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WIND TURBINES

WIND TURBINES

Lift-based

Key parameters and dimensionless groups

Wind turbines extract kinetic energy from a flow of air; the rate at which this could be
extracted is the available aerodynamic power

AL x %meo = %pAVO?; = P,y NB: P,, x Vo?’O m o pAV
Typically A = 7R? = wD? /4 where R is maximum rotor radius.

The power extraction produces a thrust load on the turbine T o« MV, %pAVfo

Turbine blade tip speed is QR where 2 is the shaft angular speed.

Three key overall dimensionless performance parameters are (similar to most rotating fluid machines)

- Panatt
. Cp=1=
1. Power coefficient P % PAVS ?j
T / Nacelle
2. Thrust coefficient Cr=1—7 A Blades
OR Wind /
3. Tip speed ratio A= — / Tower
Voo / height
Many other dimensionless groups are important too, including ]
/v Wind gradient
Rotor plane yaw angle to incident wind direction, 7
Pitch angle of blades relative to rotor plane, 0 e
Blade airfoil lift and drag coefficients, Ci, Cq Also, ratio of tower height to

boundary layer depth, etc., etc.

Primary wind turbine types
Horizontal Axis (HAWT) Vertical Axis (VAWT)

Large Lift-based

Lift-based Drag-based

Small

Propeller-type




Wind turbine types

Like most turbo-machinery, different wind
turbine types are most efficient at different
dimensionless speeds (tip speed ratio).

Generally, HAWT propeller types are the most
aerodynamically efficient but that is not
always the most important consideration.

The most efficient turbines rely on extracting 12 3 4 5 6 7 8 9 10 1 12 13 14 15
power via lift forces on blades, rather than NooAR
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Wind speed, m/s

Expected power output =«

7004 |

Rated power output

Given the turbine operating characteristics as a function of wind speed o M——

3004 speed

P =P(Vy)

Turbine power output - KW

R=235m
QR=701mls

0 5 10 15 20
Wind speed - m/s

and the probability density function (PDF) of wind speeds at the turbine location and rotor shaft height

0.20

*—4 m/s mean

p(Va),  with / p(Vi) Vi = 1
0

°
@

6 m/s mean

the expected average power output is

Probability
o
B

10 m/s mean
0.05

P- /O P (Vo) p(Voc) dVi

Wind speed, m/s

The capacity factor (maximum value 1) is then
P

F= —nw———
¢ Rated Power

(Typically < 0.5.)
Annual expected energy output
W = P x 365 x 24 = CF x Rated Power x 365 x 24  (Units e.g. kWh.)
= CF x Rated Power x 8760

Clearly, good characterisation of the wind speed PDF at the actual turbine location is
fundamental to accurate estimation of average power output.

Yaw, pitch and speed regulation

The natural wind typically is quite variable in both speed and
direction over a range of both length and time scales.

This has implications for control as well as expected
power output.

T T T T T 1
0 100 200 300 400 500 600
Time, seconds

Wind speed variation — pitch

Yawed
flow int
ro?g: :ﬂsi. The aim is to run a turbine at its optimal tip speed ratio A.
This typically leads us to control blade pitch angle, though
speed regulation of generator output characteristic is another
= option.

Directional variation — yaw

0.6

HAWT do not naturally align themselves to the local wind direction
and so (a) the disk is usually yawed w.r.t. the current wind direction
and (b) some form of active yaw control/regulation is required.

04 /
Cp

Unsurprisingly, yaw reduces the effective power output and also
leads to elevated fatigue loading.

7
S
°

u/
S
3,

Simple theory says that  Cpmax,y = Cpmax c0s® v

/




Actuator disk model — 1

The ‘actuator disk’ model takes an idealised control- It ignores details of flow through the rotor, as well
volume-based approach to wind turbine performance as swirl in the wake, and may be used to represent
estimation and provides the upper limit estimate. the limiting performance of ‘any’ wind turbine class.
velocity
Voo freestream

wake —

pressure Xrotor

Poo |- freestream _—/I/’— wake —

Xrotor X

Y

Tn unit outward normal vector

Consider an -

axisymmetric control —y ?a Voo
volume CV bounded by jm— pounding streamtV - =
control surface CS. S f— Wake” Srpi] Vv
The actuator disk is — S B
excised from CV and Aev — Z_D;_ [SSUTUTTT DUTTTTTTTRRURTT =< N Aw
CS is partitioned into — & Ap =

the union — < 2
S=5rUScUSrpUSp :’.\ 3

T: thrust exerted by — I HEEI
rotor on fluid in CV. > < \

mSc P = Do all around S

Actuator disk model — 2

We take the flow to be (a) steady in time (b) incompressible, (c) inviscid and (d) bounded by a time-
invariant control surface.

