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Preface

The technology of extracting energy from the wind has evolved dramatically over the last few
decades, and there have, up until now, been relatively few attempts to describe that technology
in a single textbook. The lack of such a text, together with a perceived need, provided the
impetus for writing this book.

The material in this text has evolved from course notes from Wind Energy Engineering, a
course which has been taught at the University of Massachusetts since the mid-1970s. These
notes were later substantially revised and expanded with the support of the US Department of
Energy’s National Renewable Energy Laboratory (NREL). In this, the second edition of this
textbook, we have again added new material to reflect the rapid worldwide expansion of wind
engineering in the 21st century.

This book provides a description of the topics which are fundamental to understanding the
conversion of wind energy to electricity and its eventual use by society. These topics span a
wide range, from meteorology through many fields of engineering to economics and environ-
mental concerns. The book begins with an introduction which provides an overview of the
technology, and explains how it came to take the form it has today. The next chapter describes
the wind resource and how it relates to energy production. Chapter 3 discusses aerodynamic
principles and explains how the wind’s energy will cause a wind turbine’s rotor to turn. Chapter
4 delves into the dynamic and mechanical aspects of the turbine in more detail, and considers
the relation of the rotor to the rest of the machine. Chapter 5 provides a summary of the
electrical aspects of wind energy conversion, particularly regarding the actual generation and
conversion of the electricity. Next, Chapter 6 presents a summary of wind turbine materials and
components. Chapter 7 discusses the design of wind turbines and the testing of wind turbines.
Chapter 8 examines wind turbine and wind system control. Chapter 9 discusses siting of wind
turbines and their integration into electrical systems both large and small. Next, Chapter 10
gives a detailed summary of wind turbine applications. Chapter 11 concerns the economics of
wind energy. It describes economic analysis methods and shows how wind energy can be
compared with conventional forms of generation. Chapter 12 describes the environmental
aspects of wind energy generation. Finally, a new appendix (C) has been added. This appendix
provides an overview of some of the data analysis techniques that are commonly used in wind
turbine design and use.

This book is intended primarily as a textbook for engineering students and for professionals
in related fields who are just getting into wind energy. It is also intended to be used by anyone
with a good background in math and physics who wants to gain familiarity with the subject. It
should be useful for those interested in wind turbine design per se. For others, it should provide



xii Preface

enough understanding of the underlying principles of wind turbine operation and design to
appreciate more fully those aspects in which they have a particular interest. These areas include
turbine siting, grid integration, environmental issues, economics, and public policy.

The study of wind energy spans such a wide range of fields. Since it is likely that many
readers will not have a background in all of them, most of the chapters include some
introductory material. Where appropriate, the reader is referred to other sources for more
details.
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1

Introduction: Modern Wind
Energy and its Origins

The re-emergence of the wind as a significant source of the world’s energy must rank as one of
the significant developments of the late 20th century. The advent of the steam engine, followed
by the appearance of other technologies for converting fossil fuels to useful energy, would seem
to have forever relegated to insignificance the role of the wind in energy generation. In fact, by
the mid 1950s that appeared to be what had already happened. By the late 1960s, however, the
first signs of a reversal could be discerned, and by the early 1990s it was becoming apparent that
a fundamental reversal was underway. That decade saw a strong resurgence in the worldwide
wind energy industry, with installed capacity increasing over five-fold. The 1990s were also
marked by a shift to large, megawatt-sized wind turbines, a reduction and consolidation in wind
turbine manufacture, and the actual development of offshore wind power (see McGowan and
Connors, 2000). During the start of the 21st century this trend has continued, with European
countries (and manufacturers) leading the increase via government policies focused on
developing domestic sustainable energy supplies and reducing pollutant emissions.

