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Content

* Formation of air streams - general planetary air circulation

* Determination of wind speed and direction, surface influence
* Wind energy and wind turbine power, operating mode

o Structural parts of wind power plants

* Types of rotors - aerodynamic principles, axial arrangement

* Wind Farms - onshore / offshore systems



Wind creation

Energy transformations from solar energy (radiation) to wind energy (kinetic) -
about 2% of the solar energy absorbed by the Earth goes into wind.

 Solar radiation heats the Earth unevenly. The surface of the Earth heats up
differently depending on its color and character (e.g. desert vs forest or
ocean). The surface also heats the atmosphere differently.

* Insolation varies at different times and at different places on the planet’s
surface (the angle at which the sun rays fall).

 During the day the land heats up faster, while at night the water retains heat
longer than the land does.

 As the air gets warmer, it rises and cooler air must rush in to take its place,
producing wind (pressure differences)!



Wind creation

* Pressure differences between
differently heated regions of the
Earth's atmosphere => wind flow .
oCcCurs.

-+

» Earth rotation. Without the rotation, pgpes [/
the wind would blow directly (from v
the pole to the equator, where the
lowest pressure is), the rotation

enerates Coriolis force, which

eflects the direction to the rightin "
the northern hemisphere and left to
the southern hemisphere (on the
equator, Coriolis force is zero - the
wind blows directly).




Monsoon Circulation - Air circulation between sea and land

» Through the combination of the described physical
phenomena, some atmospheric phenomena can
occur periodically in some places of the Earth
(West African and Asia-Australian monsoons).

« Most summer monsoons have a dominant westerly
component and a strong tendency to ascend and
produce copious amounts of rain (because of the
condensation of water vapor in the rising air). The
intensity and duration, however, are not uniform
from year to year. Winter monsoons, by contrast,
have a dominant easterly component and a strong
tendency to diverge, subside and cause drought.




Wind Speed Measurement

Wind speed is the most important indication when using @ .® |

its energy, it is proportional to the pressure difference.
Wind measurement:

* |In synoptic terms - after 3 hours of world time (0, 3,
6,... 21 hours)

At hourly intervals - anemograph (8760 values per year) | N
* |In climatological terms - 7, 14, 21 clock local time j‘
* Wind Speed Measured by Anemometer (Bowl, Hot Wire)

* Wind direction measured by rudder. The wind direction
indicates which side of the wind the wind is blowing.




Beaufort Knots km/h
Kind of wind - . /
grade Min Max Min Max Earth
(8] Calm <1 <1 Smoke rises vertical
1 Very light 1 3 1 5 The wind bends smoke
3
3

Moderate
breeze

It lifts dust and papers

Strong breeze

7

10 Storm a8 55 89 102 It uproots trees
11 Violent storm 56 63 103 117 Serious devastation
12 Hurricane =64 =118 Very serious catastrophes

Bigger waves; white foamy crests are
longer everywhere.
It impedes walking
H it shakes big trees

Effects Height of
Sea waves (metre)
Flat sea =
Small ripples with no white foamy 0.1

_11 |itcan be felt on face lets, with unbroken crests. |
It shakes leaves Very small crests; crests begin to break.

Small waves that begin to grow longer;
spuma piu frequente e piu evidente.

=25
3

4

Moderate waves that grow longer in
shape; possible spray.

The sea swells up; white foam forms
when waves break up.
Medium-high, longer waves; crests
start to break up in sprays.

Very high waves with long crests; the
sea looks completely white; waves fall
down violently, visibility is reduced.
Exceptionally high waves (small and
medium tonnage ships disappear fora
few seconds); visibility is still more
reduced.

S—322.5

11.5-16

Air is filled with foam and sprays; sea is
completely white because of foam;
visibility is greatly reduced.

=14



Surface Effect

Practical use of wind energy - especially at altitudes 40 - 100 meters above the
Earth's surface.

» Speed is influenced mainly by the shape of the surrounding terrain. The greater
the roughness and unevenness, the greater the turbulence (local vortices).

With increasing altitude, wind speed generally increases logarithmically.