Geometric integral over S 7{ ndS =20

Integral statement of mass conservation j{ V.ndS=0 using p = const.

Integral statement of momentum conservation / MV + f pVV .ndS =XFoy
steady

‘Momentum flux out — momentum flux in = force acting on control volume.’

There are no net pressure forces on far-field boundary since the pressure is uniform there. Forces
acting on boundary segment Sp are summarised as T, the (negative of the) thrust acting on the rotor.

p?{ VV .-ndS =T orjust for the axial component: p%VmV -ndS =-T
Partition outer integral, use fact that the net momentum contribution over Sp is zero:
p%VV-ndS:p/VV-ndSI+p/VV-ndSc+p/VV-ndSTp

= pVZAcv + pVso / V -ndSc + plVZ (Acv — Aw) + Viy Aw]

Now /V . ndSc = mSC/p = VooACV — Voo(ACV — Aw) — VwAW = (Voo — Vw)AW



Actuator disk model — 3

Substituting back and rearranging we find pVw Aw (Voo — Viv) =T  Good, but too many unknowns.

Try using continuity and Bernoulli equations as well.

Since pVw Aw is the mass flow rate inside the streamtube, this can also be written m(Vy — Vi) =T

where m = pViy Viy = pVpAp

Now the rotor thrust could also be writtenas T = ApAp where Ap = p; — p_ pressure difference across disk
Using Bernoulli’s equation from inlet up to the actuator disk and then downstream of the disk to the exit
Poo + 30V =4 +30Vh and p-+ 5pVE =pes +30Viy  giving  Ap=pi —p- = 5p(VE — Vi)
Equating the two expressions for thrust we have  pApVp(Vee — Vi) = 3pAp(VZ — Vi)

Solving for Vp we get Vp = %(Voo + Viv) i.e. the average of the upstream and downstream speeds.
If we define Vp = (1 — a)V,, Where a is the ‘axial induction factor’ and then further rearranging the above

we find Vw = (1 —2a)V,, i.e. half the slow-down occurs upstream, half downstream of the disk.

Finally T = 2pApV2a(l —a) or, compared to the maximum available dynamic pressure force on the disk

Cr=1———=

. . . dEsys 0
Integral statement of energy conservation — ek R .
g gy KWW N / %t<(ep) dv + jé epV -ndS

no heat steady

‘Heat rate in — Power out = net outflow of energy per unit time.’

Actuator disk model — 4
with e being energy per unit mass: ¢ = GM ~+ €kinetic + e@,@l +M and exinetic = % PV

So _W = f %pVZV -ndS where W = Wshaft + Wpress + inscous stress

= shaft+j§pV-ndS—7§Tn-VdS

ignoring the final term for frictionless steady flow,

—Pahate = prS+%épV2V-ndS

since p = p., = const on control surface and ?{V -ndS =0 for incompressible flow

—Panatt = —5pVE Acv + 5pVE (Acy — Aw) + $pViv Aw + $pV2 (Voo — Viv) Aw

on S on Stp on Sc

= +3pViv Aw — 1pV2Viw Aw
- m(%vv%/ — %Vfo) Recall 1 = pViw Aw = pVpAp

Finally Ps = 1pApVp(VZ —Viy) =2pApVia(l —a)?

or, normalising by the maximum possible kinetic energy flow rate through disk area



The Betz limit

From the actuator disk model

dcC
Cr = 4a(1 — a) max value where T T—0= a=05 0Cp, =1
a
dC 16
Cp = 4a(1 — a)? max value where TP =0 = a=1/3, Cp,, =5 =059
a
1 — . o
L Cr = 8/9 1 Cp,max = 0.593 is known as the Betz limit, and
- . no unshrouded wind turbine has exceeded it.
L Cr J
& Cp =16/27 ] It is often used in estimating the upper limits of
L 05 . possible power extraction for a given wind turbine
© r - c i (not restricted to HAWT).
I = P ]
- H\ -
0 / . . . . | , , , h \ Cr=172 ;:4\/02 l
GLAUERT i
0 05 ' o WL | e %@)
1 , |
In practice, the simple actuator disk model | ] i : b e
is only found to work for a < 0.4. by c!% & ivou;::rz...;, W
i 1 et | Iy C ! / |
Note that in this range, wake expansion Ty, B o b ¥ moje‘fm
increases with a, with the ratio of upstream to M| [ 1 B aRae
downstream streamtube areas being 1 - 2a. | ;. ' ji off 2 RCAMEND:LIR0se
seRo ST TIECRY | h/a \ ./ §nacaTNz2)
CASE _ 1 VALID i TumsuLENT \\!I/ 2 BRCRGMBES
Also note that the simple actuator disk model g:® = ;°-5' ' :'-° ’
is also appropriate for use with propellers. i i
-1.0

