) generator at 500 rpm. The generator
was rated at 12 kW and operated for 20 years.® By 1920, the two domi-
nant rotor configurations, fan-type and sail-type, had both been found to be
inadequate for generating appreciable amounts of electricity. The further
development of wind-powered electrical systems in the USA was inspired
by the design of aeroplane propellers and aerofoil wing sections.?

By the mid-1920s, small (1-3 kW) wind-powered DC generators were in
widespread use in rural areas, driven by low-maintenance three-blade pro-
peller turbines mounted on tall (e.g., 70 ft) towers (Fig. 3.2). The predom-
inant companies in the USA were Parris-Dunn and Jacobs Wind-Electric.
These were gradually forced out of business by the customer demand for
larger amounts of grid (utility) supplied electricity. The escalating price
of oil in the latter years of the twentieth century has caused a comeback
and modern successors of the early machines can now be seen all over the
country.
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Fig. 3.2 Propeller driven wind turbine for generating electricity [Photographed by author
WS in Wisconsin, USA-1997].

In 1891, Professor Poul La Cour in Denmark developed the world
first wind-powered electricity generating system to employ aerodynamic
design principles. The machines incorporated low-solidity, four-blade rotors
75 ft in diameter that were designed with primitive aerofoil sections.® By
about 1920, the use of 25-kW, high-speed wind generators was common
in Denmark. As in America, however, cheaper fossil-fuel steam plants put
the wind-powered electricity generation industry out of business for many
years.

Large-scale wind-energy conversion systems based on aerodynamic
designs were first undertaken in Russia in 1931. The 100-kW wind tur-
bine had a generator and controls mounted at the top of a 100-ft tower
(Fig. 3.3). The heel of the inclined strut was mounted on a carriage that ran
on a circular track to keep the rotor facing into the wind.* This turbine was
connected by a 6300-V transmission line to a 20-MW steam-powered station
20 miles away. Subsequent experimental large-scale systems in Denmark,
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Fig. 3.3 Russian wind-turbine; 100 kW (24.6 mph rated wind speed).

France, Germany, Great Britain, and the USA all failed to result in practical
economic designs.

The first successful large wind turbine was the Smith-Putnam machine
built at Grandpa’s Knob, Vermont, USA in 1941.% This privately funded
venture proved to be the prototype and inspiration for what has now become
avast industry. As with all horizontal axis propeller machines, the generator
and gearbox were mounted on the turbine shaft in a housing at the top of
the tower (Fig. 3.4). The Smith-Putnam machine was a two-blade propeller
downstream system, rated at 1.25 MW, with a blade diameter of 53.34 m
(175 ft). It operated at a constant rotational speed of 28 rpm. For 35 years,
it held the record as the world’s largest wind machine system. The electric
generator was a synchronous machine that fed electrical power directly into
the Central Vermont Public Service Corporation electricity grid.

The Smith-Putnam machine suffered two mechanical failures. After a
main bearing replacement, there was a spar failure causing one of the pro-
peller blades to fly off. The operating company decided that a repair would
be uneconomical and the venture was closed down in 1945. Although the
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Fig. 3.4 Smith-Putnam wind machine? (a) diagrammatic, (b) on-site photograph.

Smith-Putnam machine operated for only 18 months in all, it was a proving
ground for high-power wind generation systems. The mechanical failures
were due to the limitations of the knowledge of the materials available at
the time and not to the basic system design. Better materials are now avail-
able. Also, the engineering knowledge about the bearing design and about
the fatigue failure of metals make it unlikely that the Smith-Putnam type of
failure would occur in modern wind turbines. Although the Smith-Putnam
project was superficially a failure, it worked well for long enough to prove
that large-scale, wind-powered electricity was feasible. All of the principal
engineering challenges were overcome opening the way to future develop-
ments.

Considerable work was done on wind-powered electricity generation
in Great Britain in the late 1940s and the 1950s.> For example, in 1950,
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Fig. 3.5 British wind-turbine, John Brown design located on Cape Costa in the Orkney
Islands; 100 kW (35 mph rated wind speed).

the North Scotland Hydroelectric Board commissioned an experimental
100-kWw, three-blade machine (Fig. 3.5). This operated for short periods in
1955 coupled to a diesel-powered electricity network but had to be shut
down because of operational problems.!

Inthe 1950s, the Enfield Electric Cable Company built a unique 100-kwW
wind-powered generator (Fig. 3.6), at St. Albans, England. The rather dra-
matic aeronautical-looking design was due to a Frenchman named Andreau.
This consisted of a hollow tower of 85 ft high and a hollow rotor with open-
ings at the blade tips. A pressure differential drove air from the openings
near the base of the tower, up the tower, through an air turbine and out of the
rotor blade tips. The design proved to be of low efficiency and was moved
to the windier coast of North Wales. Because of the local environmental
objections, it was then sold on to Algeria, where it operated successfully
for a number of years.
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Fig. 3.6 Enfield-Andreau wind-turbine; 100 kW (33 mph rated wind speed).

3.3 Later Twentieth-Century Wind-Energy Turbines

After the Second World War, through the 1950s, a series of experimen-
tal wind-energy turbines were developed in Denmark. The latest in the
series was the 200-kW Gedser mill (Fig. 3.7), which was a horizontal-axis
three-blade propeller machine. This operated until 1968 but was then closed
down because it was uneconomic compared with fossil-fuel-powered steam
plants. The energy crisis precipitated by the sudden increases in the price of
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Fig. 3.7 Restored Gedser wind turbine 200 kW at 33.6 mph. (Ref. Danish Wind Industry
Association, 2009) (http://www.talentfactory.dk/en/pictures/juul.htm).

