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Introduction
Turbomachines (rotodynamic machines) convert the energy
in a fluid stream directly into mechanical energy of rotating shaft,
or vice versa.
Mechanical energy is converted into energy of fluid streams by
pumps, compressors, propellers and fans/ventilators – various
names depending on fluid type, application and pressure ratio.
Energy from fluid streams is converted into mechanical energy
of a rotating shaft by turbines – they are always called “turbines”
independent of fluid type, application or pressure ratio.
All fluid machines are completely reversible (For example,
pumps, propellers or fans can easily be transformed into
turbines).

Application of propellers
Propellers are used to produce propulsive thrust in ships and
aircraft, therefore their name.
Propeller-type rotors are also commonly used in axial fans
(ventilators) typically applied for very low pressure ratios at
high mass flows.
Propellers produce propulsive thrust by utilizing the lift forces
acting on rotating blades of aerofoil shape. A slipstream of
accelerated fluid is formed behind the propeller. Any type of
engine can be used to drive the propeller (all possible primemover types are used for marine transport, while mostly gas
turbines or Otto-type internal combustion engines are used for
airborn transport).

Reversibility of turbomachines

A propeller (axial fan rotor) and a wind turbine rotor are
completely reversible. They are described by the same basic
theoretical considerations.

Thrust and Torque
Thrust is the axial force produced by a propeller (or by a jet
stream) and used for driving a body immersed in a fluid.
Torque is the load in energy terms [N.m] that delivers positive
rotating motion (in turbines) or a negative braking force (in
propellers). It is basically proportional to the thrust.
Torque and thrust are linked to the aerodynamic forces (lift and
drag forces) created by the fluid flowing around the blades of the
propeller or turbine. The productivity of a propeller is measured by
the thrust, while the torque is the load that the driving engine
should overcome. The productivity (but not the efficiency) of a
turbine is measured by the produced torque, while the thrust is a
useless axial force that the turbine casing or foundation must
withstand.

Lift and Drag Forces
Drag and lift forces induced by fluid flowing around a solid
structure. The thin flat plate as an example:

[1]

[2]

Nature of Lift and Drag Forces

Lift and drag forces are due to pressure differentials generated by the
fluid flowing around the solid body. The drag force is caused by fluid
friction and is never zero. Lift and drag values can be found through
integrating the pressure values along the surface of the body (along
the perimeter of a section parallel to the flow).

Airfoils and General Concepts of
Aerodynamics
Airfoils are structures with specific geometric shapes that are
used to generate mechanical forces due to the relative motion of
the airfoil and a surrounding fluid. Wind turbine blades use airfoils to
develop mechanical power. The cross-sections of wind turbine blades
have the shape of airfoils. The width and length of the blade are
functions of the desired aerodynamic performance, the maximum
desired rotor power, the assumed airfoil properties, and strength
considerations.

Airfoil Terminology -1

The mean camber line is the locus of points halfway between the upper and lower
surfaces of the airfoil. The most forward and rearward points of the mean camber
line are on the leading and trailing edges, respectively. The straight line
connecting the leading and trailing edges is the chord line of the airfoil, and the
distance from the leading to the trailing edge measured along the chord line is
designated the chord, c, of the airfoil.

Airfoil Terminology -2

The camber is the distance between the mean camber line and the chord line,
measured perpendicular to the chord line. The thickness is the distance
between the upper and lower surfaces, also measured perpendicular to the
chord line. Finally, the angle of attack,α, is defined as the angle between the
relative wind (Urel) and the chord line.

Forces and moments on an airfoil
section

Lift force – defined to be perpendicular to direction of the oncoming air flow. The
lift force is a consequence of the unequal pressure on the upper and lower airfoil
surfaces.
Drag force – defined to be parallel to the direction of the oncoming air flow. The
drag force is due both to viscous friction forces at the surface of the airfoil and to
unequal pressure on the airfoil surfaces facing toward and away from the
oncoming flow.
Pitching moment – defined to be about an axis perpendicular to the airfoil crosssection.