Actuator disk with swirl — 1

Our analysis so far takes no account of the fact that because power results from torque (i.e. the
product of a tangential force) multiplied by a rotational speed there must be an equal and opposite
tangential force applied to the fluid at each radial location, causing a swirl in the fluid. This contributes
kinetic energy in the wake that cannot be recovered, and the more swirl, the greater the loss.

Stream tube boundary Stream tube boundary

\ | at rotor (actuator disk) plane

s o

—_—

Rotating
& actuator

S s e s

Also to this point, we have not accounted for the influence of tip speed ratio on power. The following
analysis tells us the best we could hope to achieve by way of power output at different tip speed
ratios, and describes conditions in the “Optimum Glauert rotor”.

Note that although swirl is accounted for, individual blades are not; the analysis is still for an actuator
disk model.

Somewhat paradoxically, it transpires that the lowest wake swirl occurs for high tip speed ratios.



Stream tube boundary ACtuatOI' diSk With SWiI" - 2

at rotor (actuator disk) plane . . . c e s .
( )P From conservation of linear momentum one finds the infinitesimal
contribution to overall thrust at each radial location is

AT = d(1h) (Voo — Viw) = da(l — a) 2 pV22mr dr = drrpV2a(l — a)dr

From conservation of angular momentum one finds the infinitesimal
contribution to overall power at each radial location is

. here dQ is infinitesimal
AP = d()rVy = 2mr2pVpQVydr (= QAQ e soisriniesme) )
where 2 is rotational speed and Vj is the absolute swirl velocity downstream of
the rotor disk (zero swirl upstream). As before Vp is the axial velocity at the disk.

Recall that Vp = (1 — a)V,, and we also define Vy = 24’2 where a and a’ are respectively axial

and azimuthal (or swirl) induction factors. Note that a and a’ vary along the blade radius.
R

Sonow dP = dmpQVaod (1 —a)r®dr  and P = dmpQ2Vs, / d(1—a)rdr
0
8 [ tip QR Qr r
In dimensionless terms Cp = — "1 = a)\2d\, A = A, = _\r
[ [ P =13 /0 a'(l—a)A; where speed Ve and i 7

dimensionless radial position
. L L for a given tip speed ratio
Clearly, in order to maximise Cp we need to maximise B ‘l\ﬁ force

a’(1 - a), a function of radial position.

For potential (inviscid) flow and for small blade angles of
attack we can relate the two induction factors a’ and a.
Various methods can produce the required relationship.

plane of rotation

The geometrical method outlined here is based on the
idea that the total induced velocity is in the same
direction as the lift vector acting on a blade.

Actuator disk with swirl — 3

I lift force
\ From similar triangles:
a'Qr (1-0a)Vs
= t = ———
tan ¢ AV and an ¢ 1+ a)Qr

Equate and rearrange:

Nad/(1—d)=a(l—a) Ar = Ar/R

1 1/ 4
or a/=—§+§ +FCL(1—G/>

Recall: in order to maximise Cp we need to maximise a’(1 — a).

Substituting for a’ and differentiating w.r.t. a, set to 0, we obtain

1—a)(4a —1)? 1—3a
/\f = % and then ' = 1a_1 which are values that provide maximum power production.

Differentiating the first of these w.rt. a, rearranging:  2\-d\, = [6(4a — 1)(1 — 2a)?/(1 — 3a)?*]da

(1 — (12)(4@2 — 1)2
1 —3@2

Where a1 corresponds to the (root) axial induction factor for A; = 0 and

A
Subbing back into Cp = %/ a’(1—a)A2d)\,. one obtains A\ =
0

24 (%2 [(1—a)(1 —2a)(1 — 4a)]?
/ [ da

C [ —
P,max A2 @ 1—3a a» corresponds to the (tip) axial induction factor for Ar = A.