0il in 1973 caused a change of policy so that the Gedser mill was refurbished
and reinstated in operation in 1977.1

Several three-blade propeller designs of wind-operated electric gener-
ators were developed in France during the period 1958-1966. One unit,
near Paris, was rated at 800 kW, with a rotor of 100 ft diameter mounted
on a 100-ft tower. This operated at the constant speed of 47 rpm with its
synchronous alternator, operating at 1,000 rpm and 3,000V, connected to
a 50-Hz and 60-kV electricity grid via a step-up transformer and a 15-km
transmission line. A further unit, in Southern France, operated at 56 rpm
with a 70-ft diameter rotor. This used an asynchronous generator with a
nominal speed of 1,530 rpm.*

In Germany, Professor Ulrich Hutter developed a series of advanced
horizontal-axis designs that utilised aerofoil-type fibreglass and plastic
blades with variable pitch, using diameters as large as 110 ft. The two-blade
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Fig. 3.8 Hutter’s wind turbine mid-twentieth century.3

propeller design (Fig. 3.8) sought to reduce bearing and structural failures
by the techniques of load shedding. One of the most innovative of such
schemes was the use of a hinge bearing at the rotor hub that allowed the
rotor to “teeter” in response to wind gusts and vertical wind shear. The
German design features were later used by US designers.®

The issue as to whether to use two blades or three blades in wind tur-
bine design has always been contentious. Some of the relevant technical
considerations are discussed in Sec. 2.5.6 of Chap. 2. Any claim about the
superiority of one choice is always refuted by the proponents of the alter-
native. There does not appear to be any definitive scientific basis for the
choice. The use of two blades represents a saving on first costs because
the rotor blades are the expensive items of any design. But it is claimed
that turbines with three blades run smoother, certainly on small machines.®
Aerodynamic studies indicate that, under ideal conditions, the use of three-
propeller blades, rather than two, results in slightly higher values of power
coefficient at typical values of tip speed ratio.’
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3.4 Modern Large Wind Power Installations

The design construction and operation of large (i.e., a few megawatts (MW)
down to hundreds of kilowatts (kW)) wind turbine systems for electricity
generation is now a well-established technology. Most large-scale systems
use horizontal axis and two-blade propeller designs but three-blade sys-
tems are also widely used. Although the basic scientific and engineering
problems of turbine design and location have been solved there still remain
major problems arising from political, environmental, and economic con-
siderations.

A crisis in the price and world supply of oil from the Middle Eastern
oil-producing countries (OPEC) in the early 1970s was a great incentive
to the industrialised countries of Western Europe and North America to
investigate alternative supplies of energy. Since the early 1970s, the USA,
in particular, has made a massive investment of effort in the develop-
ment of wind turbines and wind-powered electricity generation schemes.
This has been organised via the US Electrical Development Association
(ERDA).

In 1974, the ERDA Model Zero (MOD-0), 100kW, machine was
reported.® This was a two-blade variable-pitch propeller, downstream tur-
bine with a diameter of 38.1 m (125 ft) (Fig. 3.9). The AC synchronous gen-
erator was driven via a step-up gearbox and fed electrical power directly
into the local grid. Subsequent MOD-0 machines were upgraded to 200-kW
rating.

The MOD-1 wind turbine system commissioned in 1979 became, at the
time, the world’s largest machine. This was a two-blade propeller, downwind
machine, rated at 2 MW, with a blade diameter of 60.96 m (200 ft). The
MOD-1 design was followed in 1980 by the first MOD-2 machine, rated at
2.5 MW, with a blade diameter of 91 m (298.6 ft) and upstream orientation
(Fig. 3.10). A group of three MOD-2 machines, on a fixed site, with a hub
height of 60 m and providing a test bed for examining the effects of machine
clustering, was operating in 1984. A MOD-5 programme involving two-
blade, upwind machines rated at 7.3 MW, with a blade diameter of 122 m
(400 ft), was planned for the late 1980s. This plan was abandoned, not
for technical reasons but because the reduced price of oil and the reduced
demand for electricity made it then uneconomical.®
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Fig. 3.9 ERDA-NASA experimental wind-turbine generator — 100 kW test bed.

Large wind machines have a cut-in speed, V. (Fig. 2.8), of about 10 mph
and rotate at speeds upto about 100 rpm. For economic reasons, large sys-
tems need to operate in locations where the average wind speed is greater
than 15 mph.

Wind turbine design and development in Europe are dominated by
Denmark and Germany. During the 1980s, work concentrated on turbines
with ratings of several hundreds of kW. These are now being upscaled
to 800-900 kW. The first generation of 1.5-MW machines in 1995-1996
was successful and by the year 2002, there were 1,100 machines of this
class in operation. A total of 1,496 turbines of average rating of 1,150 kW
were installed in Germany during the year 2000. The largest wind farm
in Europe is an array of offshore 2-MW, three-blade propeller turbines at
Middelgrunden, Denmark. In 2008, Denmark obtained 20% of its electric-
ity from the wind and is also the world’s leading manufacturer and exporter
of wind turbines.!
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Fig. 3.10 American NASA MOD-2 machine 2.5 MW, 2-blade propeller.

The largest wind turbine now (2010) operating, very successfully, in the
British Isles is situated in Orkney. Located off the north coast of Scotland,
the Orkney Islands are in one of the windiest locations in the world, with
average wind speeds of the order 17 m/s (17/0.447 = 38 mph). The high
wind speed permits the 3-MW upstream machine to use the relatively small
blade diameter of about 60 m (197 ft) at a hub height of about 46 m (151 ft).
Electrical power generated by the Orkney machine (Fig. 3.11) is used in
the islands and replaces the expensive diesel-electric generation previously
used.*? An impression of the size and internal complexity can be gauged
from (Fig. 3.12).1? Wind speeds up to 60 mph can be utilised. The exces-
sively windy location means that the machine is expected to generate more
electrical energy (up to 9,000 MWh/year) than any other known existing
wind installation. The physical scale of modern turbines is illustrated in
Fig. 3.13.1°
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Fig. 3.11 3 MW wind machine in Orkney, Scotland.12

An assessment of the necessary scale of the wind generation can be made
by comparing the output power, 3 MW, of modern high-efficiency turbines
with a conventional large power station that produces 1,000-2,000 MW. To
replace the electrical output power of a 1000-MW fossil fuel or nuclear
station would require 333 Orkney size machines or 400 ERDA MOD-2
machines. To take account of the necessary spacing between large wind tur-
bines in the same cluster (i.e., approximately 1,500 ft for 2-MW machines),
1,000 MW of generation could require as much as 500 square miles of
ground site. This could create local ecological disruption and aesthetic
objections. In the USA, the necessary tracts of land are available in the
area of the windy western Great Plains. In the much smaller countries of
Western Europe, land is scarcer, more expensive, and in demand for other
uses such as farming. The land area required for wind-generated electricity
can also be used if it is suitable for the farming of crops or grazing of animals.

In April 2001, the UK government accepted bids for sites designed
to produce 1,500 MW of wind-powered generating capacity. Further in
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Fig. 3.12  Artistic impression of the internal construction of a 3 MW wind machine.12

December 2003, bids were received for 15 additional offshore sites with a
generating capacity of 7000 MW. The total project is intended to satisfy the
residential electrical power requirements of 10 million people.!