Frevailing Wind
- Region of Highly

Disturbed Flow

Lone of disturbed flow over a small buildin



Effect of surface roughness

« Homogeneous surface without the presence of buildings, trees, etc. => the
wind speed over the whole area is about the same and depends only on the
height above the terrain. If we know from the meteorological data the speed
value at a certain altitude, we can convert the speed to other altitudes.

n
v [ h ]
VO hO
Surface type n
a — smooth surface (water surface, sand) 0,14
b — low grass 0,16
c — tall grass, cereal crops 0,18
d — high crops, low forest 0,21
e — high forest with many trees 0,28
f — villages and small towns 0,48

Where v is the mean wind
speed at the height h above
the earth's surface and Vv, is
the mean wind speed at the
reference height h,. The
coefficient n depends on
the surface roughness.



Wind energy

* Wind energy is determined by its kinetic energy, which is i
converted into mechanical work by a wind motor. To use the basic () -®hoop

equation for kinetic energy, KE = 2mv?, we will need the rate at
which air passes through the defined area (area perpendicular to

the wind direction - this is the area that the wind rotor will e
contain because the blade moves much faster than the air and so '
each particle of air is affected by the blade - may be a circle for a ;
wind turbine). It is necessary to define a mass that passes through \

the area A in At.
mass = density x volume » substitution into » E =

and
—  pAvAt the equation for KE 3 power » P

= SpAty

[—

* However, the wind rotor cannot utilize all this energy (cannot
capture any more than 59.3% of the wind's energy - Betz's law).




Wind turbine power

* Idealized wind rotor (no mixing of flow). In the
horizontal direction, the air flow is limited by two
control surfaces 1 and 2 in which the air flow has a 1
velocity v, and v, and flows through cross sections
A, and A,. In the plane of the propeller with flow ke
area A (the area that the rotor will cover) is the
speed v. It is a closed flow tube within which the :
continuity equation holds:

Ul‘A]_:U‘A:vz‘AZ

» To determine the useful power, we start from the momentum change law: A force
impulse is the effect of a force on a element over time and is equal to a change in
the momentum of a element over a period of force.



Wind turbine power

 The momentum change caused by the axial force F, over time At is equal to

the force impulse:
mass flow - during this time interval At the volume of

fluid V flows through the cross-section A at the speed v:
V=A-v

The volume V contains a fluid of mass m defined as

m=p-V. Thus, for volume, V = m/p. By substituting for

volume, we obtain the mass flow:
m=p-A-v

« Now we substitute the mass flow into the momentum equation:

b, p A1l )



>

Wind turbine power

« It is now possible to obtain mechanical power, which is considered to be mechanical
work per unit of time. To calculate power P during work W at which a constant force
F, is applied to a element moving at a constant speed v (the force acts on the path s,
the path s over time is speed):

AW F,-As
e
P=F,-v=p-A-v?:- (v —v,)

F,-v

 However, turbine output can also be calculated from the change in the kinetic
energy of the air flow flowing over the time interval At through the control area:

1 7/ 2
AE}, 7m(v1 . 5 2
- At .
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Wind turbine power

« Comparing the two equations obtained for power, it can be argued that the velocity in
the plane of the rotor is the arithmetic mean of the velocity before and after the rotor.
We obtain:

v1+v2
v:
2

* It is therefore possible to define the power P only in dependence on the speed of the
wind current before and after the rotor:

1 :
P:ZP'A'(V1_V2)'(V1+V2)

 Now we know the output power and for efficiency it has to be compared to the input
power, which can be determined on the basis of kinetic energy:
1 1

Eklzzm.vlzzz.p./l.vl.vlz=§p.A.v13



Wind turbine power >

» Dividing creates a dimensionless quantity - ideal efficiency that can be achieved in an ideal rotor with
an infinite number of thin blades working without aerodynamic drag:
_ (v —v5) - (g + vy)
| 2v3
» Expressing the ratio of the air flow velocities upstream and downstream of the rotor as k=v,/v,, the

equation for ideal efficiency can be simplified to the form:

(k+ 1)(1—k?)
ni = 5

» By derivative of this expression we can determine its maximum:
d ((k+1)(1 - k? —3k? 1
C )( ))_ !

dk 2 - 2

. L
2 7 - _ 3
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Wind turbine power

The expression has a maximum value on the interval {0;1) (other velocity ratios do not make
sense) for k=1/3. At this speed ratio, the ideal efficiency is:

_ o5
>

This is Betz's theoretical efficiency - the maximum performance coefficient C . ,,. The efficiency
curve depending on the speed ratio can be seen in the following graph (for an ideal rotor - no

resistance and an infinite number of thin blades and an infinitely large peripheral speed of the
blades).