(-a@a-1? (-a)le-1> o M=0=a=1/
1—3a 1 —3as A= 00 = az — 1/3

Now from \? =



Actuator disk with swirl — 4

sothat Cpmax = is only a function of A.

24 /“2“) (1—a)(1—2a)(1—4a)]” d
)\2 1/4 1 - 3a

By change of variables from (1 - 3a) to x, Glauert obtained the solution in closed form as

=1/4
8 64 5 4 3 2 —1 v /
Chmax = ——= | —a°> + 722" + 124x° + 382" — 63z — 12Inx — 4x
’ T29)\2 | 5
rz=1—3as
" 06 ..........................
A ap Cemax | T
& 05+ g
0.5 0.2983 0.289 i
1.0 0.3170 0.416 5 04
15 0.3245 0.477 £ 034
20 0.3279 0.511 3 ;
25 03297 0.533 g 027 —— Betz limit (no wake rotation)
50 0.3324 0.570 & o014 --------- Including wake rotation
75 0.3329 0.581
10.0 03330 0.585 0.0 | 1 | | ]
o 0 2 4 6 8 10
e 1/3 0.593 Tip speed ratio
For given A, find optimal a2 (the tip value ey ¢
of a), from which we can obtain a’ at the o :
tip and then all the way to the blade root. § //,
2 F
PR S 0.2 3
We see that the Betz limit is recovered as g —a
5 e Values for A = 7.5. e
0 = 014 I
Turbines with these characteristics are called -
“optimal Glauert rotors”. 0.0 : ||||
0.0 0.2 0.4 0.6 0.8 1.0

Non-dimensional blade radius, 7R

Blades, airfoils, wings

Turbine blades are basically rotating wings, usually twisted from
root to tip in order to account for the difference in azimuthal
blade speed from root to tip.

wind
direction

N

To make further progress in our analysis, we have to start 0

considering blade aerodynamics and details of the flow around o d diecton
(a finite number of) blades, rather than assuming ideal flow in Totation

an actuator disk.
NACA 0012 Airfoil
Since blades are typically long and thin and radial flows are
typically small, it is usual to start out considering 2D flows around NECABE 215 /Ao
airfoils, and then add in 3D effects as corrections (but in which
radial flow components are still ignored) . This is also true of most
wing analysis and design, so the methodologies are firmly related.

!

N

Fortunately (in the case of wings at least) the 3D effects are readily and accurately computable using
inviscid/ideal aerodynamics, while flows around airfoils need to be characterised either by experimental
measurements or nonlinear (i.e. boundary layer or Navier-Stokes) computations. For wind turbines, a
full accounting for 3D effects is more complicated than is typical for wings, but simplified approaches
are usually considered good enough for initial estimations.

When it comes to the flow around wind turbine airfoils, it is also fortunate that typical flow speeds
are well below the speed of sound (about 340 m/s at sea level) so that compressibility effects are
small — flows can be treated as incompressible, and the main parameters (in smooth flow) for
airfoil performance are angle of attack a and chord Reynolds number.

_pVe Ve

==

Re

15(1)-0417 Airfil __chord ¢ | TE
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Forces and moments on airfoils

Here all the forces and the pitching moment
My are values per unit length along the span.

The overall reaction force R can be
decomposed into various orthogonal
components, here (L,D) and (N,A).

The forces and moments result from the integration of surface tractions around the perimeter of
the airfoil. Again the surface tractions are conveniently decomposed into orthogonal components
normal and tangential to the local perimeter.

Local: pressure and skin friction (tractions)

~ Pressure
- (normal)

Local unit n T

surface normal
and tangential
vectors n and t.

NB: one can show that for solid
boundaries, the normal traction
is caused only by pressure and

Skin friction the tangential traction only by
(tangential) Traction vectors. viscous stress.
Global: lift, drag, and pitching moment
l 9 P 9 Since typically L is what we want
_ B L=IR and D is an unwanted cost, desire
R /0 (=pn +7t)ds | B[ cos o L » D. Usually this also requires a
D = |R|sina

to be fairly small, say < 15¢.

!
M = /0 (x(s) — @) x (—pn + 7t) ds (o is arbitrary) B forces R, L and D do not depend on

choice of origin, but moment M does.

Aerodynamic coefficients

Local/sectional Global/wing/vehicle

T forces and
moments here are per
unit span length.