The largest onshore wind farm in Europe in 2009 was the Whitelee Wind
farm at Eaglesham, Renfrewshire, Scotland, which is a few miles south of
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Fig. 3.13  Bouin wind farm, Francel® N80/2,500 kW turbines.

Glasgow. This consists of 140 Siemens SWT turbines, each rated at 2.3 MW,
with a total site rating of 322 MW. The three-blade, downwind fibreglass
rotors have a radius of 40 m and are mounted on tapered tubular steel towers
to operate at a hub height of 100 m. Operation began in 2009 and the yearly
energy production is expected to be 322 GWh. A photograph of part of the
farm is given as Fig. 3.17. This wind farm has a very good visitor center with
a lot of working models. The installation has authorisation for a further 36
turbines, which is in line with the Scottish government target of generating
31% of Scotland’s electricity from renewable energy by 2011 and 50%
by 2020.

Most of the 28,400 MW of generation capacity on land now has been
developed in Europe and much exploration is taking place of various
offshore sites. For example, the Nysted wind farm in Denmark (Fig. 3.14),
consists of 72 Bonus turbines each of 2.3 MW capacity.'* Also, the Arklow
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Fig. 3.14 The 165.6 MW Nysted offshore wind farm, Denmark, using 72 Bonus turbines,
opened at the end of 2003. How will the larger wind farms of the future meet the challenges
of interconnection and energy storage? NYSTED HAVMOELLEPARK. 14

Bank wind farm, of the Irish coast (Fig. 3.15), uses turbines of greater
capacity than 3 MW.%® As the capacity of the turbines continues to increase,
the challenges of interconnection and energy storage will become more
demanding.

The modern wind-generation industry, with its aeronautical rotor
designs, was born in California, the USA during the early 1980s. But the
USA, with 6,370 MW of wind generating capacity, has now (2009) fallen
behind Europe. When the US Department of Energy (DOE) released its first
wind-energy resource inventory in 1991, it pointed out that three wind-rich
states — North Dakota, Kansas, and Texas — had enough harnessable wind
energy to satisfy the whole national electricity needs.

Advances in wind turbine design since then enable turbines to operate
at lower wind speeds, which increases the efficiency of conversion and also
enlarges the regime of wind capture. In 2004, new wind turbine towers were
100 mtall, with much longer blades than the designs of 10 years earlier. This
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Fig. 3.15 Big ambitions will need big turbines — Arklow Bank, off the Irish coast, is now
being completed. So far, it is the only offshore project using turbines over 3 Mw. 15

results in approximately tripling the amount of harvestable wind. Since the
early 1980s wind-generated electricity in the USA has reduced in cost from
$0.38/kWh to $0.04/kWh in the prime wind states.

The USA is the world’s greatest economic and military power. Its econ-
omy is greatly tied to a carbon-dominated energy market and particularly to
the price of oil, of which it is the world largest per-capita consumer.'® The
USA has the greatest installed capacity of wind generation, as shown in the
Table 8.1.17 But several other countries now have greater wind utilisation
growth rates than the USA. The very large land area of the USA includes
many sites suitable for large wind farms, such as the inaptly named Carbon
County, Wyoming (Fig. 3.16).% It remains an interesting question as to how
the use of the renewable forms of energy, notably wind energy, will advance
in competition with the large and traditional carbon-based industries of coal,
oil, and natural gas.
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Fig. 3.16 Rock River Wind Farm, Carbon Country. Wyoming: renewables still exist in a
carbon-dominated marked environment SHELL RENEWABLES. 18

a—

Fig. 3.17 Whitelee Wind Farm, Eaglesham, Scotland, 140, 2.3 MW, 3-blade cantilevered
construction (courtesy Scottish Power).

3.5 Worked Numerical Example

Example 3.1

A report by the Electrical Research Association of England suggests that
there are about 1500 UK land-based sites, having wind speeds of 20 mph,
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suitable for wind turbine-generator systems. What portion of the UK
demand for electricity could be supplied?*®

Assume that one could mount one 3-MW turbine or three 1-MW turbines
in each location. If all of the turbines in all the locations were working to
capacity at the same time — an unlikely eventuality — the total power
available would be:

Piotal = 3 x 1500 = 4500 MW.

This is equivalent to the power output of four or five medium-large fos-
sil power stations. There are 8760 hours/year. If all of the wind systems
operated to capacity for 24 hrs/day and 365 days/year, the energy produced
would be:

Wiotal = 365 x 24 x 4500 = 39.42 x 10° MWh/yr.

If one includes consideration of downtime for repair and maintenance and
also periods of slack wind, then about one-third of this might be available,
amounting to about 13 TWh/year.

In 2008, the total domestic UK electricity consumption was 117.8 TWh,
which was 34% of the total consumption. The reported land-based wind sup-
ply would therefore contribute 13/35.05 or 3.7% of the total demand. This
compares with the official figure of the proportion of electricity generated
by “renewable and waste”, which was 4.2%.2

3.6 Vertical Axis Wind Machines

Most of the earliest historical accounts of wind machines refer to vertical
axis structures used for pumping water. Small vertical axis machines with
rotating vanes or rotating cups are now very widely used for instrumen-
tation purposes, such as wind measurement. Currently, research is being
devoted to vertical axis wind turbine systems for electricity generation,
especially in the low- and medium-power ranges (a few tens of watts up to
tens of kilowatts). The effective rotor surfaces move in the wind direction,
rather than perpendicular to it. It is a feature of vertical axis machines that
they accept the wind forces equally well from any direction. The issues
of upstream, downstream, tower shadow, and yaw that occur in horizontal
axis propellers do not arise. The orientation of the blades into the wind



Past and Present Wind-Energy Turbines 61

4
(
J
1
i
i
1
i
1 /
! N
i
i
'
'
I
/
i
i
i
]
t
i
\
\

il

I
I
I
]
[
[l
)
1
«,
.. e

=D

et
2
3
a

Fig. 3.18  Savonius rotor and its air-stream flow.24

is not required. Turbine power coefficients tend to be low — usually less
than 1/3 — that is the theoretical maximum. With a vertical axis machine
the electric generator can be mounted on the ground at the bottom of the

shaft.?2.23

3.6.1 The Savonius design

The most basic of the modern types of vertical axis wind turbines is the

Savonius rotor (Fig. 3.18). This consists of a hollow cylinder that is cut

along its long axis to form two semi-cylinders. The two halves are mounted
into a rough “S” shape so that the wind flows through the cavity, being
directed from the back of the concave side onto the inside of the convex
side, resulting in rotation.?*

Savonius wind machines have a low cut-in speed and can operate in
winds as low as 5 mph. This makes the machine suitable for electricity gen-
eration in low-power applications such as individual domestic installations.
The machine is particularly suited to locations of variable wind direction.
A Swiss company markets a 6-kW version of the Savonius machine. The

peak efficiency of this form of turbine is about 30% (see Fig. 2.5) and the

tip-speed ratio is low.
A disadvantage of the Savonius design is its high-solidity factor. Also,
the machine is heavy if metal vanes are used. Because of the nature of the



62  Electricity Generation Using Wind Power

(b)

Fig. 3.19 Darrieus wind turbine (a) two-blade rotor (b) three-blade rotor.20

construction, the vane or sail area cannot be modified, so that the machine
may need to be tied stationary in high winds.