Lift and Drag Coefficients
The lift and drag coefficients CL and CD are functions of the
angle of attack α and the shape of the airfoil. For a typical
aerofoil they look as in the figure below:

Lift and Drag Coefficients versus AOA

Tip Speed Ratio
One very important parameter for all types of rotodynamic
machines is the ”tip speed ratio”, λ, which is the ratio of the
translational speed at the tip of the blade to the velocity of
the free stream of fluid:

[3]

where u is the blade tip speed, and Ω and R are the angular
velocity and the radius of the turbine rotor, respectively.

Example of Air Flow Around an Airfoil

Using the Lift Force in Propellers
The resultant projection
of the lift and drag forces
normal to the plane of
rotation (FT) is the
produced driving force,
the thrust.
The resultant projection
of the lift and drag forces
on the plane of rotation
(FN) is the torque
experienced by the
propeller and is
transferred as negative
load on the primary
engine.

One-Dimensional Momentum Theory
Basic simplifying assumptions:
•Homogeneous, incompressible, steady state fluid flow;
•No friction;
•Ideal actuator disc of no specific nature (e.g. rotor with
infinite number of blades);
•Uniform flow and uniform forces over the disc area;

•One-dimensional flow, no wake behind the disc!

Momentum theory of propulsion
Fluid streamlines, velocities
and pressures around the
plane of the propeller:
Points:
(1) Far upstream the propeller
(2) Just in front of the propeller
(3) Just after the propeller
(4) Far downstream the
propeller
The distance between (2) & (3)
is assumed infinitesimal.

Momentum theory conditions
Important physical conditions:
•The fluid velocity falls gradually before and after
the actuator disc (propeller rotor) and pressure

difference builds up across the disc.
•The fluid velocity just across the actuator disc
does not change v2 = v3

•The pressure far upstream the actuator disc and
the pressure far downstream are equal to the static
pressure of the undisturbed fluid p1 = p4 = pa

Conservation of Linear
Momentum
Work is done only across the actuator disc between states
(2) & (3). The force on the actuator disc – the thrust T – is
equal and opposite to the force on the contents of the
control volume of fluid:

And from the conservation of linear momentum it follows
also that:

Bernoulli’s Relations
No work is done between states (1) & (2), and (3) & (4), which
allows us to use Bernoulli’s relations for the two separate
control volumes upstream and downstream the disc:

which gives:

Fluid Velocity at the Actuator Disc
Using the fact that now at the actuator disc the mass flow
of air is:

Eq. [4] & Eq. [5] for the thrust can be applied to obtain:

which gives (!):

Useful work from the propeller
The power supplied to the propeller is converted into a rate
of kinetic energy increase for the flowing fluid:

Imagining that the propeller is moving forward into a
stationary fluid, the useful work done has the rate of:

Efficiency of the propeller
Combining the two equations above would directly
give the efficiency of the propeller (efficiency of
converting the power from the primary motor into a
forward motion through the fluid):

Efficiency interpretation
The result for propeller efficiency shows that:
•Higher efficiency of propulsion can be achieved by
large rotors with very small increase in fluid velocity
(achieving thrust by large surfaces rather than velocity);

•High-speed propulsion will inevitably have lower
efficiency, i.e. small high-speed rotors will suffer from
low efficiency;
•Jet engines (high-speed propulsion) inherently have
much lower efficiency than propellers.

Overview of different types of wind
energy converters

Wind – The Key Ingredient
Wind energy is created when:
• the atmosphere is heated unevenly by the Sun
• some patches of air become warmer than others
• the warm patches of air rise
• other air rushes in to fill the void thus, wind blows

Basic Wind Turbine Aerodynamics.
The Betz Limit
The Wind
•The wind is solar power in mechanical form.
•A small part (around 2 %) of the energy of
solar radiation on Earth is converted into
kinetic energy of flowing air – the wind.
•Wind’s velocity and direction depend on the
imposed pressure gradients, plus certain other
forces, plus the local geography.

Available Energy in the Wind
The kinetic energy of a unit mass of flowing fluid is:

So the power per unit mass flow would be:

Available Energy in the Wind
Using the air density ρ, the flow velocity v, and the
area perpendicular to the flow A, the mass flow becomes:

Then the total available power in the air flow is:

Extracting Energy from Wind
The wind is a free-flowing fluid stream.
The energy extraction device (of any type) is submersed into
this stream and can convert only a certain amount from the
total available energy in the fluid stream, not all of it!