To extract the highest performance you want the turbine ::i:f
to slow the wind down by 2/3 of its original speed (as the >ﬂ
maximum of P/P, = 0.593 is found at v,/v,=1/3) g ¥

The lift principle (3-blade propeller) provides the best
approach - up to 40% depending on the Tip Speed Ratio.



Assumptions of Betz's theory

e |t is a 1-D momentum analysis in an ideal wind
turbine.

* The inlet and the outlet of the open system
are far enough from the turbine so that the
influence of the rotating blades on the static
pressure is vanishingly small. Hence, the static
pressure at both the inlet and the outlet is
equal to the atmospheric pressure.

* The velocity profile is ideally uniform, the
fluid is viscous, incompressible and the flow is
considered isentropic.




Blade aerodynamics

» The basic element of the wind rotor working on the lift principle are blades, which can
be considered as a rotating wing. For their design and assessment it is necessary to know
the basic aerodynamics of aeronautical profiles and the necessary nomenclature.

Vv ... wind speed

b ... profile chord

a ... angle of attack
d, ... zero lift angle

- By applying pressure to the profile surface, the resulting
force F is divided into a lift component perpendicular to
the direction of the still unaffected air flow F, and a
resistive component F, in the direction of the air flow
that is aligned with the x-axis of the coordinate system.




Blade aerodynamics

» Upper side - streamlines densify and flow velocity increases, static pressure decreases (Bernoulli)
» Bottom side - flow velocity decreases, static pressure increases (Bernoulli).

! 2
- > - Ais the wing area, which is the =~ —————_ ,
1 product of its length and chord ~—zz5 a
- v? b, Aerodynamic coefficients of T2 v (F 22\
lift c, and drag c,. —— verpressurs

F = /sz .

» A high lift coefficient and a small drag coefficient will be substantially advantageous
(transmission of higher forces, lower aerodynamic losses, higher efficiency of air stream energy
conversion). For the validity of the coefficients, it is necessary to take into account certain
conditions (geometric or aerodynamic similarity).



Geometric or aerodynamic similarity

« Geometric - certain wing area, etc.
» Aerodynamic - Reynolds number, Tip-Speed Ration (TSP), etc.

The Reynolds number Re is a dimensionless quantity that characterizes the ratio
between inertial and frictional forces. It is determined from the relation:

v -l
Re = —
V

Where v is the air velocity bypassing the profile (usually higher than the wind
speed), [ is the characteristic length (in the case of profiles it is the chord length)
and v is the kinematic viscosity of the air (can be determined from the dynamic
viscosity/density ratio).



Tip-Speed Ration (TSP)

For certain revolutions per minute n [rpm], tips of the turbine blades move in the

plane of rotor on radius r at the peripheral speed u. This speed mathematically

expresses the magnitude of the arc that the tips of blades travel over a period of time.

The direction of this speed is tangent to the circle (perpendicular to the radius):
2rn MmN

.

While maintaining the geometrical similarity of a rotor of a different size, the same
aerodynamic conditions are maintained as long as the ratio of the rotor peripheral

velocity u to the wind velocity v is defined as Tip-Speed-Ratio A:

P U won g
7 v 30-v




Tip-Speed Ration (TSP)

» The dependence of the performance coefficient on the Tip-Speed Ratio for
different types of wind rotors is shown in the following figure.

* The performance coefficient c, is a function of
Tip Speed Ratio A (c, = f(A)). o] -
» Parameter A specifies for which blade speed .| ]
and wind speed the machine is suitable.

Lip speed ratio A:-

1 blade, =9 2 blades, A= 6

THE BLADE ANGLES ARE
DIFFERENT IM EACH CASE.
OWLY THE PLAWFORM 15 THE

SAME.

performance coefficient cp

5 blades, A= 5 10 blades, A= 3 ;
Tip-Speed-Ratio
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Wind turbine power - summary

» Based on the existing knowledge, we can determine the final relation for the wind motor
power for a given wind speed: .