Dimensional analysis shows that for 2D steady

. C. — P — Poo NB: by convention, lower-case subscripts (Ci
Pressure coefficient P 1ov2 etc.) denote sectional (2D) values while upper-
case subscripts (C. etc.) denote whole-aircraft
-
Skin friction coefficient Cr=1—5 (or 3D) values.
C L C L S
i iCi =T 2. L=7T 24 is the wing area
Lift force coefficient % pV2e % pV2S g
C D C D
Drag force coefficient d= 1 1,2 D= T 35 a
g spVZic 3pVZS
o co— M Crr— M ¢ isthe mean
Moment coefficient m = % pV2 2 M= % pV2Se  aerodynamic chord

These global values are not very relevant to
wind turbines owing to effects of blade twist
and rotation.

Mas = Vs /a  a=speed of sound

C; = function(shape, a, Maoo, Re.); i =p, f,1,d,m

C; = function(shape, a, Re.); i=p, f,l,d,m

Re. = pcVio /1 = Voo /v

For wind turbines, Mach numbers are low and this becomes

For wind turbines, effects of free-stream turbulence and surface contamination may also become
very important — whereas both effects are rather small for typical aeronautical applications.



Boundary layer separation and stall

2.0
It is obvious that C;=0
when a = /2 (90 deg). 16
G

But nonlinear/boundary 12
layer effects make C;
reach a turning point at
much lower q, called the

separation jumps forward,
no more lift increment

0.8

strongly expanding

0.4 dc, :;:?: s:ei? air region, large turbulont wake

, high profile drag
stall angle of attack. =0 \/ da
x | 0 . | %t | . 50 000 kW
45 10 5 10 15 20 iz
o, deg.
04
(a) lift coefficient
0.8

The details of how this happens, and of the aerodynamic
coefficients in general, are quite strong functions of Re
over ranges typical for wind turbine operation.

600 kW
so0kw  930m

Lift coefficient

S50 kW
2.0 . 0.020 — 615 m
7
4 P
15 - % S 00154 1 1 T T T T
E ‘5 J 1980 1985 1990 1995 2000 2003
% .
i S 0010 Power Re root Re tip
oy 02kW | 58x104 | 1.2x105
0.5 — —— Re=3.0E6 o 0.005 - —— Re=3.0E6
: o RE=15E6 : o Ro= 15 E6 50kW | 2.0x105 | 1.3x106
---- Re=7.0E5 ---- Re=7.0E5
- - ldeal flat plate 5 6
0oL | | | | ool 600 kW | 7.0x105 | 1.3x10
0 5 10 15 20 0 5 10 15 20 2 MW 1.5x106 2.2x106
Angle of attack, degrees Angle of attack, degrees
Post-stall behaviour
1.5 2 .
............... p— St 1: Airfoil ds static stall le,
£ _,-"'- o 15 . 2 \ ﬂosvgfeverslalz‘t:::epe}azesi: ;:coz:da?';‘?a?er.
0 1.0 - 5 e
..08_, - E 1 74 4
= 0.5 ~ s — ~
c - 5 Stage 2: Flow separation at the leading-edge,
g 4 . o formation of a “spilled” vortex. Moment stall.
c 0.0 LS =5 0 5 10 15 20 25
[0}
£ x\
7
g 0.5 < —@ 0.1 — ~
z P cd 0 Stage 2-3: Vortex convects over chord, induces
extra lift and aft center of pressure movement.
N ==

I I I I 1
-20 0 20 40 60 80 100
Angle of attack, degrees

—Unsteady|
—o—Static 3

5 10 15 20 2 T
Stage 3-4: Lift stall. After vortex reaches trailing-
edge, flow progresses to a state of full separation.

|

-

o
Moment coefficient, C ,,

S b5 b

o=

06

— s 3 S
More than is commonly the case in aeronautical o oe R -
applications, portions of wind turbine rotor blades g :: =~
may be stalled for significant parts of operation, £ o e Tow reatnos font s e
e.g. during starting or for speed regulation. o1 —
03 5 1 15 20 25 x\\

Angle of attack - deg.

Hence information about post-stall behavior is
often required but can be difficult to obtain from

database sources. More generally, blades may stall and then

recover during different rotation phases. This
leads to the need for data or models of dynamic
stall behaviour, which is typically hysteretic.

And it is difficult to model computationally.
Various simplified models exist for static
estimates.