Energy conversion from free-flowing fluid streams
is limited because energy extraction implies decrease of fluid
velocity (decrease of kinetic energy of the stream), which cannot
fall down to zero, the stream should continue traveling and
cannot stop entirely.
Also, the turbine is an obstruction to the fluid flow. Some fluid
may not pass through the turbine and may simply flow around it.

Flow through an Energy Converter
Fluid streamlines,
velocities and
pressures around the
energy
extraction device:
Points:
(1) Far upstream the rotor
(2) Just in front of the
rotor
(3) Just after the rotor
(4) Far downstream the
rotor
The distance between (2)
& (3) is
assumed infinitesimal.

One-dimensional Momentum
Theory and the Betz Limit
A simple model, generally attributed to Betz (1926), can be used
to determine the power from an ideal turbine rotor, the thrust of
the wind on the ideal rotor, and the effect of the rotor operation
on the local wind field. This simple model is based on a linear
momentum theory
developed over 100 years ago to predict the performance of ship
propellers.
The analysis assumes a control volume, in which the control
volume boundaries are the surface of a stream tube and two
cross-sections of the stream tube . The only flow is across the
ends of the stream tube. The turbine is represented by a uniform
‘actuator disc’ which creates a discontinuity of pressure in the
stream tube of air flowing through it. Note that this analysis is not
limited to any particular type of wind turbine.

Assumptions
Homogenous, incompressible, steady state fluid flow;

No frictional drag;
An infinite number of blades;
Uniform thrust over the disc or rotor area;
A non–rotating wake;
The static pressure far upstream and far downstream of
the rotor is equal to the undisturbed ambient static
pressure

Important physical conditions:
•The fluid velocity falls gradually before and after
the actuator disc (energy extraction device) and
pressure difference builds up across the disc.
•The fluid velocity right across the actuator disc
does not change

•The pressure far upstream the actuator disc and
the pressure far downstream are equal to the static
pressure of the undisturbed fluid

Conservation of Linear Momentum
Work is done only across the actuator disc between states
(2) & (3). The force on the actuator disc – the thrust T – is
equal and opposite to the force on the contents of the
control volume of fluid:

And from the conservation of linear momentum it follows
also that:

Using Bernoulli’s Relations
No work is done between states (1) & (2), and (3) & (4), which
allows us to use Bernoulli’s relations for the two separate
control volumes upstream and downstream the disc:

which give:

Fluid Velocity at the Actuator Disc
Using the fact that now at the actuator disc the mass flow of
air (Eq. [20]) is:

Eq. [22] & Eq. [23] for the thrust can be applied to obtain:

which gives (!):

Axial Induction Factor
If we define an axial induction factor, also called ”interference
factor” a, as the fractional decrease in wind velocity between
the free stream and the actuator disc:

Also, the power output from the energy conversion device is
equal to the thrust times the velocity at the disc:

Definition of Power Coefficient CP
Applying Eq. [30] to further elaborate on Eq. [31] will lead us to:

We can now define CP as the relation between converted power
to available power in the fluid flow:

Maximum value of CP
Combining Eqs. [32] & [33] would give:

i.e. the power coefficient CP is a function of the axial
induction factor. The optimum of this function (which is a
maximum value for CP) can be found from its first and
second derivatives.
The optimum is reached at ,

which leads us to the maximum CP of
This is the Betz Limit - Cp=0.5926

Fluid velocities at maximum CP
The interpretation of what we found just above is that:
•A maximum of 59.26% of the available wind power can be
converted to mechanical power at ideal conditions, whatever
the energy conversion device is.

•The wind velocity reaching the conversion device is 2/3 of the
upstream undisturbed wind velocity, and the velocity behind the
device far downstream is 1/3 of the undisturbed velocity, when
maximum power is extracted.
•Downstream wind velocity either higher or lower than 1/3 of V1
would lead to energy conversion less than the ideal maximum.