3.6.2 The Darrieus design

Much attention and research effort has been devoted to the Darrieus wind
machine. This looks like an egg-beater or food-mixer and consists of two
or three vertically mounted vanes with aerofoil cross-sections. The shape
of the vanes (Fig. 3.19) is the natural shape that a flexible cable, such as a
skipping rope, would adopt if it was swung horizontally about the bottom
and top pivots.

Unlike the Savonius rotor, the Darrieus machine is not self-starting.
The fixed-pitch rotor must be in rotation before the wind exerts a driving
force on it. In practical designs, a Savonius rotor is often incorporated onto
the Darrieus shaft to provide a starting torque. At high speeds, a Darrieus
machine produces far more power than a Savonius machine and has a much
higher tip-speed ratio (see Fig 2.7).
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Darrieus machines have been studied for single-dwelling domestic hous-
ing applications. A blade diameter of about 15 ft is needed to produce 1 kW
of output power. The Darrieus design has a peak efficiency of about 35%.
A government-sponsored and large-scale Darrieus turbine was developed
at the Sandia National Laboratories, Albuquerque, New Mexico, the USA
in the early 1980s. This used a blade diameter of 55 ft to develop a power
of 80 kW. Another three-blade Darrieus machine in the USA had devel-
oped 500 kW. The world’s largest Darrieus project, in Quebec, Canada, has
developed a 4-MW machine. This is comparable in rating with the largest
horizontal axis propeller systems.

As an alternative to Savonius assisted start-up, a Darrieus system can be
started by using its coupled generator as a starter motor, taking electrical
power from the battery or electricity supply.

Darrieus machines have a low-solidity factor, comparable with that of
a horizontal axis propeller system, which makes for an economical use of
aerofoil materials. The centrifugal forces of rotation exert tensile stresses
on the blades, which may be metallic or made of fibreglass. The forces on
the blades are similar in some respects to the aerodynamic forces on an
aeroplane wing section or aerofoil.

It should be noted that the detailed operation of both the Savonius and
Darrieus design is very complex. Analyses cannot be undertaken using the
comparatively simple equations of Secs. 2.2 and 2.3 of Chap. 2.

3.6.3 Other forms of vertical axis machine

There are many different forms of modern vertical axis machine. The most
promising of these are derivations of the Darrieus principle. For example,
Musgrove has designed machines with rotors of a two-blade or three-blade
“H” configuration. Two vertical blades can either use a fixed tilt angle with
rigid fixing to the hub or be hinged for variable tilt angles. At high speeds,
the variable tilt blades move outwards due to centrifugal action and act to
govern the speed of rotation, eliminating the danger of over-speeding.?®
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CHAPTER 4

The Location and Siting of Wind
Turbines

4.1 The Availability of Wind Supply

In most geographical locations there is a characteristic pattern of wind
velocity over the year. The detailed features of the wind-energy resource
are well documented in Europe and in North America. There are typical
patterns of wind flow on a seasonal basis. At any given site there may be
significant variations of wind on a daily (sometimes hourly) basis, with
regard to both the magnitude and the direction of the wind, but the annual
features are fairly consistent.

4.1.1 Global survey

A very broad representation of the average overall global wind is shown
in Fig. 4.1, in terms of wind power density in watts/square metre. In the
Northern Hemisphere, the wind power density is of order 2—3 times greater
in the winter than in the summer. An alternative much quoted picture is
shown in terms of shading in Fig. 4.2. In Europe the prevailing wind (i.e.,
the direction of the wind for most of the time) is westerly. It flows from west
to east. The wind map shows that the western coastlines of North America,
South America, Northern Europe, and Africa have great potential for the

65
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Fig. 4.1 Average power density of the wind (A) Boreal winter (B) Boreal summer [quoted
from “Electricity without carbon” Nature, Vol 454, 14 August 2008].

exploitation of wind energy. The annual average wind at any site depends on:

(a) geographical position,

(b) the detailed location and, in particular, the altitude and the distance
from the sea,

(c) the exposure and possible screening due to any surrounding hills, veg-
etation and buildings, and

(d) the shape of the land surface in the immediate area.

In order to gain altitude and thereby increased wind speed, turbine sites are
often chosen on hill tops. This is discussed in more detail in Sec. 4.3.

4.1.2 Energy content of the wind

A rough estimation of the wind-energy capability of any particular site is
provided by the wind speed—duration data. The average wind speed in mph

www.TechnicalBooksPDF.com
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Fig. 42 Annual availability of wind energy in different parts of the world.? In terms of
estimated number of kWh/Year per rated kilowatt output for wind machines designed for
rated wing speeds of 25 miles per hour.

is plotted against the number of hour’s duration for the 365 x 24 = 8,760
hours of the year (Fig. 4.3).! It should be noted that a characteristic of power
versus time means that the area under the curve has the dimension of power
multiplied by time, which is energy. For wind-energy use, the power versus
time availability characteristic should contain the largest possible area.

The cut-in speed, which is shown in Fig. 2.10 of Chap. 2, eliminates
the hours representing too-low a wind speed. Correspondingly, there are
periods where the wind speed is too high and the turbine operation has to
be discounted. The hours representing this condition are shown to the left
of the “furling point” in Fig. 4.3.

A measure of the perception of wind of different speeds is provided by
the Beaufort Scale, shown in Table 4.1. For example, a wind speed of 25
mph is described as a “strong breeze”, in which it would be difficult to
manipulate an umbrella. The original scale was proposed by Admiral Sir
Francis Beaufort of the British navy in 1805. The terminology of the cate-
gories of the higher wind speeds has more recently been slightly changed.
A category of “hurricane” has been added for wind speeds of 73+ mph.
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Fig. 4.3 Estimation of annual energy output.