Finite lifting wings (and blades) trail vortices behind

Wing-tip vortices are driven by pressure differential between the
upper and lower sides of a wing, associated with production of lift.

1yt

FELTHH {: Pressure difference AND lift (circulation) per
(a) Flow around the tips (front view) (b) Cross flow (top view) lmi‘l spa" must fa" fo zero at Wil’lg/blade ﬁps.

2. A downwash velocity is produced by tip vortices.

Voo

An alternative viewpoint in terms of circulation is that the swirl
cannot abruptly end at wing/blade tips - it has to trail downstream.

Side view

downwash velocity
between trailing vortices

24

Wind turbines: tip and root vortices

For a wind turbine (or propeller) ~ RS
blade circulation must be shed %9
from both the root and tip of each KN I, 1V
blade in a helical arrangement. ol |

As for a finite wing, this is related W )l 1
to the fall in circulation aligned ',' i
along the blade to zero at each A YV
end, owing to a reduction in A\
pressure difference from one side
of the blade to the other to zero at
each blade end.

-

Curved vortex
/ filament
. | = L i .

a—matkers This must produce yet another source of
) induced velocity (and associated losses) to
be considered in blade analysis, but the
analysis is considerably more complicated
e e e than usually used in wing aerodynamics
% by blade N—1 . .

owing to the complex shapes involved.

Straight line segment
approximation

The usual approach is to use a ‘tip loss
correction’, as initially worked out by
Prandtl. While not completely
accurate it is often assessed as being
‘accurate enough’ for turbine design
purposes.
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Blade element momentum (BEM) method

This method is a hybrid of the 1D actuator disk with swirl analysis with localised analysis accounting
for a finite number of blades of given chord, airfoil section and twist.

. The stream tube is broken down into a number of annular elements.
There is no radial flow across these element boundaries.

There is assumed to be no radial dependency; the flow within each element
is independent.

The force from the blades on the flow is constant in each annular element -
the number of blades is initially assumed infinite.

5. Correction for a finite number of blades is made via Prandtl’s tip loss factor.

For an annular streamtube with swirl, we already established the infinitesimal contributions to overall

Thrust dT = 4a(l — a)3pV2 277 dr
Torque dQ = 47 pQVad (1 — a)r® dr at each radius .
Power dP = QdQ = 47pQ*Vood' (1 — a)r® dr

Velocity triangle and blade geometry at a given r :

a = (local) blade angle of attack

Rotor plane 0 = (local) blade pitch angle
=6p+PB

= (reference/tip) pitch angle, 6,
+ blade twist angle, 3

26

Blade element momentum (BEM) method

Geometry:
a=¢—0
~—epaar—r— ... Rotor plane o 8 - a/))‘?zoo
a r
Voo (1 — a)

Lift force per unit length L = 1pV2 ¢ Ci(a)
From airfoil data:

Drag force per unit length D = %pvfel cCy(a)
But we care more about these forces resolved into directions tangential and normal to the rotor plane.
pr = Lsing — Dcos ¢
pn = Lcos¢+ Dsin¢

Or, in coefficient form  C; = Cysing — Cycos ¢ = e
N §p‘/relc
: PN
Cpn =Crcos ¢+ Cygsing = 5 5
Rotor plane From geometry Viasing = Voo (1 — a)
v Viercos ¢ = Qr(1+a')
rel

. - B
We define the solidity o(r) = Cé% where B is number of blades.
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Blade element momentum (BEM) method

Now combining terms we have alternative expressions for infinitesimal contributions to thrust and torque:

2 1— 2
AT = Bpy dr = LppYeell — o) (;‘) ¢Cy dr
sin
V(1 —a)Qr(1+d
dQ = rBprdr = %pB ( singgcos(qﬁ )cCt dr

Equating with d7" = 4a(1 —a)ipVZ2rrdr and dQ = 47pQVa.d' (1 — a)r® dr , rearranging, we obtain:

a=1/[(4sin?9)/(cCy) + 1] a'=1/[(4sin¢pcos@)/(aCt) — 1]

A solution algorithm for each strip (radius r) given blade geometry, Q, and V.. is then

1. Intialise a and a’, typicallya=a’ = 0.
2. Compute the local flow angle ¢. ¢ = arctan{[(1 — a) Vo] /[(1 + a")Qr]}
r 3. Compute the local angle of attack,a. a=¢—1¥
4. Obtain C;and Cq from tabulated values.
5. Compute Cp and Ct. Cp=Crcosp+Cqsing  Cp = Cysing — Cycos ¢
L 6. Compute a and a’. a=[(4sin?¢)/oC,, + 171 ' = |[(4sin¢cos)/oCy — 1]~
7. Have a and a’ converged?
8. Compute the local loads on the blade segment.