The Betz Limit
A. Betz (1926) was the first to publish these results for wind
turbines. The theory in general shows the maximum possible
energy conversion efficiency by any device in any free-flowing
fluid stream, at ideal conditions.
Thus, the maximum convertible power in the wind is:

Practical energy conversion efficiency of any real device would
further be reduced by various aerodynamic losses (CP < CP,max),
as well as mechanical and electrical losses (ηm, ηel)!

Maximum Convertible Energy
The Betz limit:
16/27 = 0.5926 !
Highest theoretical
efficiency for wind
energy converters
of any type.

Power and Thrust Coefficients
The real power output from any energy conversion device in a
free-flowing fluid stream can be expressed as follows:

Similarly, a thrust coefficient can be defined as a function of the
axial induction factor and used to express the maximum thrust
force upon the energy conversion device:

The thrust coefficient for an ideal wind turbine is equal to 4a(1-a).
CT has a maximum of 1.0 when a=0.5 and the downstream velocity
is zero. At maximum power output (a=1/3), CT has a value of 8/9.

Maximum value of CP and CT
The assumed ideal conditions do not hold for axial induction factors
exceeding 0.5. In real wind energy converters, due to complicated flow
patterns, the thrust coefficient CT can even exceed its ideal maximum,
but the power coefficient CP can never reach its maximum value.

Practical Wind Energy Conversion
Various devices can be used as converters of wind kinetic
energy into mechanical energy (rotational or translational) –
these are rotating devices (turbines) or translating devices
(with positive displacement under wind-induced forces).
Most practical applications require mechanical output in the
form of rotating shaft. Turbines fit best to such applications.

Drag Force Turbines
The simplest turbine would use the drag force and would consist
of flat or curved plates, cups, discs or similar shapes attached to
a vertical or horizontal shaft perpendicular to the flow, utilizing
the difference between drag forces on the plate pushed by the
wind and on the plate advancing against the wind.

The oldest documented
windmills were typical drag
force machines that had
shields (Persian type) or plate
rotating devices (Chinese
type) to decrease the drag
force on the half of the rotor
that advances against the
wind.

Utilization of wind 3000 years ago

These are considered drag
machines

Drag Force Turbines
The common cup anemometer
– a typical drag force turbine

Advanced Savonius rotor

Drag force on simple bodies
Drag force coefficients of some exemplifying bodies in fluid
flow (perpendicular to the flow) are:

body:

CD:

flat plate (circle or square) 1.1 – 1.11
hemisphere, open back

0.33

hemisphere, open front

1.33

Flat plate drag-turbine performance
A simple drag turbine with flat plates, where the
plate advancing against the wind is ideally shielded:

Therefore, the power coefficient would be:

Efficiency of flat plate drag turbine
The CP of a drag turbine where the plate advancing against the
wind is ideally shielded can reach maximum values of 0.16, at
the optimum tip speed ratio of λ=0.33.

Drag turbine with cups/bowls
A non-shielded drag turbine (typical cup anemometer):

And, the power coefficient would be:

Efficiency of cup anemometer
The CP of a classical cup anemometer hardly reaches 0.08,
because the cup advancing against the wind experiences its
own drag force. The optimum tip speed ratio is λ=0.165.

Classic Drag Devices

Savonius rotor
Savonius rotors (first suggested by the Finnish engineer S. J.
Savonius in 1922) consist of two half-cylinders displaced halfway
against each-other.
Savonius rotors can reach a CP close to 0.2 and tip speed ratios
above 1 (λ>1), due to the certain presence of lift forces acting on
the turbine besides the drag force.

Using the Lift Force in Wind Turbines
The resultant projection
of the lift and drag forces
on the plane of rotation
(FT) is the driving force,
producing torque.

The resultant projection
of the lift and drag forces
normal to the plane of
rotation (FN) is
producing
useless thrust on the
rotor, much higher than
the useful torque.

Horizontal Axis Lift--Force
Turbines
The most common type of lift-force wind turbines is the horizontal axis wind
turbine - HAWT. The rotor axis lies horizontally, parallel to the air flow. The
blades sweep a circular (or slightly conical) plane normal to the air flow,
situated upwind (in front of the tower) or downwind (behind the tower).
The main advantage of HAWTs is the
good aerodynamic efficiency
(if blades are properly designed)
and versatility of applications.
Their main disadvantage is that the
Tower must support the rotor and all
gearing and el. generation equipment
standing on top of it, plus the necessity
of yawing to face the wind.