Typical wind velocity—duration characteristics are shown in Fig. 4.4
for a wide range of geographical locations, based on the specified values
of average annual wind speed. A more detailed picture, giving month-by-
month figures, is given in Table 4.2. For most locations, even in the Southern
Hemisphere, the wind speed in the months October—March is significantly
greater than in the periods April-September. Since the energy potential and
the power content of the wind are proportional to the cube of the wind
speed, there will obviously be great differences in the energy viability of
the different locations.

4.1.3 Wind-energy supply in Europe

A European wind atlas of comparative wind speeds is shown in Fig. 4.5.
The wind-energy resources vary widely over continental Europe and are
influenced by three major factors:

1. Large temperature differences between the polar air in the north and
sub-tropical air in the south.

2. The distribution of land and sea with the Atlantic Ocean to the west,
Asia to the East, and the Mediterranean Sea and Africa to the South.
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Table 4.1 Beaufort wind force scale (Ref. http://www.bunganutlate.org/beaufortscale.
htm).

Beaufort When You Wind Speed
scale Description See This mph kmh
0 Calm Smoke goes straight up. Nowind  Lessthan1l  Less than 2
present
1 Light Air Direction of the wind is shown by 1-3 2-5
smoke drift, but not by a wind
vane.
2 Light Wind is felt on your face. Leaves 4-7 6-11
Breeze rustle. Wind vane moves.
3 Gentle Small twigs and leaves move 8-12 12-19
Breeze steadily. Wind extends small
flag straight out.
4 Moderate The wind raises loose paper and 13-18 20-29
Breeze dust. Samll tree branches move.
5 Fresh Waves form on lakes and ponds. 19-24 30-39
Breeze Small trees sway.
6 Strong Arge tree branches move. 25-31 40-50
Breeze Umbrellas become hard to use.
Wires whistle.
7 Moderate Hard to walk against the wind. 32-38 51-61
Gale Whole trees are in motion.
8 Fresh Very difficult to walk against the 39-46 62-74
Gale wind. Twigs break from trees.
9 Strong Roof shingles are torn away. 47-54 75-87
Gale Small damage to buildings
occur.
10 Wholw Trees are uprooted. 55-63 88-101
Gale
11 Violent widespread damage from the 64-72 102-116
storm wind.
12 Hurricane ~ Widespread destruction from the 73+ 117+
wind.

3. The major geographical features such as the Alps, the Pyrenees, and the
mountains of Scandinavia.

The British Isles consisting of Great Britain (England, Scotland, Northern
Ireland, and Wales) and the Republic of Ireland form one of the windiest
regions on the earth. Contours of the mean annual wind speed, measured
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Fig. 4.4 \elocity-duration curves for widely separated sites.

at the agreed standard height of 33 ft (10 m) above the ground, are given in
Fig. 4.6.> The wind speed increases greatly at higher levels of elevation.
In general, the coastal areas are windier than inland areas. The prevailing
wind is westerly, from the Atlantic Ocean, creating the high average value of
17.5 mph along the western coastlines of Scotland and Ireland. Incidentally,
the same regions offer a great potential for water-wave energy.
Tremendous local variations of wind energy occur even in a relatively
small country such as Great Britain. In Fig. 4.7, the units of wind speed are
plotted against the hours of wind availability per year for three different UK
locations. It should be noted that curve A in Fig. 4.7 represents a location on
the west coast of Scotland where the wind is almost identical to that for the
top curve in Fig. 4.4, representing a location in N. Wales. Characteristics of
wind power versus time duration for the same three UK locations are shown
in Fig. 4.8. Obviously, the preferred location is Rhossili Down, which is on
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SiHY km

[ Wind resources! at 50 metres above ground level for five different topographic conditions
Sheltered terrain? Open plain? At a sea coast! Open sea* Hills and ridges*
ms-! Wm-? ms ! Wm? ms} Wm-? ms! Wm2 mst Wm 2

> 60 > 250 > 75 = 500 > 85 = 700 >890 > 8OO > 115 > 1800
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Fig. 4.5 European wind resource map. (Source: Risg Laboratory Denmark.)

the west coast of Scotland, whereas a location in the English Midlands such
as Leicester is completely unsuitable.

There are important seasonal variations in the availability of wind energy
in the UK. In northern temperate latitudes, the highest daily average wind
speeds occur in winter, with maximum values usually being in January,
and the lowest in July/August. The seasonal variation between winter and
summer is of the order 2:1. The average wind-energy flux density onatypical
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Fig. 4.6 Isovent contours of UK mean wind speed (mph)? (courtesy of the UK
Meteorological Office).

month-by-month basis for the UK is given in Fig. 4.9.2 It is of immense
significance in the UK that the availability of wind energy closely matches
the national demand for electricity. It is also relevant that the profile of UK
wind-energy input is in anti-phase with the profile of solar radiation input.

4.1.4 Wind-energy supply in the USA

The mean annual wind speeds across the USA are shown in Fig. 4.10. The
predominant feature is the southerly winds blowing north through Texas to
North Dakota along the entire N-S dimension (about 1,500 miles). This is
reflected in the wind-power density data of Fig. 4.11, which shows that the
centre and western states of the USA have greater wind-energy potential
than the eastern states. Many of the eastern states have no significant wind-
energy potential at all. In Fig. 4.12, the electrical-energy potential of the
wind is shown as a percentage of the total US electricity consumption in
1990.2 These figures suggest that the central states of (from S to N) Texas,
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Fig. 4.7 \elocity duration curves.?

Oklahama, Kansas, Nebraska, and the Dakotas have the potential to sup-
ply almost all of the US demand of electricity by wind energy alone. The
potential is obviously such that the USA is wise to consider wind energy as
a major renewable resource.