Since flows at each radial location were assumed independent, this algorithm can be used
independently at each radius.

We still need to apply Prandtl’s tip loss correction and Glauert’s load correction if a is large.

Prandtl’s tip loss correction factor F

Prandtl’s tip loss correction — and variations on it — are approximations that attempt to account for
the effects of the additional flows induced by the presence of the helical array of tip vortices (at each
end of the blade).

Prandtl’s model is based on the ideal flow around the edges of an array of discs held normal to
the oncoming flow. It is a simple approximation but works surprisingly well if tip speed ratios are
not too small.

. The tip loss factor F is applied to the infinitesimal
contributions to thrust, torque and power coefficients

dT = F4rrpVZ2a(l —a)dr
dQ = F4nr3pVeQd' (1 — a) dr
dP = F4nr3pV,Q%d' (1 — a) dr

F= %cos_1 exp(—f) with f= gm Blade tip
_ BO/R) - (Ro/R)
2  (r/R)sing

or f Root @ Ro

If accounting for both root and tip losses then F' = Fiip X Froot

The loss factor F is incorporated into the BEM ~ a = 1/ [(4F sin® ¢)/(¢C,) + 1]
method by changing the definitions of the axial
and azimuthal induction factors as follows: a' =1/ [(4F sin¢cos ¢)/(cCy) — 1]

1
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Glauert loading correction for large a

A
i GLAUERT l 1
od W S é%) - Cr=8)9
i ; i iRy .
l ; i S A AT It is found that the I
T : 'IN:ELL Di% : 8n° jvo";::T:m;/ C assumptlons of (_)& CP = 16/27
i arare - o | / i simple momentum . 05
i, 1.0 o ~ [l MOMENTUM by, a
ot | | E WRNe/  momie  theory breakdown  © -
STATE } BRAKE
i \{ ! 74: NACA MR NO.L5D080 fora>0.4. =
B MOMENTUM | | -3
ZERO SLIP THEORY | h/. N| [ gMAckN ) S
CASE . ] VALID | rumewewsr  \ |/ O ercramess
. — .'“f"‘.“ i \/ a 0 ! ! ! L | L L L h
0 los T.o 0 0.5 1
| ! a
i |
-1.0
The response is to adopt empirical relations for Cr at large values of a.
4a(l —a)F a<1/3 4a(1 — a)F a<a
Cp — Jdal=a) <1/ o op=ltall=o Sde g m02
4a[l — 0.25(5 — 3a)a]F a>1/3 4[az + (1 — 2ac)alF  a > a.
The second of these gives a=1/[(4F sin® ¢)/(cCy) + 1] a<ac

0 =052+ K(1-2.) — VK1 —20) + 2P T 4(KaZ—1)] a>a

and K = (4Fsin?¢)/(cC,)

The remainder of the BEM method remains as previously described.
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BEM evaluation of total load, torque and power
Given a HAWT rotor geometry and V., Q, we are now able to use BEM method to calculate the

thrust load and torque (and hence power) for the whole rotor by integration:

R R

dT d

Thrust T= / —dr Torque Q = de dr Power P=0QQ
Ro d'l" Ro d'I"

using the expressions already established for d7/dr and dQ/dr.

@) (b) ©
0.873 29 121
071 —— With Prandt tip losses §._ —— With Prandl tip losses ) —— With Prandt tip losses
© el | = Without Prandti tip losses Q ===---- Without Prandl tip losses. %" 19| == Without Prandti tp losses ]
£ 061 > 1.5 -
] ¥ . i
5 Ideally twisted blade, 6= 1° 5 =1 1deally twisted blade, 6= 1 i
% os ly e % Ideally twisted blade, 6, = 1 § 0.8 Y w» -~
< 2 blades, o = 0.05 2 2 blades, o = 0.05 2 2 blades, o = 0.05 H
£ 041 X6 £ 1 £ o6 X ® i
3 © -] i
2 03] ] 5
3 g 2 04 !
3 0.2 ﬁ 0.5 a H
0.17 k] g 0.2
0 , . . 0 - . - . | 0 LA , : . {
0 0.2 04 0.6 0.8 1 0 0.2 04 06 08 1 0 02 0.4 06 0.8 1
Nondimensional radial position, r Nondimensional radial position, r Nondimensional radial position, r