To understand what was happening, it is necessary to consider five main factors. First of all
there was a need. An emerging awareness of the finiteness of the earth’s fossil fuel reserves as
well as of the adverse effects of burning those fuels for energy had caused many people to look
for alternatives. Second, there was the potential. Wind exists everywhere on the earth, and in
some places with considerable energy density. Wind had been widely used in the past, for
mechanical power as well as transportation. Certainly, it was conceivable to use it again. Third,
there was the technological capacity. In particular, there had been developments in other fields,
which, when applied to wind turbines, could revolutionize they way they could be used. These
first three factors were necessary to foster the re-emergence of wind energy, but not sufficient.
There needed to be two more factors, first of all a vision of a new way to use the wind, and
second the political will to make it happen. The vision began well before the 1960s with such
individuals as Poul la Cour, Albert Betz, Palmer Putnam, and Percy Thomas. It was continued
by Johannes Juul, E. W. Golding, Ulrich Hiitter, and William Heronemus, but soon spread to
others too numerous to mention. At the beginning of wind’s re-emergence, the cost of energy

Wind Energy Explained: Theory, Design and Application, Second Edition James Manwell, Jon McGowan,
and Anthony Rogers
© 2009 John Wiley & Sons, Ltd



2 Wind Energy Explained: Theory, Design and Application

from wind turbines was far higher than that from fossil fuels. Government support was required
to carry out research, development, and testing; to provide regulatory reform to allow wind
turbines to interconnect with electrical networks; and to offer incentives to help hasten the
deployment of the new technology. The necessary political will for this support appeared at
different times and to varying degrees, in a number of countries: first in the United States,
Denmark, and Germany, and now in much of the rest of the world.

The purpose of this chapter is to provide an overview of wind energy technology today, so as
to set a context for the rest of the book. It addresses such questions as: What does modern wind
technology look like? What is it used for? How did it get this way? Where is it going?

1.1 Modern Wind Turbines

A wind turbine, as described in this book, is a machine which converts the power in the wind
into electricity. This is in contrast to a ‘windmill’, which is a machine which converts the wind’s
power into mechanical power. As electricity generators, wind turbines are connected to some
electrical network. These networks include battery-charging circuits, residential scale power
systems, isolated or island networks, and large utility grids. In terms of total numbers, the most
frequently found wind turbines are actually quite small — on the order of 10 kW or less. In terms
of total generating capacity, the turbines that make up the majority of the capacity are, in
general, rather large — in the range of 1.5 to 5 MW. These larger turbines are used primarily in
large utility grids, at first mostly in Europe and the United States and more recently in China and
India. A typical modern wind turbine, in a wind farm configuration, connected to a utility
network, is illustrated in Figure 1.1. The turbine shown is a General Electric 1.5 MW and this
manufacturer had delivered over 10 000 units of this model at the time of writing of this text.

To understand how wind turbines are used, it is useful to briefly consider some of the
fundamental facts underlying their operation. In modern wind turbines, the actual conversion
process uses the basic aerodynamic force of lift to produce a net positive torque on a rotating
shaft, resulting first in the production of mechanical power and then in its transformation to
electricity in a generator. Wind turbines, unlike most other generators, can produce energy only
in response to the resource that is immediately available. It is not possible to store the wind and

Figure 1.1 Modern utility-scale wind turbine. Reproduced by permission of General Electric
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use it at a later time. The output of a wind turbine is thus inherently fluctuating and non-
dispatchable. (The most one can do is to limit production below what the wind could produce.)
Any system to which a wind turbine is connected must, in some way, take this variability into
account. In larger networks, the wind turbine serves to reduce the total electrical load and thus
results in a decrease in either the number of conventional generators being used or in the fuel
use of those that are running. In smaller networks, there may be energy storage, backup
generators, and some specialized control systems. A further fact is that the wind is not
transportable: it can only be converted where it is blowing. Historically, a product such as
ground wheat was made at the windmill and then transported to its point of use. Today, the
possibility of conveying electrical energy via power lines compensates to some extent for
wind’s inability to be transported. In the future, hydrogen-based energy systems may add to this
possibility.