Typical figures of the annual average wind speeds in the four major
cities Cincinnati, Columbus, Cleveland, and Toledo of the US state of Ohio,
which lies immediately south of the Great Lakes are shown in Table 4.3.
In Fig. 4.10, the mean annual wind-power density for Ohio is shown as
>200W/m?. The southernmost large city Cincinnati, in the SW corner of the
state, has a mean wind speed of 7.1 mph, which is too low for consideration
as a site for wind-energy installations. The northernmost city of Ohio is
Cleveland on the southern shore of Lake Erie. This has a mean annual wind
speed of 10.9 mph and is therefore a very viable site as a location for raising
wind-powered electricity. The information of Table 4.3 is taken from the
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Fig. 4.8 Wind power-duration characteristics for three UK locations.?

very reliable data issued annually by the US Meteorological Office. It shows
monthly average wind speeds for all the months of the year from January
to December in addition to the mean annual value. For all of the cities
listed, the wind speed is lowest in the summer months and significantly
higher in the winter months October to May. The monthly profile of wind-
flux density will therefore follow the UK pattern shown in Fig. 4.8. In
Ohio, the wind-energy flux pattern correlates well with the state demand for
electricity.

Also shown in Table 4.3 is the wind data for Chicago, which lies at the
SW corner of Lake Michigan. Although Chicago is known colloquially as
the “windy city”, the data shows that Cleveland is significantly windier in
most months of the year. The ratio of mean annual wind speeds between
Cleveland and Chicago is seen to be 10.9/10.4 which is 1.048. But since the
wind power is proportional to the cube of the wind speed, the ratio of wind



The Location and Siting of Wind Turbines 77

120
P
E 100
2
Z
‘@ 80
c
@
°
3
= 601
>
=)
&
=3
o 40
)
2
°
2
& 20
0

J F M A MJ J A S O N D
Month

Fig. 4.9 Wind availability in the UK (mean wind velocity = 6 m/s = 13.4 mph).*

“BREVALLITIG DIRECTION AND HEAN SPEED (H.P.ii.) OF WiHD|
—— 1% ANNUA g ke

HOTE:
Arrows fly with wind,

i i i

Fig. 4.10 US wind atlas (courtesy of the US Meteorological Office).



78  Electricity Generation Using Wind Power

'$3110JeJ0qR] ISOMULION 1419ed 3][3neq :824n0S 1"(;W/M) Alsusp Jamod puim |enuue uesy  TT' ‘Bi4

202 ooy

'sabpl) pue sdoy uunoOwWw
P2SOdxe 10} pIlIRdN? TUWL JIMO| I8 SIIEWINSS IR
‘{sare papeys)suoiba; snoulBlunOw saaQ “sease
pasodia aA0ge wOg 1B PANeWNss Jamod PUIM

:puaba




The Location and Siting of Wind Turbines 79

Fig. 4.12 Electrical energy potential of the wind as a percentage of the total US electrical
consumption 1990.°

power represented is (10.9/10.4)2 that is 1.15. In other words, Cleveland
represents a possible power and energy gain of 15%, which is very large!

4.2 Statistical Representation of Wind Speed

Although the year-to-year variation in annual mean speed is not easily pre-
dictable, the speed variations at a given site during the year can be charac-
terised statistically in terms of a probability distribution.

A histogram showing the probability of wind speeds over a range of
0 < V < 20 mphata certain location is shown in Fig. 4.13.# In this example,
the wind speed was measured in 1 m/s sections and the sum of the heights
of the 20 samples is 100%. If the sample width is made smaller and more
samples taken, the curve of the profile becomes smoother. In the limit, with
a large number of samples, the profile curve is continuous and is called the
probability density function. Figure 4.13 shows the statistical probability
of the wind speed V being in a certain 1 m/s interval. For example, the
probability of the wind speed being between 6.5 and 7.5 m/s is 12% or 0.12
per-unit, which means 0.12 x 8,760 or 1,051.2 hours/year at this site.
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Table 4.3
Cincinnati
Relative humidity Wind ¢
Fastest mile
Hour Hour Hour Hour Mean Prevailing Speed Direction Year
(Local time) speed direction
43 40 50 50
JAN 8.3 SW 49 SW 1959
FEB 8.4 SW 49 SW 1918
MAR 9.0 SW 49 SW 1922+
APR 8.4 SW 47 SW 1920
MAY 6.7 SW 36 W 1945
JUN 6.4 SW 40 w 1934
JUL 5.2 SW 43 SW 192
AUG 51 SW 38 w 1944
SEP 5.4 SW 38 SW 1941
OCT 6.1 SW 35 SW 1937
NOovV 1.7 SW 47 SW 1919
DEC 7.9 SW 41 SW 1920
YEAR 7.1 SW 49 SwW JAN. 1959+
Columbus
Relative humidity Wind
Fastest mile

Hour Hour Hour Hour
01 07 13 19 Mean Prevailing Speed Direction Year

(Local time) speed direction
12 12 12 12 22 14 20 20
JAN 74 76 67 69 101 SSW 56 w 1959
FEB 74 77 65 68 10.3 NW 57 w 1956
MAR 70 74 59 62 107 SSW 63 NW 1955
APR 71 76 53 56 10.0 WNW 56 W 1970
MAY 77 79 55 58 8.5 S 54 NW 1964
JUN 80 81 53 58 7.3 SSW 47 NH 1966
JUL 82 84 56 59 6.6 SSW 49 NW 1956+
AUG 85 88 57 63 6.2 NNW 43 NW 1965
SEP 84 88 58 65 6.7 S 38 N 1963
OCT 79 83 55 64 7.6 S 39 SW 1965
NOV 79 82 65 71 9.5 S 61 N 1952
DEC 77 79 69 73 9.7 W 47 SW 1971

YEAR 78 81 59 64 8.6 SSM 63 NW MAR. 1955

(Continued)
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Cleveland
Relative humidity Wind
Hour Hour Hour Hour Fastest mile
01 07 13 19 Mean Prevailing
(Local time) speed direction Speed Direction Year

11 11 11 11 30 14 30 30
JAN 73 75 69 71 12.4 SW 68 SW 1959
FEB 75 78 69 71 124 S 65 w 1958
MAR 75 78 65 69 125 Y 74 ' 1946
APR 71 74 57 60 119 S 65 W 1950
MAY 73 75 56 57 105 S 68 SW 1951
JUN 78 78 57 59 9.5 S 57 SW 1954
JUL 80 81 57 61 8.8 S 65 w 1956
AUG 82 84 59 64 8.4 S 45 S 1956
SEP 79 83 59 68 9.1 S 43 w 1951
OCT 76 80 56 67 10.1 S 43 w 1946
NOoV 74 7 66 71 123 S 59 w 1946
DEC 74 75 70 72 124 S 49 SW 1971
YEAR 76 78 62 66 10.9 S 74 W MAR. 1946

Toledo
Relative humidity Wind
Hour Hour Hour Hour Fastest mile
01 07 13 19 Mean Prevailing
(Local time) speed direction Speed Direction Year

