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Preface to Second Edition

The second edition of the Wind Energy Handbook seeks to reflect the evolution of design rules
and the principal innovations in the technology that have taken place in the ten years since the
first edition was published. A major new direction in wind energy development in this period
has been the expansion offshore and so the opportunity has been taken to add a new chapter
on offshore wind turbines and wind farms.

The offshore chapter begins with a survey of the present state of offshore wind farm
development, before consideration of resource assessment and array losses. Then wave loading
on support structures is examined in depth, including a summary of the combinations of
wind and wave loading specified in the load cases of the IEC standard and descriptions of
applicable wave theories. Linear (Airy) wave theory and Dean stream function theory are
explained, together with their translation into wave loadings by means of Morison’s equation.
Diffraction and breaking wave theories are also covered.

Consideration of wave loading leads to a survey of the different types of support structure
deployed to date. Monopile, gravity bases, jacket structures, tripods and tripiles are described
in turn. In view of their popularity, monopiles are accorded the most space and, after an
outline of the key design considerations, monopile fatigue analysis in the frequency domain
is explained.

Another major cost element offshore is the undersea cable system needed to transmit
power to land. This subject is considered in depth in the section on the power collection and
transmission cable network. Machine reliability is also of much greater importance offshore,
so developments in turbine condition monitoring and other means of increasing reliability are
discussed. The chapter is completed by sections covering the assessment of environmental
impacts, maintenance and access, and optimum machine size.

The existing chapters in the first edition have all been revised and brought up to date, with
the addition of new material in some areas. The main changes are as follows:

Chapter 1: Introduction This chapter has been brought up to date and expanded.

Chapter 2: The wind resource Descriptions of the high frequency asymptotic behaviour
of turbulence spectra and the Mann turbulence model have been added.

Chapters 3 and 4: Aerodynamics of horizontal axis wind turbines The contents of
Chapters 3 and 4 of the first edition have been rearranged so that the fundamentals
are covered in Chapter 3 and more advanced subjects are explored in Chapter 4. Some
material on field-testing and performance measurement has been omitted to make
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space for a survey of wind turbine aerofoils and new sections on dynamic stall and
computational fluid dynamics.

Chapter 5: Design loads for horizontal axis wind turbines The description of IEC load
cases has been brought up to date and a new section on the extrapolation of extreme
loads from simulations added. The size of the ‘example’ wind turbine has been doubled
to 80 m, in order to be more representative of the current generation of turbines.

Chapter 6: Conceptual design of horizontal axis wind turbines The initial sections on
choice of machine size, rating and number of blades have been substantially revised,
making use of the NREL cost model. Variable speed operation is considered in greater
depth. The section on tower stiffness has been expanded to compare tower excitation at
rotational frequency and blade passing frequency.

Chapter 7: Component design New rules for designing towers against buckling are
described and a section on foundation rotational stiffness has been added.

Chapter 8: The Controller Individual blade pitch control is examined in greater depth.

Chapter 9: Wind turbine installations and wind farms A survey of recent research on
the impact of turbines on birds has been added.

Chapter 10: Electrical systems New sections covering (a) Grid Code requirements for
the connection of large wind farms to transmission networks and (b) the impact of wind
farms on generation systems have been added.
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List of Symbols

Note: This list is not exhaustive, and omits many symbols that are unique to particular
chapters.

a axial flow induction factor; flange projection beyond bolt centre
a′ tangential flow induction factor
a′

t tangential flow induction factor at the blade tip
a0 two-dimensional lift curve slope, (dC1/dα)
a1 constant defining magnitude of structural damping
A, AD rotor swept area
A∞, Aw upstream and downstream stream-tube cross-sectional areas
Ac Charnock’s constant
b face width of gear teeth; eccentricity of bolt to tower wall in bolted flange

joint
br unbiased estimator of βr

B Number of blades
c blade chord; Weibull scale parameter; dispersion of distribution; flat plate half

width; half of cylinder immersed width
c∗ half of cylinder immersed width at time t*
ĉ damping coefficient per unit length
ci generalised damping coefficient with respect to the i th mode
C decay constant; wave celerity, L/T; constrained wave crest elevation
C(v) Theodorsen’s function, where v is the reduced frequency: C(v) = F(v) +

iG(v)
Cd sectional drag coefficient
CD drag coefficient in Morison’s equation
CDS steady flow drag coefficient in Morison’s equation
Cf sectional force coefficient (i.e. Cd or C1 as appropriate)
C1, CL sectional lift coefficient
CM inertia coefficient in Morison’s equation
Cm

n coefficient of a Kinner pressure distribution
C p pressure coefficient
CP power coefficient
CQ torque coefficient
CT thrust coefficient; total cost of wind turbine
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xxvi LIST OF SYMBOLS

CTB total cost of baseline wind turbine
Cx coefficient of sectional blade element force normal to the rotor plane
Cy coefficient of sectional blade element force parallel to the rotor plane
C(Δr, n) coherence – i.e. normalised cross spectrum – for wind speed fluctuations at

points separated by distance Δr measured in the across wind direction
C jk(n) coherence – i.e. normalised cross spectrum – for longitudinal wind speed

fluctuations at points j and k
d streamwise distance between vortex sheets in a wake; water depth
d1 pitch diameter of pinion gear
dPL pitch diameter of planet gear
D drag force; tower diameter; rotor diameter; flexural rigidity of plate; con-

strained wave trough elevation
E energy capture, i.e. energy generated by turbine over defined time period;

modulus of elasticity
E{} time averaged value of expression within brackets
E

[
Hs

∣∣ U
]

expected value of significant wave height conditional on a hub-height mean
wind speed U

f tip loss factor; Coriolis parameter; wave frequency; source intensity
f () probability density function
f1(t) support structure first mode hub displacement
f j (t) blade tip displacement in j th mode
fin(t) blade tip displacement in i th mode at the end of the nth time step
f J (t) blade j first mode tip displacement
f p wave frequency corresponding to peak spectral density
fT(t) hub displacement for tower first mode
F force; force per unit length
FX load in x (downwind) direction
FY load in y direction
Ft force between gear teeth at right angles to the line joining the gear centres
F(μ) function determining the radial distribution of induced velocity normal to the

plane of the rotor
F() cumulative probability distribution function
F (x | Uk ) cumulative probability distribution function for variable x conditional on U =