1.1.1 Modern Wind Turbine Design

Today, the most common design of wind turbine, and the type which is the primary focus of this
book, is the horizontal axis wind turbine (HAWT). That is, the axis of rotation is parallel to the
ground. HAWT rotors are usually classified according to the rotor orientation (upwind or
downwind of the tower), hub design (rigid or teetering), rotor control (pitch vs. stall), number of
blades (usually two or three blades), and how they are aligned with the wind (free yaw or active
yaw). Figure 1.2 shows the upwind and downwind configurations.

The principal subsystems of a typical (land-based) horizontal axis wind turbine are shown in
Figure 1.3. These include:

¢ The rotor, consisting of the blades and the supporting hub.

o The drive train, which includes the rotating parts of the wind turbine (exclusive of the rotor);
it usually consists of shafts, gearbox, coupling, a mechanical brake, and the generator.

¢ The nacelle and main frame, including wind turbine housing, bedplate, and the yaw system.

e The tower and the foundation.

e The machine controls.

e The balance of the electrical system, including cables, switchgear, transformers, and
possibly electronic power converters.

]
Wind Wind
direction direction
(=] =
Upwind Downwind

Figure 1.2 HAWT rotor configurations
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Nacelle cover
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Figure 1.3 Major components of a horizontal axis wind turbine

The main options in wind turbine design and construction include:

o number of blades (commonly two or three);

e rotor orientation: downwind or upwind of tower;

¢ blade material, construction method, and profile;

¢ hub design: rigid, teetering, or hinged;

e power control via aerodynamic control (stall control) or variable-pitch blades (pitch control);
o fixed or variable rotor speed;

« orientation by self-aligning action (free yaw), or direct control (active yaw);

¢ synchronous or induction generator (squirrel cage or doubly fed);

e gearbox or direct drive generator.

A short introduction to and overview of some of the most important components follows.
A more detailed discussion of the overall design aspects of these components, and other
important parts of a wind turbine system, is contained in Chapters 3 through 9 of this book.

1.1.1.1 Rotor

The rotor consists of the hub and blades of the wind turbine. These are often considered to
be the turbine’s most important components from both a performance and overall cost
standpoint.

Most turbines today have upwind rotors with three blades. There are some downwind rotors
and a few designs with two blades. Single-blade turbines have been built in the past, but are no
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longer in production. Some intermediate-sized turbines used fixed-blade pitch and stall control
(described in Chapters 3, 6, 7 and 8). Most manufacturers use pitch control, and the general
trend is the increased use of pitch control, especially in larger machines. The blades on the
majority of turbines are made from composites, primarily fiberglass or carbon fiber reinforced
plastics (GRP or CFRP), but sometimes wood/epoxy laminates are used. These subjects are
addressed in more detail in the aerodynamics chapter (Chapter 3) and in Chapters 6 and 7.

1.1.1.2 Drive Train

The drive train consists of the other rotating parts of the wind turbine downstream of the rotor.
These typically include a low-speed shaft (on the rotor side), a gearbox, and a high-speed shaft
(on the generator side). Other drive train components include the support bearings, one or more
couplings, a brake, and the rotating parts of the generator (discussed separately in the next
section). The purpose of the gearbox is to speed up the rate of rotation of the rotor from a low
value (tens of rpm) to a rate suitable for driving a standard generator (hundreds or thousands of
rpm). Two types of gearboxes are used in wind turbines: parallel shaft and planetary. For larger
machines (over approximately 500 kW), the weight and size advantages of planetary gearboxes
become more pronounced. Some wind turbine designs use multiple generators, and so are
coupled to a gearbox with more than one output shaft. Others use specially designed, low-speed
generators requiring no gearbox.

While the design of wind turbine drive train components usually follows conventional
mechanical engineering machine design practice, the unique loading of wind turbine drive
trains requires special consideration. Fluctuating winds and the dynamics of large rotating
rotors impose significant varying loads on drive train components.

1.1.1.3 Generator

Nearly all wind turbines use either induction or synchronous generators (see Chapter 5). These
designs entail a constant or nearly constant rotational speed when the generator is directly
connected to a utility network. If the generator is used with power electronic converters, the
turbine will be able to operate at variable speed.