16 16 16 16 16 8 16 16
JAN 72 79 69 73 10.8 WSW 47 W 1971
FEB 72 78 66 70 109 WSS 56 SW 1967
MAR 73 81 61 67 10.9 WSW 56 w 1957+
APR 77 80 55 59 10.9 E 72 SW 1956
MAY 76 79 51 56 10.0 WSW 45 w 1957
JUN 82 82 54 58 8.3 SW 50 W 1969
JUL 84 86 55 61 7.5 WSW 54 NW 1970
AUG 86 89 57 65 7.3 SW 47 W 1965
SEP 86 90 57 70 7.8 SSwW 47 NW 1969
OCT 81 85 55 68 8.7 WSW 40 SW 1956
NOV 81 84 66 74 103 WSwW 65 SW 1957
DEC 82 83 73 78 105 SW 45 SW 1971+
YEAR 79 83 60 67 9.5 WSW 72 SW APR. 1956

(Continued)
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Table 4.3 (Continued)

Chicago

Relative humidity Wind

Fastest mile
Hour Hour Hour Hour

00 06 12 18 Mean Prevailing Speed Direction Year

(Local time) speed direction
8 8 8 8 29 19 29 29
JAN 69 70 64 66 115 W 50 W 1950
FEB 68 70 60 64 11.7 W 51 SW 1967
MAR 68 73 58 60 119 W 54 NW 1955
APR 67 72 55 56 118 w 50 NW 1951
MAY 67 71 51 51 105 SSW 54 S 1950
JUN 68 74 54 54 9.3 SW 50 w 1953
JUL 72 77 55 56 8.3 SwW 46 NW 1959
AUG 74 79 55 57 8.1 SW 54 NW 1949
SEP 75 80 55 59 9.0 S 48 SwW 1959
OCT 69 77 53 58 9.8 S 45 S 1949
NOV 73 77 63 68 114 SSw 60 SW 1952
DEC 75 78 70 72 112 W 50 SwW 1948
YEAR 70 75 58 60 104 W 60 SwW NOV. 1952

151
144
131
124
111

=
o
1

Profltability (%)

123 456 7 8 9 10111213 141516 17 18 19 20 21
Wind speed (m/s)

Fig. 4.13 Histogram and Weibull function for the probability of a given wind speed (data
measured in 1 m/s units).6
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For many typical sites, the probability density function representing
wind occurrences can be represented, with good accuracy, by the statistical
function known as the Weibull distribution #(V'), given by:

k 1% k—1 _(K)k
h(V)=—|— <. 4.1
w-3(z) @
Value #(V) in Eq. (4.1) is the frequency of the occurrence of wind speed
V, factor C is the characteristic wind speed, sometimes referred to as the
scale parameter, and item k is the shape parameter.
The exponential term in Eq. (4.1) represents the probability of the wind

speed exceeding value V and is sometimes called the cumulative Weibull
Distribution H(V)

Hvy = o (8) (4.2)

Weibull distributions 2(V') versus wind speed V for the different values
of shape factor k are shown in Fig. 4.14.% If the variation of hourly wind
speed about the annual mean is small, then the value of k is relatively high,
such as k = 2.5 or 3. When there is greater variability of wind speed about
the mean, then k has the smaller value k = 1.5 or 1.25. A comparison of
Fig. 4.13 with Fig. 4.14 shows that the value of k in Fig. 4.13 must be close
to the value k = 2, which is a typical value at many wind sites. For this

0.15 | ,

P ]

k= —m— 125 —e—1.5

—0—2.0 ——25 ——3.0

Probability density h (v)

Wind speed (m/s)

Fig. 4.14 Example Weibull distribution.”
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Fig. 4.15 Effect of scale parameter variation C on the Weibull distribution k = 2.8

value of distribution, more days have lower than the mean speed while few
days have high wind speed.

When k& = 2, the Weibull distribution defined in Eq. (4.1) becomes
mathematically equal to the statistical distribution known as the cumulative
Rayleigh distribution. The effects of changing the scale parameter C for a
fixed value of shape parameter k on the Weibull (and Rayleigh) distributions
are shown in Fig. 4.15.

The parameters C and k for the Weibull frequency distribution can be
found from Eq. (4.2) by plotting the exponential logarithms In V' versus
In(— In H(V)). The log-log plot fits a good straight line in which the slope
of the line is k and value C is equal to the intercept where the characteristic
intersects the In V axis.*

Although a statistical simulation of wind speeds is helpful at an early
stage of design, it must be regarded only as a first and approximate step. It
is essential to have measured data.

4.3 Choice of Wind Turbine Sites

The wind speed information in Figs. 4.5 and 4.10 gives a good and first-
step picture of the areas of a country that might be suitable for wind turbine
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location. However, in order to select a particular site, onshore or offshore,
very much more detailed information is required. It is not possible, in gen-
eral, toaccurately calculate the wind speed at a particular point by theoretical
means.

The only way to be sure of the actual wind speed at any fixed location
is to measure it. Moreover, it is necessary to take a series of readings over
a time span of a year or more in order to accommodate seasonal changes.
Any theoretical values of long-term wind speed determined by modelling,
statistical methods, wind atlas calculations, or other theoretical means must
be verified by on-site measurements.

The siting of an individual turbine or a group of turbines, for electricity
utility interconnection, involves the various issues described below.”

4.3.1 I|dentification of suitable areas

Various methods such as a wind atlas are available to determine the geo-
graphical areas that have high average wind speed at the proposed hub
height of the turbine. The known minimum assured wind speed must be
appropriate for the types and designs of turbine proposed.

4.3.2 Selection of possible sites within the chosen area

Sites must be adequate from the viewpoint of engineering installation, public
acceptability, and legal compliance. Access to a site is required for heavy-
duty vehicles by road, rail track, or sea (for offshore installations). Any site
must be characterised by appropriate land slopes and contours at the turbine
site, as discussed in Sec. 4.4. Issues of land ownership, zoning laws, and
planning permissions need to be assured. Certain geological matters arise
such as foundation design and stability, the ground electrical resistance for
lightning protection, and the possibility of site erosion. Any proposed site is
likely to be subjected to environmental scrutiny from the viewpoints of pro-
tection of wildlife and also of the visual and audible impact of the turbines.
There has to be complete independence from microwave communication
systems. The electrical power lines of suitable voltage and current ratings,
with their control and protection systems, must be accessible of intercon-
nection. The turbine site must be at an acceptable distance from residential



86 Electricity Generation Using Wind Power

Table 4.4 Features affecting the choice of a wind turbine site.