HAWT

Size
• Larger turbines enjoy higher wind speeds (and
economies of scale).

Number of Blades – One
• Rotor must move more
rapidly to capture same
amount of wind
– Gearbox ratio reduced
– Added weight of
counterbalance negates
some benefits of lighter
design
– Higher speed means
more noise, visual, and
wildlife impacts

• Blades easier to install
because entire rotor can
be assembled on ground
• Captures 10% less
energy than two blade
design
• Ultimately provide no
cost savings

Number of Blades - Two
• Advantages &
disadvantages
similar to one
blade
• Need teetering
hub and or
shock absorbers
because of
gyroscopic
imbalances
• Capture 5% less
energy than
three blade
designs

Number of Blades - Three
• Balance of
gyroscopic forces
• Slower rotation
– increases
gearbox &
transmission
costs
– More aesthetic,
less noise,
fewer bird
strikes

Major components of a horizontal
axis wind turbine
The rotor, consisting of the blades and
the supporting hub.
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.
The tower and the foundation.
The machine controls.

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

Nacelle and Yaw system

Basic Motion of a Wind Turbine

Yaw system

Nacelle

Nacelle

Hubs
The hub holds the rotor
together and
transmits motion to
nacelle
Three important aspects
• How blades are
attached
– Nearly all have
cantilevered hubs
(supported only at
hub)
– Struts & Stays
haven’t proved
worthwhile

• Fixed or Variable
Pitch?
• Flexible or Rigid
Attachment
– Most are rigid
– Some two bladed
designs use
teetering hubs

Nacelle Design

Drive Trains

Direct Drive Enercon
E-70, 2.3 MW (left)

Drive Trains transfer
power from rotor
to the generator
• Direct Drive (no
transmission)
– Quieter & more
reliable
– Most small
turbines

• Mechanical
Transmission
– Can have parallel
or planetary shafts
– Prone to failure
due to very high
stresses
– Most large turbines
(except in
Germany)

GE 2.3 MW (above)
Multi-drive Clipper
Liberty 2.5 MW (left)

ENERCON

Towers
• Monopole
(Nearly all
large
turbines)
– Tubular
Steel or
Concrete

• Lattice
(many
Medium
turbines)

Apparent wind angles
The apparent wind is stronger than the true wind but its angle is less favorable: it
rotates the angles of the lift and drag to reduce the effect of lift force pulling the
blade round and increase the effect of drag slowing it down. It also means that the
lift force contributes to the thrust on the rotor.

Blade twist
The closer to the tip of the blade you get, the faster the blade is moving through
the air and so the greater the apparent wind angle is. Thus the blade needs to be
turned further at the tips than at the root, in other words it must be built with a
twist along its length. Typically the twist is around 10-20° from root to tip. The
requirement to twist the blade has implications on the ease of manufacture.

Turbine blade pitch system

Calculating the ideal turbine blade
Optimum dimensioning according to Betz:
The so called ”blade element theory” can be applied to design the ideal
shape of a turbine blade. It would be a combination of the one-dimensional
theory and the equation for lift force on airfoils. Drag is assumed zero.
Deciding a given aerofoil (given CL), number of blades (B), and desired tip
speed ratio (λ), the distribution of blade’s chord length (c), angle of relative
wind (φ), and twist angle along the radius can be derived:

Solidity
• “Solidity” is the ratio of the area of the
blades to the “swept area” (the area of the
circle containing the blades)

Rotor Solidity

Rotor solidity is expressed as
number of blades times blade
chord, divided to rotor
perimeter,
at each rotor radius.
Eq. [42] clearly shows the
relation between blade chord
length, tip speed ratio, twist
angle, and the number of
blades
for a typical wind rotor.
Higher number of blades
means
slow rotation and small twist.
Lower number of blades
means
fast rotation, large twist and
large
blade taper from root to tip.