Many wind turbines installed in grid connected applications use squirrel cage induction
generators (SQIG). A SQIG operates within a narrow range of speeds slightly higher than its
synchronous speed (a four-pole generator operating in a 60 Hz grid has a synchronous speed of
1800 rpm). The main advantages of this type of induction generator are that it is rugged,
inexpensive, and easy to connect to an electrical network. An increasingly popular option today
is the doubly fed induction generator (DFIG). The DFIG is often used in variable-speed
applications. It is described in more detail in Chapter 5.

An increasingly popular option for utility-scale electrical power generation is the variable-
speed wind turbine. There are a number of benefits that such a configuration offers, including
the reduction of wear and tear on the wind turbine and potential operation of the wind turbine at
maximum efficiency over a wide range of wind speeds, yielding increased energy capture.
Although there are a large number of potential hardware options for variable-speed operation
of wind turbines, power electronic components are used in most variable-speed machines
currently being designed. When used with suitable power electronic converters, either
synchronous or induction generators of either type can run at variable speed.
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1.1.1.4 Nacelle and Yaw System

This category includes the wind turbine housing, the machine bedplate or main frame, and the
yaw orientation system. The main frame provides for the mounting and proper alignment of the
drive train components. The nacelle cover protects the contents from the weather.

A yaw orientation system is required to keep the rotor shaft properly aligned with the wind.
Its primary component is a large bearing that connects the main frame to the tower. An active
yaw drive, always used with upwind wind turbines and sometimes with downwind turbines,
contains one or more yaw motors, each of which drives a pinion gear against a bull gear attached
to the yaw bearing. This mechanism is controlled by an automatic yaw control system with its
wind direction sensor usually mounted on the nacelle of the wind turbine. Sometimes yaw
brakes are used with this type of design to hold the nacelle in position, when not yawing. Free
yaw systems (meaning that they can self-align with the wind) are often used on downwind wind
machines.

1.1.1.5 Tower and Foundation

This category includes the tower itself and the supporting foundation. The principal types of
tower design currently in use are the free-standing type using steel tubes, lattice (or truss)
towers, and concrete towers. For smaller turbines, guyed towers are also used. Tower height is
typically 1 to 1.5 times the rotor diameter, but in any case is normally at least 20 m. Tower
selection is greatly influenced by the characteristics of the site. The stiffness of the tower is a
major factor in wind turbine system dynamics because of the possibility of coupled vibrations
between the rotor and tower. For turbines with downwind rotors, the effect of tower shadow (the
wake created by air flow around a tower) on turbine dynamics, power fluctuations, and noise
generation must be considered. For example, because of the tower shadow, downwind turbines
are typically noisier than their upwind counterparts.

1.1.1.6 Controls

The control system for a wind turbine is important with respect to both machine operation and
power production. A wind turbine control system includes the following components:

« sensors — speed, position, flow, temperature, current, voltage, etc.;

e controllers — mechanical mechanisms, electrical circuits;

o power amplifiers — switches, electrical amplifiers, hydraulic pumps, and valves;
¢ actuators — motors, pistons, magnets, and solenoids;

« intelligence — computers, microprocessors.

The design of control systems for wind turbine application follows traditional control
engineering practices. Many aspects, however, are quite specific to wind turbines and are
discussed in Chapter 8. Wind turbine control involves the following three major aspects and the
judicious balancing of their requirements:

o Setting upper bounds on and limiting the torque and power experienced by the drive
train.
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e Maximizing the fatigue life of the rotor drive train and other structural components in the
presence of changes in the wind direction, speed (including gusts), and turbulence, as well as
start—stop cycles of the wind turbine.

e Maximizing the energy production.

1.1.1.7 Balance of Electrical System

In addition to the generator, the wind turbine system utilizes a number of other electrical
components. Some examples are cables, switchgear, transformers, power electronic conver-
ters, power factor correction capacitors, yaw and pitch motors. Details of the electrical aspects
of wind turbines themselves are contained in Chapter 5. Interconnection with electrical
networks is discussed in Chapter 9.