Wind resource issues:

— Average wind speed at the hub height

— Seasonal wind variations

— Wind power-hours profile

— Incidence and size of wind gusting and the possibility of windstorms

— Contours of the site terrain, for aerodynamic effects

— Clustering effects, for multi turbine sites

— Exposure to the prevailing wind, screening effects of surrounding hills, vegetation,
buildings

Legal issues:

— Leasing and planning permissions

— Ownership of the site and surrounding area
— Location of access facilities

— Noise abatement legislation

Environmental issues:

— Proximity to residential areas

— Proximity to places of historical, archaeological, or cultural interest

— Proximity to wildlife sanctuaries, breeding grounds or migration routes

— Can the site be concurrently used for crop farming or animal grazing?

— Acoustic noise of the gearbox and rotor blades

— Visual impact on the scenery

— Electromagnetic interference with telecommunication systems (e.g., caused, by rota-
tion of the rotor blades)

Access issues:

— Road, rail track, and water access capable transporting heavy loads of?
— Construction costs of the towers and access roads
— Is it necessary to guard the installation against randalism or terrorism?

Engineering issues:
— Adequacy and structural stability of the site foundation

— Proximity to the electrical transmission system with which it is to be interconnected
— Ground electrical resistance for lightning protection

areas and from the places of historical, archaeological, and cultural
importance.

The features to be considered in a site selection are listed in Table 4.4.
These features are not listed in priority order but each is sufficiently impor-
tant to justify consideration as an individual item.
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4.4 Effects of the Site Terrain

The aim in turbine location is always to maximise the velocity of a smooth
and controlled flow of air to the turbine. Turbine sites are usually on high
ground and often on hilltops. A hilltop of suitable shape can be used to
enhance the local wind speed in a similar manner to the design of an aerofoil
in a laboratory wind tunnel. The streamlines of an air stream are compressed
to represent the acceleration of the airflow, as it passes over a smooth hilltop
profile (Fig. 4.16). A hilltop terrain with abrupt sides would cause turbulence
and might involve flurries of reverse flowing air on the hilltop, which would
be quite unsuitable for driving a turbine. Similarly, hills with sharp peaks
might have large upstream wind velocity that would not be sustained at the
turbine location on the hilltop.

It is a well-known experience that the wind-flow velocity may be accel-
erated in a valley or a canyon, depending on the topology of the surrounding
hills. Some ancient forms of vertical axis wind machine were builtin culverts
to engage this advantage. In city centres with a lot of high-rise buildings, not
necessarily skyscrapers, wind funneling occurs in the streets dividing the
buildings and can be a hazard to pedestrians during high-wind conditions.

By appropriate site location, the funneling effect of a culvert or canyon
can be used to increase the wind velocity at the rotor of a wind turbine.
In some cases, excavation and contouring of the ground may be used to
enhance the local wind speed, as illustrated in Fig. 4.17.8

A combination of the culvert effect incorporating aerofoil designed
walls, with a diffuser tailpiece, is shown in Fig. 4.18. This increases the
amount of wind energy received at the turbine. Such a design can be used to
decrease the turbine diameter for a given power rating and also to increase

Fig. 4.16 Acceleration of wind over fill.1
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Fig. 4.18 Ducted turbine with diffuser.!
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Do the worild a power of good.

Fig. 4.19 Vortec offshore turbines.*

the rotational speed, thereby reducing the required step-up gear ratio to the
generator.

The culvert effect has been designed into a range of offshore wind tur-
bines shown in Fig. 4.19. In this design, the turbines have a conical-shaped
rotor housing, referred to as a “diffuser augmentor”. Individual turbines are
each rated at 5 MW and have a rotor diameter of m.°

4.5 Spacing Effects of Wind Farm Arrays?°

A group of wind turbines on the same site is usually called a “wind farm”
or a “wind array”. The individual turbines are usually linked electrically
and commercially. From the viewpoint of repair and maintenance, there are
obvious advantages in having turbines in close proximity on the same site.
In addition, a wind farm or a group of several turbines on the same site
can enjoy certain electrical engineering advantages, which are discussed in
Chaps. 8 and 9.

The number and spacing of turbines on a site are major design issues.
Sometimes, it is not possible for all the turbines to be in ideal free-wind
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locations, accessing the uninterrupted flow of the wind stream. In addition,
the wind flow may vary across a wind farm site due to differences of terrain
and/or differences of upstream obstructions. As described in Chap. 2, the
action of a turbine is such that the wind velocity and energy downstream
are reduced compared with the upstream values. Also, the downstream
machines may encounter increased turbulence due to the actions of turbines
further upstream. This decreases the energy production of the downstream
machines and can also promote the onset of fatigue in the rotors. Wind tur-
bine spacing on a site affects fluctuations of the power output, which can,
in turn, affect the electrical network to which it is connected.

The total energy output from an array is lower than would be produced
by summing the outputs from each individual turbine if it was located in an
optimal upstream location. Array energy losses depend on the characteristics
of the local wind, the wind turbine operating characteristics, the number of
turbines, and the area of the array. But the most important feature affecting
wind-farm losses is the turbine spacing, both downwind and crosswind,
illustrated in Fig. 4.20.

There is no scientific and systematic analytical procedure for calculat-
ing the spacing of the turbines on a site. This multivariable problem is
not amenable to neat formula solution. Design has to be approached on
an empirical basis, based on the practical experience and on the various

5 | <_downv_vind_> |
spacing
O
E—
O @) O T
crosswind
spacing
O @) O i
B —

Fig. 4.20 Schematic wind farm array.
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theoretical model solutions available in the technical literature. Some of
these are described in Ref. 7.

One study indicates that, for turbines spaced 8 to 10 rotor diameters
apart in the downwind direction and 5 rotor diameters apart in the crosswind
direction, array losses are typically less than 10%." Although this energy
loss is only small in percentage terms, it probably represents a large amount
of energy and can be a critical factor in the economics of the site operation.

A good estimate of the land (or sea) area covered by a wind farm of
large turbines is to use the value 200 ft as a typical rotor diameter for a
high-power wind turbine. In the downwind direction, the spacing required
for ideal clearance from the neighbouring upwind turbine effects is the
value 8-10 times 200 or 1,600-2,000ft. For a wind array of three ranks
downwind, as shown in Fig. 4.20, the downwind distan