_ 3
P—Ep-cp-A-v

« |f it is necessary to determine the rotor diameter for the required power at nominal wind

speed, then:
D_ 8- P
7 Cp.n.p.v3

» The optimum value of the performance coefficient corresponds to the ratio of the
peripheral speed of the rotor to the wind speed at the nominal power for the chosen
rotor ty|i')e. herefore, if the nominal Rower at the optimum performance coefficient has
been calculated for the wind speed, the nominal rotor speed (RPM) must also be
calculated from this speed:

_30‘/10‘17
_ mw-r

n



Nominal machine speed

* The average local wind speed must match the
n Om ] n al m aC h] n e S peed : Power production of a typical wind turbine

U]m S 2.5 2 vlok | T :;on:lucei;ower

* The minimum speed at which the power station
starts is about 4-5 m/s = start of the power

characteristic (wind power operating mode). :
* The critical speed is about 20-25 m/s - the
plant must be shut down. - B

T T T T T T T 17 T T T T 7T 7T T 1T T L [
0 6] 10 15 20 25 30

* The power plant can withstand up to 60 m/s
with the rotor locked.

Wind speed at hub height [m/s]



Wind power plant operating mode - regulation

 Stall regulated (negative regulation) - Decrease in Cut-out wind speed

power with increasing wind speeds is due to Power

aerodynamic effects on the turbine blades (regions of
Stallegulated

the blade are stalled - less lift and more drag). The
fixed blades are aerodynamically designed to control
torque and rotational speed at high speeds (protecting
equipment). Cheaper and less maintenance costs.

 Pitch regulated (active regulation - turning the blade
around its own axis) - Pitch-regulated wind turbine
have an active control system that can vary the pitch
angle (angle of attack) of the turbine blades to
decrease the torque produced by the blades and Wind
rotational speed at high wind speeds, thus protecting Speed
the equipment.

Pitch-regulated




Engine Room (nhacelle) rotation

* The engine room rotates in dependence on e >‘( < R
the wind direction to prevent power drop. D’|: 9 ;h/
1. Lateral rotor - for smaller machines. U

2. Tail - not for large machines because the
rotor has a large gyroscopic moment

(stress).
. . e
3. Worm drive - for larger machines, A=D?-=-k,
combination of sensors (anemometers) and C
servomotors, realized by worm drive. K is the motor constant

(0.13 for high speed, 0.32
for low speed) c=(2 - 5)e



Engine Room (nacelle) rotation

>

* Turning the engine room => twisting the power cable.

* The cable is massive and can withstand 2 to 3 turns
(maximum /).

* The cable is hard-connected - the computer must
remember how many times the engine room has been
turned and then the engine room must be turned back.



Tower

Steel or concrete tube, diameter 2 m at the
heel, diameter at the top 80 cm, height from
30m to 100m, power cable leads through the
tube. The tube hides the mechanism for turning
the engine room. Need a deep foundation.

Smaller machines up to (kW units) can have a
mast anchored by steel ropes at one or more
levels.

Medium power machines tend to have a mast
desighed as a steel lattice.

It is always necessary to consider the inherent
resonance frequency.

AN

Lattice Pole Guyed Mast

Tubular steel tower




Other construction parts of the wind power plant [' >

* Foundations - reinforced concrete block (problem with
landscape restoration after the end of the plant’'s service life).

* Engine room frame - large part, small bus size, 15 mm welded
steel sheets, X-ray diaghostics.

 Rotor (rotating blades or fixed), gearbox (the most expensive
equipment within the engine room), rotor brake (mechanical,
aerodynamic), clutch, generator, engine room turning device.



Typical smaller sized turbine

Nacelle Blade
Length
J (1 4gm) Rotor
Diameter
\
\
.\
Averaze wind speed 28km/th 2
Wind speedto produce 200 kW 15 km/h Torweer
Wind speedto produce 750 kw 51 km/h Height
Maximum wind speed & km/h (35 m
Length of nacelle 85m
Weight of one blade 3t
Weight of nacelle 185t
Weight of entire installation St
Lower speed of blades 15 r/min
Higher speed of blades 225 rfmin 1
Foundation




Types of rotors

According to the aerodynamic principle:

 Resistance wind rotors - the surface set against the
wind puts an aerodynamic resistance =>
deceleration of the air flow => the application of
force and its transformation into a rotary motion.
Example: Savonius wind turbine.