Effect of Solidity

Rotational Wake behind a Turbine
The unstable shear flow behind the turbine induces turbulence at the
edge of the wake. Also, the real flow behind the turbine has actually a
certain angular velocity opposite to the rotor angular velocity, i.e. the
flow is slightly rotating and is not one-dimensional! This causes
certain aerodynamic loss. The rotational wake is explained with the
action-reaction phenomena (deflection) between the fluid flow and the
blades that extract energy from it.

Calculating the Rotational Wake
The angular velocity imparted to the flow stream, ω, is small
compared to the angular velocity of the actuator disk, Ω.
The analysis can focus on an annular stream tube (ring) of radius r
and thickness dr, resulting in a cross-sectional area - 2πrdr.
Across a rotating actuator disk, the angular velocity of the fluid flow
relative to the disk increases from Ω to Ω+ω , while the axial
component of the velocity remains constant. A control volume that
moves with the angular velocity of the rotating actuator disk can be
used for the analysis.

Wake

Turbine Wake

Conservation of Angular Momentum
H. Glauert (1935) derived the expression for the pressure difference
across a rotating actuator disk when the angular component of the
velocity is taken into account:

And the resulting thrust on an annular ring of the disk is:

Next, the conservation of angular momentum gives the torque, Q,
exerted on each incremental annular ring of the actuator disk:

Angular Induction Factor
An angular induction factor, a’, can be defined as:

Note that when wake rotation is included in the analysis, the induced velocity at
the rotor consists of not only the axial component, Ua, but also a component in
the rotor plane, rΩa’.

CP with rotational wake
The local speed ratio is the ratio of the rotor speed at some intermediate
radius to the wind speed:

The power output from a ring element would be:

Thus, the power coefficient for a turbine inducing rotational
wake can be found to be:

The result shows that CP is a function of the tip speed ratio λ !
(a and a’ can also be expressed by λr)

Effect of Rotational Wake
Wake rotation behind the turbine causes aerodynamic losses, which are most
significant in the low tip-speed ratio region.
The practical energy extraction limit for slow-going turbines is much lower
than the Betz limit:
The results show that, the higher the tip speed ratio, the closer the CP can
approach the theoretical maximum.

Theoretical maximum power coefficient as a function of tip speed ratio for an ideal
horizontal axis wind turbine, with and without wake rotation

Effect of Rotational Wake
If a high aerodynamic efficiency
is sought, the turbine should run
at high tip-speed ratios!
Therefore, all modern electricity
generating wind turbines have
low-solidity fast-rotating rotors
with two or three blades of
optimum airfoil shape.

The blades of modern large wind
turbines
The blades of modern large wind turbines become very long and
their rotational speed decreases (to keep a certain tip speed
ratio), which implies that the part of the blade close to its root
(close to the rotor hub) will operate at very low speed ratio, thus
producing rotational wake-related losses and low CP.
As a rule of thumb, the upper 1/3 of the blade close to its tip generates
2/3 of the power for the whole blade. The lower 1/3 of the blade closest
to the hub is almost unproductive in nominal conditions, but helps
with the starting torque for acceleration of the rotor from standstill.
Therefore, it is not worth optimizing aerodynamically the part of
the blade closest to the hub, it is rather optimized mechanically
to give enough mechanical strength and proper support for the
rest of the blade.

Losses
The Betz power coefficient from equation CP=0.59 is attained
only by an ideal machine

It only takes into account the losses of the axial downstream
velocity. Moreover, there are further sources of losses, most
importantly:
The profile losses resulting from the drag force ignored in
equation ,
The losses resulting from the flow around the blade tip from the
pressure to the suction side, the so-called tip losses, and
-The wake losses due to the wake rotation downstream.

Profile Losses: Drag
The adverse effect of the drag force on lift-force turbines is
usually referred to as ”profile losses”. This is the drag from
fluid friction and non-ideal airfoil shapes that slows the rotor
rotation.
Profile losses are accounted for by coefficients considering
the non-zero nature of the drag force on the blades, i.e. a
smaller ratio of lift-to-drag force than the ideal one.