1.1.2 Power Output Prediction

The power output of a wind turbine varies with wind speed and every wind turbine has a
characteristic power performance curve. With such a curve it is possible to predict the energy
production of a wind turbine without considering the technical details of its various compo-
nents. The power curve gives the electrical power output as a function of the hub height wind
speed. Figure 1.4 presents an example of a power curve for a hypothetical wind turbine.

The performance of a given wind turbine generator can be related to three key points on the
velocity scale:

¢ Cut-in speed: the minimum wind speed at which the machine will deliver useful power.

+ Rated wind speed: the wind speed at which the rated power (generally the maximum power
output of the electrical generator) is reached.

¢ Cut-out speed: the maximum wind speed at which the turbine is allowed to deliver power
(usually limited by engineering design and safety constraints).

Power curves for existing machines can normally be obtained from the manufacturer. The
curves are derived from field tests, using standardized testing methods. As is discussed in

Cut-out

Power, kW

400 Cut-in

I I I I I 1
4 6 8 10 12 14 16 18 20 22

Wind speed, m/s

Figure 1.4 Typical wind turbine power curve
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Chapter 7, it is also possible to estimate the approximate shape of the power curve for a given
machine. Such a process involves determination of the power characteristics of the wind
turbine rotor and electrical generator, gearbox gear ratios, and component efficiencies.

1.1.3 Other Wind Turbine Concepts

The wind turbine overview provided above assumed a topology of a basic type, namely one that
employs a horizontal axis rotor, driven by lift forces. It is worth noting that a vast number of
other topologies have been proposed, and in some cases built. None of these has met with the
same degree of success as those with a horizontal-axis, lift-driven rotor. A few words are in
order, however, to summarize briefly some of these other concepts. The closest runner up to the
HAWT is the Darrieus vertical axis wind turbine (VAWT). This concept was studied
extensively in both the United States and Canada in the 1970s and 1980s. An example of a
VAWT wind turbine (Sandia 17 m design (SNL, 2009)) based on this concept is show in
Figure 1.5.

Despite some appealing features, Darrieus wind turbines had some major reliability
problems and were never able to match corresponding HAWTs in cost of energy. However,
it is possible that the concept could emerge again for some applications. For a summary of past
work on this turbine design and other VAWT wind turbine designs the reader is referred to
Paraschivoiu (2002), Price (2006), and the summary of VAWT work carried out by Sandia
National Laboratories (SNL) in the US (2009).

Another concept that appears periodically is the concentrator or diffuser augmented wind
turbine (see van Bussel, 2007). In both types of design, the idea is to channel the wind to
increase the productivity of the rotor. The problem is that the cost of building an effective
concentrator or diffuser, which can also withstand occasional extreme winds, has always been
more than the device was worth.

Figure 1.5 Sandia 17-meter Darrieus VAWT (Sandia National Laboratory, 2009)
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Finally, a number of rotors using drag instead of lift have been proposed. One concept, the
Savonius rotor, has been used for some small water-pumping applications. There are two
fundamental problems with such rotors: (1) they are inherently inefficient (see comments on
drag machines in Chapter 3), and (2) it is difficult to protect them from extreme winds. It is
doubtful whether such rotors will ever achieve widespread use in wind turbines.

The reader interested in some of the variety of wind turbine concepts may wish to consult
Nelson (1996). This book provides a description of a number of innovative wind systems.
Reviews of various types of wind machines are given in Eldridge (1980) and Le Gourieres
(1982). Some of the more innovative designs are documented in work supported by the US
Department of Energy (1979, 1980). A few of the many interesting wind turbine concepts are
illustrated in Figures 1.6 and 1.7.