» Lift wind rotors - use the principle of buoyancy
force that buoys solid body when moving in liquid).
xample: propeller, Darrieus wind turbine.

According to the axis of rotation:
* Vertical wind rotors
 Horizontal wind rotors




Lift wind rotors

T
A Lift How Wind Power Wo[ {s Turbine Aerodynamics

_————+%—Drag

ﬁ %

_’—-—'——H__R-— - -

= Lifting force Low pressure

*:__% ________ zone
Airfoil e Fy - R |
moion | . NNV Zzzz78 0 00 - -

L e i
~ i
—_—— —

o
- N e
Wind High pressure
|n_ zone
WIND velocity




Types of wind rotors - vertical systems

Properties:

 Omnidirectional device - receives wind from all directions,
eliminates the problem of cable twisting.

Components can be mounted at ground level (ease of construction
and operation, lighter towers => but lower wind speed).

Thegretically fewer materials to capture the same amount of
wind.

Self-starting problem - they can't run themselves.
Support at the top of the motor required.

Not very powerful and low reliability.

Examples: Darrieus, Savonius




Types of wind rotors - horizontal systems

Generally more powerful and stable.

* Small systems (<10 kW) - households,
farms, auxiliary applications - pump,
cold generation, etc.

* Medium systems (10-250 kW) - local
distribution grids.

 Large systems (250 kW-5 MW) - large
wind farms as a centralized source.




wind.enerqgy.gov

Wind direction

NNacelle Wind vane

Tower - High-speed shaft

Generator




How a wind turbine co

A typical wind turbine will contain up to 8,000 different components.
This guide shows the main parts and their contribution in peroentags
tarms to the overall cost. Figures are based on a REpower MM22

% Cost ratio of 5 MW wind power plant

turbine with 45.3 metre l=ngth blsdes and a 100 metre towsr.

_/
\
S

Tower 2b6.3%

Rangs in height from 40 metres up to more
than 100 m. Usually maradfactursd in sec-
tiens fromi roled st==l a Isttice structure or
corcrete ars cheaper oplions.

Rotor blades  22.2%

Warying in length up 12 more than &0 me-
tres, blades are manufacbured in specially
designad moulds from composite materi
als, usualy a combination of glass fbre
and =paxy resin. Options include polpester
instead of =pcwy and the addition of carbon
fibre to add strength and stiffness.

Rotor hub 1.37%

Made from cast iron, the hob hRolds the
blades in position as they turn.

Rotor bearings 1.22%

Some of the many differsnt bearings in a
burkine, tese hawe bo withstand the varying
forces and leads generated by the wind.

Main shaft 1.91%

Transters the rotational force of the robor o
the gearbo.

Main frame 2.80%

Made from stesl, must be sirong =nough to
support the entire turbine drive train, but not
b Frmawy.

together

Cables 0.96%

Lirk individual trbines in & wind farm 1o an
electricity sub-station.

Gearbox 1291%

Gears increase the low rotational spesd of
the rotzr shaft in seseral stages to the high
speed nzeded to drive the generator

Generator 3.44%

Conwerts mechanical energy info =lectrical
=nergy. Both synchroncus and asynchroncus
F=neraiors ane used,

Yaw system 1.25%

Mechanism that rotates the nacels to face
the changing wind direction.

Pitch system  2.66%

Adjusis the angle of the blades to maks best
uze of the prevailing wind.

Power converter 5.01%

Conwerts direct curent from the gererator
imto altemating cumrent 1o be exported 1o the
grid natwaork.

Transformer 3.59%

Conwerts the =lectricity from the turkine 12
higher woltage required by the grid.

Brake system 1.32%

Disc brakes bring the turbine 10 a halt when
required.

Nacelle housing 1.35%

Lightweight glass fbne box cosers the tur-
bine's drive trin.

Screws 1.04%

Hold the main components in place, must be
designed far sxtreme loads.