Blade Tip Losses
Blade tip losses are typical for any real aerofoil (aircraft wings or turbomachine
blades) and are due to the finite span of the blade. They are caused by flow
diverting from the pressure side to the suction side of the blade around its tip,
bringing a three-dimensional pattern of the flow around the blade.
Blade tip losses are usually accounted for by empirical coefficients representing
the decrease of lift forces close to the tip of the blade.
The theory presented
above is valid for one- or
two-dimensional
fluid flows around an
airfoil of infinite span.
The finite span of the blade
produces three
dimensionality of the
flow and results in swirling
wake behind the tip of the
blade.

Decreasing the Tip Losses
The relative magnitude of blade tip losses decreases with increasing span
of the blade.
One possible measure to actively decrease the losses is the special
”winglet” at the tip of the blade.
At least one wind turbine manufacturer applies winglet-type end structure
for their blades - a curved and tapered tip of the blade.
This also helps to diminish the generation of noise by the blade.
The Enercon blade with curved blade tip

Real Blade Performance
The maximum theoretically possible power coefficient for wind turbines was
determined as a function of tip speed ratio. Airfoil drag and tip losses that are
a function of the total number of blades reduce the power coefficients of wind
turbines.
It can be seen that the fewer blades there are, the lower the possible Cp at
the same tip speed ratio.
Most wind
turbines use two or
three blades and, in
general, most twobladed wind turbines
use a higher
tip speed ratio than
most three-bladed
wind turbines.

Real Blade Performance
Performance of a 3-bladed real turbine with drag force accounted for:
The effect of the lift to drag ratio on maximum achievable power coefficients
for a three-bladed rotor is shown in Figure
There is clearly a significant reduction in maximum achievable power as the
airfoil drag increases.
It can be seen that it
clearly benefits the
blade designer to use
airfoils with high lift to
drag ratios.

Aerodynamic performance overview
Typical variation of power
coefficient and moment/
torque coefficient with
tip speed ratio for:
A: Savonius rotor
B: Multibladed windpump
C: 4-bladed old mill
D: 3-bladed modern rotor
E: 2-bladed modern rotor

Starting Torque of a HAWT
The comparison of overall aerodynamic performance clearly shows
the typical application areas for the various types of wind turbines:
•If higher efficiency of energy conversion is crucial (e.g. for electricity
generation), then the quick-running 2- or 3-bladed designs of all low
solidity lift-force rotor types would be the choice. They can reach
high coefficients of performance at wide limits of tip speed ratios, but
have very low starting torque and can start and accelerate from
standstill only if the load is disconnected.
•If the rotor is always connected to the load (e.g. a piston pump), then
any slow-running high-solidity multiblade lift-force design or any
drag-force turbine would be the choice. The maximum achievable
coefficient of performance would not be high and the window of
operating tip speed ratios is limited, but the rotor has a considerably
high starting torque. The turbine can start from standstill and
accelerate to operating mode under load, which implies also a gain in
simplicity of construction and control.

Vertical Axis Lift-Force Turbines
Another type of lift-force wind turbines is the vertical axis wind turbine VAWT.
The rotor axis is perpendicular to the air flow (usually vertical). The blades
sweep a cylindrical, conical or elliptical plane, perpendicular to the air
flow and parallel to the rotor axis.

Basic VAWT configurations. To the left is a straight-bladed Darrieus
rotor also known as H-rotor, and in the right is a Darrieus rotor.

VAWT

Driving Force in a VAWT
The projection of the lift force acting
on the rotor blades tangentially to
the plane of rotation is producing
the torque in a VAWT.
The driving force is highest when
the blades cross the wind flow, and
is zero when the blades are parallel
to the flow, meaning that the torque
produced by each blade fluctuates
substantially while the rotor is
turning.

Blades used in a VAWT
The vertical axis lift-force wind turbine is subjected to the same
theoretical considerations and practical limitations as the horizontal
axis one, in terms of aerodynamics.
The nature of the driving force in a VAWT, however, imposes one
specific limitation as regards the airfoil shape of the blades. The
angle of relative wind fluctuates around the zero point (positive and
negative) during each revolution of the rotor, which implies that the
blades should have a symmetrical airfoil shape in order to posses
the same aerodynamic properties when the angle of attack changes
from positive to negative. This reduces the lift-to-drag ratio of the
blade and has an impact on the overall aerodynamic performance of
the turbine.
Vertical axis wind turbine has the same the Betz limit as do horizontal
axis wind turbines.