Horizontal axis turbines

PN

Single bladed Three-bladed U.S. farm windmill Bicycle
Double bladed : multi-bladed multi-bladed
Up-wind Down-wind
Sail wing
Enfield - Andreau
Multi-rotor
L
oSS R
Cross-wind Cross-wind Diffuser Concentrator Unconfined vortex

Savonius paddles

Figure 1.6 Various concepts for horizontal axis turbines (Eldridge, 1980)
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Primarily drag-type

S

Savonius Multi-bladed
Savonius Plates Cupped

Shield

Primarily lifi-type

P

o-Darrieus A-Darrieus

Turbine

Combinations

D -

Savonius /¢-Darrieus Split Savonius Magnus
Others \ 'y
i oy v
Deflector Sunlight Venturi Confined Vortex

Figure 1.7 Various concepts for vertical axis turbines (Eldridge, 1980)

1.2 History of Wind Energy

It is worthwhile to consider some of the history of wind energy. The history serves to illustrate
the issues that wind energy systems still face today, and provides insight into why turbines look
the way they do. In the following summary, emphasis is given to those concepts which have
particular relevance today.

The reader interested in a fuller description of the history of wind energy is referred to
Park (1981), Eldridge (1980), Inglis (1978), Freris (1990), Shepherd (1990), Dodge (2009), and
Ackermann and Soder (2002). Golding (1977) presents a history of wind turbine design from
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the ancient Persians to the mid-1950s. In addition to a summary of the historic uses of wind
power, Johnson (1985) presents a history of wind electricity generation, and the US research
work of the 1970-85 period on horizontal axis, vertical axis, and innovative types of wind
turbines. The most recent comprehensive historical reviews of wind energy systems and wind
turbines are contained in the books of Spera (1994), Gipe (1995), Harrison et al. (2000), and
Gasch and Twele (2002). Eggleston and Stoddard (1987) give a historical perspective of some
of the key components of modern wind turbines. Berger (1997) provides a fascinating picture of
the early days of wind energy’s re-emergence, particularly of the California wind farms.

1.2.1 A Brief History of Windmills

The first known historical reference to a windmill is from Hero of Alexandria, in his work
Pneumatics (Woodcroft, 1851). Hero was believed to have lived either in the 1st century B.C. or
the Ist century A.D. His Pneumatics describes a device which provides air to an organ by
means of a windmill. An illustration which accompanies Hero’s description is shown in
Figure 1.8.

There has been some debate about whether such a windmill actually existed and whether the
illustration actually accompanied the original documents. See Shepherd (1990) and Drachman
(1961). One of the primary scholars on the subject, however, H. P. Vowles, (Vowles, 1932) does
consider Hero’s description to be plausible. One of the arguments against the early Greeks
having been familiar with windmills has to do with their presumed lack of technological
sophistication. However, both mechanically driven grinding stones and gearing, which would
generally be used with a wind-driven rotor, were known to exist at the time of Hero. For
example, Reynolds (1983) describes water-powered grinding wheels at that time. In addition,
the analysis of the Antikythera mechanism (Marchant, 2006) confirms that the early Greeks had
a high degree of sophistication in the fabrication and use of gears.

Apart from Hero’s windmill, the next reference on the subject dates from the 9th century
A.D. (Al Masudi as reported by Vowles, 1932) Windmills were definitely in use in the Persian
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Figure 1.8 Hero’s windmill (from Woodcroft, 1851)
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Figure 1.9 Seistan windmill (Vowles, 1932)

region of Seistan (now eastern Iran) at that time. Al Masudi also related a story indicating that
windmills were in use by 644 A.D. The Seistan windmills have continued to be used up to the
present time. These windmills had vertical axis rotors, as illustrated in Figure 1.9.

Windmills made their first recorded appearance in northern Europe (England) in the 12th
century but probably arrived in the 10th or 11th century (Vowles, 1930). Those windmills were
considerably different in appearance to those of Seistan, and there has been considerable
speculation as to if and how the Seistan mills might have influenced those that appeared later in
Europe. There are no definite answers here, but Vowles 1930 has suggested that the Vikings,
who traveled regularly from northern Europe to the Middle East, may have brought back the
concept on one of their return trips.