Uk

g acceleration due to gravity; vortex sheet strength; peak factor, defined as
the number of standard deviations of a variable to be added to the mean to
obtain the extreme value in a particular exposure period, for zero-up-crossing
frequency, v

g0 peak factor as above, but for zero upcrossing frequency n0

G geostrophic wind speed; shear modulus; gearbox ratio
G( f ) transfer function divided by dynamic magnification ratio
G(t) t second gust factor
h height of atmospheric boundary layer; duration of time step; thickness of thin-

walled panel; maximum height of single gear tooth contact above critical root
section

H hub height; wave height; hub height above mean sea level
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LIST OF SYMBOLS xxvii

H1 1 year extreme wave height
H50 50 year extreme wave height
Hjk elements of transformational matrix, H, used in wind simulation
Hi (n) complex frequency response function for the i th mode
H ( f ) frequency dependant transfer function
Hs significant wave height
Hs1 1 year extreme significant wave height based on 3 hour reference period
Hs50 50 year extreme significant wave height based on 3 hour reference period
HB breaking wave height
I turbulence intensity; second moment of area; moment of inertia; electrical

current (shown in bold when complex)
IB blade inertia about root
I0 ambient turbulence intensity
I15 expected value of hub height turbulence intensity at reference mean wind

speed of 15 m/s
I+ added turbulence intensity
I++ added turbulence intensity above hub height
IR inertia of rotor about horizontal axis in its plane
Iu longitudinal turbulence intensity
Iv lateral turbulence intensity
Iw vertical turbulence intensity
Iwake total wake turbulence intensity
j

√−1
k shape parameter for Weibull function; shape parameter for GEV distribution;

integer; reduced frequency, (ωc/2W ); wave number, 2π /L; surface roughness
ki generalised stiffness with respect to the i th mode, defined as miω

2
i

k1, k2 marine conditions reference period conversion factors
K constant on right hand side of Bernouilli equation
KC Keulegan-Carpenter number
K P power coefficient based on tip speed
KSMB size reduction factor accounting for the lack of correlation of wind fluctuations

over structural element or elements
KSx (n1) size reduction factor accounting for the lack of correlation of wind fluctuations

at resonant frequency over structural element or elements
Kv () modified Bessel function of the second kind and order v
K (χ ) function determining the induced velocity normal to the plane of a yawed

rotor
L length scale for turbulence (subscripts and superscripts according to context);

lift force; wave length
Lx

u integral length scale for the along wind turbulence component, u, measured
in the longitudinal direction, x

m mass per unit length, integer; depth below seabed of effective monopole fixity;
inverse slope of log-log plot of S-N curve

mi generalised mass with respect to the i th mode
mT1 generalised mass of tower, nacelle and rotor with respect to tower first mode
M moment; integer; tower top mass
M mean bending moment
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xxviii LIST OF SYMBOLS

M0 peak quasi-static mudline moment
M1 (t) fluctuating cantilever root bending moment due to excitation of first mode
MT teeter moment
MX blade in-plane moment (i.e. moment causing bending in plane of rotation);

tower side-to-side moment
MY blade out-of-plane moment (i.e. moment causing bending out of plane of

rotation); tower fore-aft moment
MZ blade torsional moment; tower torsional moment
MY S low-speed shaft moment about rotating axis perpendicular to axis of blade 1
MZ S low-speed shaft moment about rotating axis parallel to axis of blade 1
MYN moment exerted by low-speed shaft on nacelle about (horizontal) y-axis
MZN moment exerted by low-speed shaft on nacelle about (vertical) z-axis
n frequency (Hz); number of fatigue loading cycles; integer; distance measured

normal to a surface
n0 zero up-crossing frequency of quasistatic response
n1 frequency (Hz) of 1st mode of vibration
N number of blades; number of time steps per revolution; integer; design fatigue

life in number of cycles for a given constant stress range
N (r ) centrifugal force
N (S) number of fatigue cycles to failure at stress level S
p static pressure
p () probability density function
P aerodynamic power; electrical real (active) power
Pm

n () associated Legrendre polynomial of the first kind
q(r, t) fluctuating aerodynamic lift per unit length
Q rotor torque; electrical reactive power
Qa aerodynamic torque
Q̇ rate of heat flow
Q mean aerodynamic lift per unit length
QD dynamic factor defined as ratio of extreme moment to gust quasistatic moment
Qg load torque at generator
QL loss torque
Qm

n () associated Legrendre polynomial of the second kind
Q1(t) generalised load, defined in relation to a cantilever blade by Equation (A5.13)
r radius of blade element or point on blade; correlation coefficient between

power and wind speed; radius of tubular tower; radius of monopile
r ′ radius of point on blade
r1, r2 radii of points on blade or blades
R blade tip radius; ratio of minimum to maximum stress in fatigue load cycle;

electrical resistance
Re Reynold’s number
Ru(n) normalised power spectral density, n.Su(n)/σ 2

u , of longitudinal wind-speed
fluctuations, u, at a fixed point

s distance inboard from the blade tip; distance along the blade chord from
the leading edge; separation between two points; Laplace operator; slip of
induction machine

s1 separation between two points measured in the along-wind direction