Blades used in a VAWT
Example of a symmetrical airfoil shape under fluctuating angle of
relative wind in one revolution for a typical lift-force VAWT.

Starting Torque of a VAWT
VAWTs have very low starting torque
This may be a critical issue for certain applications. Turbines
connected to the electricity grid can use the electric generator as a
starting motor. In stand-alone configurations, either electricity
storage devices (again using the generator as a starting motor) or
integrated drag-force turbines (as start turbines) can be applied in
order for the VAWT to spin up to a point where the lift force can take
over.

A small Darrieus rotor with an
integrated Savonius rotor to
provide starting torque.

Disadvantages of VAWTs
•Lower aerodynamic efficiency than HAWTs due to the
symmetrical airfoil blade shape, and also because usually the
lower part of the turbine spins in the boundary layer of the air
flow close to the ground!
•Darrieus rotors require complicated tower support structures
or guy wires and have lower coefficients of performance than
straight-bladed H-rotors, because only the part of the Darrieus
rotor close to its equator operates at optimum tip speed ratio.
•Highly loaded main bearing at the foundation, difficult to
repair or replace without dismantling the whole turbine.

•Unpleasant appearance.

Advantages of VAWTs
•All main power train components (gearbox, generator, brakes
and main bearing) are placed on the ground, allowing for easy
access for maintenance and lower stress on the tower.
•Yaw mechanism for facing the wind is not needed – the
turbine accepts wind from any direction.
•The blades are easier to manufacture (symmetrical airfoils
without any twist or taper).
•All these features result in a simple machine, easily scalable
to large dimensions, at lower costs than a horizontal axis one.
The main advantage of the VAWT is believed to be the easier
geometrical scalability to large dimensions HAWTs

Simple wind turbine power calculation
• A 15 m/s wind at 101.3 kPa and 20 °C
enters a two-bladed wind turbine with a
diameter of 15 m. Calculate the following:
• The power of incoming wind
• The theoretical maximum power that could
be extracted
• A reasonable attainable turbine power
• The speed in RPM required for part (c)
• The torque for part (c)

The power of incoming wind is defined by

1
3
Power  Av
2
The thermal equation of state is

p  RT
where R is the gas constant for air

R  287 J/kgK
The absolute temperature is required for the
equation of state

T  273  20  293 K

Using the thermal equation of state, the density
of air becomes

p 101.3  10


 1.22 kg/m 3
RT
287  293
3

The area swept by the rotor is:

 2  2
A  D  15  176.63 m 2
4
4
The power available from the wind is
1
1
3
Poweravail  Av   1.22 176.63 153  363 637 W  363.637 kW
2
2

The power available is 363.637 kW. Theoretical
maximum power that could be extracted is the Betz
limit or

Powermax  0.5926Poweravail  215.49 kW
For a two-bladed HAWT Cp=0.47 for tip speed
ratio of 7.3
r

Vwind
A reasonable value for attainable power from
such wind turbine is

Poweract  0.47Poweravail  0.47  363.637  171.91 kW

Using the definition of tip speed ratio, the rotor
speed is:
Vwind 7.3  15
1
60


 3.65  3.65 Hz  3.65
 34.87 RPM
0.5D 0.5  15
s
2

In order to attain a Cp value of 0.47, a speed of
34.87 RPM is needed.
The torque becomes:

Poweract 171910
T

 47098.63  47.1 kNm

3.65

Wind turbines in TU Gabrovo

Standalone hybrid power supply system
A schematic diagram of the standalone hybrid power supply system. The
power conditioning units are DC-DC and AC-DC converters, with the sole
purpose of matching the PV and wind turbine generated voltages to that of
the bus voltage at the DC centre. The AC load is of both primary and
deferrable types.
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Links
•
•
•
•

www.windpower.org/
www.ewea.org
www.nve.no
www.hydro.com/no/our_business/oil_energy/
new_energy/wind/index.html
• www.statkraft.no/pub/vindkraft/index.asp
• www.gwec.net
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