An interesting footnote to this early evolution concerns the change in the design of the rotor
from the Seistan windmills to those of northern Europe. The Seistan rotors had vertical axes and
were driven by drag forces. As such they were inherently inefficient and particularly
susceptible to damage in high winds. The northern European designs had horizontal axes
and were driven by lift forces. How this transition came about is not well understood, but it was
to be of great significance. It can be surmised, however, that the evolution of windmill rotor
design paralleled the evolution of rigging on ships during the 1st millennium A.D., which
moved progressively from square sails (primarily drag devices) to other types of rigging which
used lift to facilitate tacking upwind. See, for example, Casson (1991).

The early northern European windmills all had horizontal axes. They were used for nearly
any mechanical task, including water pumping, grinding grain, sawing wood, and powering
tools. The early mills were built on posts, so that the entire mill could be turned to face the wind
(or yaw) when its direction changed. These mills normally had four blades. The number and
size of blades presumably was based on ease of construction as well as an empirically
determined efficient solidity (ratio of blade area to swept area). An example of a post mill can be
seen in Figure 1.10.

The wind continued to be a major source of energy in Europe through the period just prior to
the Industrial Revolution, but began to recede in importance after that time. The reason that
wind energy began to disappear is primarily attributable to its non-dispatchability and its non-
transportability. Coal had many advantages which the wind did not possess. Coal could be
transported to wherever it was needed and used whenever it was desired. When coal was used to
fuel a steam engine, the output of the engine could be adjusted to suit the load. Water power,
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Figure 1.10 Post mill (http://en.wikipedia.org/wiki/File:Oldland_Mill.jpg)

which has some similarities to wind energy, was not eclipsed so dramatically. This is no doubt
because water power is, to some extent, transportable (via canals) and dispatchable (by using
ponds as storage).

Prior to its demise, the European windmill had reached a high level of design sophistication.
In the later mills (or ‘smock mills”), such as the one shown in Figure 1.11, the majority of the
mill was stationary. Only the top would be moved to face the wind. Yaw mechanisms included

Figure 1.11 European smock mill (Hills, 1994). Reproduced by permission of Cambridge University
Press
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both manually operated arms and separate yaw rotors. Blades had acquired somewhat of an
airfoil shape and included some twist. The power output of some machines could be adjusted by
an automatic control system. This was the forerunner of the system used by James Watt on
steam engines. In the windmill’s case a fly ball governor would sense when the rotor speed was
changing. A linkage to a tentering mechanism would cause the upper millstone to move closer
or farther away from the lower one, letting in more or less grain to grind. Increasing the gap
would result in more grain being ground and thus a greater load on the rotor, thereby slowing it
down and vice versa. See Stokhuyzen (1962) for details on this governor as well as other
features of Dutch windmills.

One significant development in the 18th century was the introduction of scientific testing and
evaluation of windmills. The Englishman John Smeaton, using such apparatus as illustrated in
Figure 1.12, discovered three basic rules that are still applicable:

o The speed of the blade tips is ideally proportional to the speed of wind.
e The maximum torque is proportional to the speed of wind squared.
¢ The maximum power is proportional to the speed of wind cubed.

The 18th century European windmills represented the culmination of one approach to using
wind for mechanical power and included a number of features which were later incorporated
into some early electricity-generating wind turbines.

As the European windmills were entering their final years, another variant of windmill came
into widespread use in the United States. This type of windmill, illustrated in Figure 1.13, was
most notably used for pumping water, particularly in the west. They were used on ranches for
cattle and to supply water for the steam railroads. These mills were distinctive for their multiple
blades and are often referred to as ‘fan mills’. One of their most significant features was a
simple but effective regulating system. This allowed the turbines to run unattended for long
periods. Such regulating systems foreshadowed the automatic control systems which are now
an integral part of modern wind turbines.

Inches @ !

2 3 4 3 6
Scale of Feet

Figure 1.12 Smeaton’s laboratory windmill testing apparatus