Wind farms

mountain passes, coast, on sea

Location: high places, open plains, % J
a) There is no prevailing wind direction

Turbines

k.d

kd -~ ‘
k.d: ik'd: \/\ i ; f |

d is rotor diameter, k is constant for
given number of turbines

b) Wind direction is prevalent - standing k'dI J T I
in line, turbines stealing each other a o—0
little wind d + reserve




Installation of wind power stations

* Huge equipment - necessary to
assemble on site and necessary to have
special trucks and equipment.

e First concrete foundations.

* The tube is assembled mostly in parts
using huge cranes.

* Big difference whether it is onshore or
offshore system.




Offshore systems

* Wind achieves steadily higher speeds than
above land => possible to produce higher
pOWer.

« High investment and maintenance costs.

 Current technology allows offshore systems
only in a depth of about 50 m.

 Floating systems are being developed.

« Attention must also be paid to the
transmission of electricity, which is realized
under water.




Effect of wind turbines on the environment

 Disturbing the landscape

* Noise
« Aerodynamic - slip of the air stream over the propeller
* Mechanical - lower frequency, long distance hum + vibrations

 Stroboscopic effect - when the power plant is between the observer and the sun

 Bird mortality - migration corridors and predator hunting areas must be taken
into account

* |ce formation and release - ice can form on the blades in cold areas in
combination with high peripheral speed => heating, antiadhesive surface of
blades,...



Offshore Wind Turbine
Development for Deep Water

Onshore
Wind Turbine

Monopile

—ri e i Fc:géqyat_gon

0-30m fixed bottom

 depth
20-80m

Current Technology - — ;‘;‘c‘t':fe

depth
40 -900m




Transitional Depth Foundations 30-m to 90-m Depths??




Floating Foundations

>60-m Depths

- = - T

i

;9




U.S. Department of Energy
Energy Efficiency and Renewable Energy

Bringing you a prosperous future where energy is clean, abundant, refiable, and affordable

Operating offshore wind
farms around Europe

oderiksha

Arklow Ban h Hoyle

Scroby Sands/ SRS

< :4,_‘_'::""'

-




;”’:.;.v,‘x U.S. Department of Energy
' # Energy Efficiency and Renewable Energy

Bringing you a prosperous future where energy is clean, abundant, refiable, and affordable

turbine —__

connection to onshore network tower

—— sub station switchgear
and

transformers




Bringing you a prosperous future where energy is clean, abundant, refiable, and affordable
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WIND TURBINE

Tube

https://www.youtube.com/watch?v=qSWm_nprfqE



https://www.youtube.com/watch?v=qSWm_nprfqE

https://www.youtube.com/watch?v=b7 ix42ehCQ&t=33s



https://www.youtube.com/watch?v=b7_ix42ghCQ&t=33s



https://www.youtube.com/watch?v=zUQifpcGTrg

https://www.youtube.com/watch?v=ECqpbgbT3UA



https://www.youtube.com/watch?v=ECqpbqbT3UA

Links to investigate

o https://www.nrel.gov/wind/

 https://www.ge.com/renewableenergy/wind-energy/what-is-wind-energy

« https://home.uni-leipzig.de/energy/energy-fundamentals/15.htm

» https://www.energy.gov/articles/how-wind-turbine-works
e http://web.mit.edu/windenergy/windweek/Presentations/Wind%20Energy%20101.pdf

« https://www.ni.com/cs-cz/innovations/white-papers/08/wind-turbine-control-methods.html

» http://researchhubs.com/post/engineering/wind-energy/pitch-regulated-and-stall-regulated-
wind-turbine.html

or google it...



https://www.nrel.gov/wind/
https://www.ge.com/renewableenergy/wind-energy/what-is-wind-energy
https://home.uni-leipzig.de/energy/energy-fundamentals/15.htm
https://www.energy.gov/articles/how-wind-turbine-works
http://web.mit.edu/windenergy/windweek/Presentations/Wind%20Energy%20101.pdf
https://www.ni.com/cs-cz/innovations/white-papers/08/wind-turbine-control-methods.html
http://researchhubs.com/post/engineering/wind-energy/pitch-regulated-and-stall-regulated-wind-turbine.html

Thank you for your attention

p-