If desired we could then work back to obtain

o T o or o, P _ 2P OR
T 1pAV2Z  TR?pVZ P IpAV3 — wR2pVE forone value of A= .
0.6 ) — —y
- 054 2 oons 7 Finally, if we have PDF of wind
Repeat the same calculations EvE epoed. pll
for arange of A values (to cover 5 ) AT
the expected range of V.. if Qis ~ § °° / { - =
fixed, Say). % 021 — P = / P(VOO) p(Voo) dV,
o 0.1 g |- Prandﬂlosses:‘n::y=001 0
, X

0 é Alt é 8 10 12
Tip speed ratio, X_



BEM evaluation of total load, torque and power

Finally we should point out that larger wind turbines often operate near a fixed rotational speed Q,
determined by the grid AC frequency (e.g. 50 Hz), the generator design, and mechanical gearbox.

In this case it is useful to plot the dimensionless performance characteristics in the form of a
Kp vs 1/A curve. This shows (non-dimensionally) how the power output varies with wind
speed for a fixed rotational speed.

Power Power Cp Vo
Kp = = = 1A= -2 x Vo
P I0QRPA,  Lp(QRpPrRE T N A=ar ™
0.6 0.006 706
0.5 0.005 /N z /| 0.5
= BTN I
Co 0.4 // 0.004 — i / 0.4
0.3 / 3 \/ &

/ Kp 0.003 |— / 03
0.2 / / bl
0.002 02

0.1 / 3
W4 Cp
o1 0.001 / &
A oL/ 1o
0 01 02 03 04 05 06 07
1

0.1

-~
N
[~ ~

Electrical generator characteristics

The most common type of electrical generator for large wind turbines connected to a 3-phase AC power
grid is the asynchronous induction generator. These have a multi-bar ‘squirrel cage’ rotor connected to the
shaft and a rotating magnetic field generated by each of the phases hooked up to separate electromagnet
coil in the stator, producing a rotating magnetic field (RMF). Each set of three coils constitutes a single
magnetic dipole.

g

The speed of rotation of the magnetic field
reduces as the number of pole pairs increases.

S ,& No. of poles Synchronous speed (rpm)
i 2 3000
@t s % 5 8 4 1500
S £
@ DWTMA 1998 g 2 8 6 1 000
8 750

Two-pole stator Four-pole stator

A step-up gearbox is used between the turbine shaft
and the generator shaft.

e

N

Squirrel cage® A 178 & ooumin o

® 1998 wvwrw WINDPOWER.Org

If the squirrel cage/generator shaft rotates at the same speed as the RMF there is no torque and no current
flows in the squirrel cage bars. If the shaft rotates at a slightly higher speed then a large current will flow in
the cage, producing its own magnetic field, which in turn interacts with the magnetic field in the stator to
generate a back-EMF in the stator windings. (Alternatively, if the shaft rotates slower, we have a motor.)

http://www.motiva.fi/myllarin_tuulivoima/windpower%20web/core.htm
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Electrical generator characteristics

Mg

M Breakdown _

Hansen MA

fgrid

no = 60 No. of poles

(fgria in Hz, no in RPM)

Slip = n o

Typically 1 - 3%.
o

F- Generator mode

n = — X gearbox ratio
2m

The torque—-speed characteristic of the turbine is set

nO nnom

Motor mode

-
800 — Motor ™%
Generator

600 —|
400 —

Typical torque-speed
characteristic for an
induction generator.

—— Current
......... Power
— - - Torque

n so that (referred to the generator through the gearbox
ratio) the two torques balance in the linear portion of
the curve, below the breakdown (a.k.a. pullout) torque
and where the electrical efficiency is reasonable.

For a stall-regulated turbine, the generator can be
used in motor mode to spin the disk up to
synchronous speed.

1.0 4
I~ 6000

0.8 4
I~ 4000

0.6 4
I~ 2000

Torque, Nm

Power, kW; Current, A

—200 Manwell et al.

0

--------- Power factor
—— Efficiency

Efficiency, Power factor

0.2+

—-—2000

0.0

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000

Rotational speed, rpm

Rotational speed, rom

NB: these two diagrams are for a 60 Hz grid frequency and a 4-pole stator.
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Aerodynamic aspects of control

wind
(1-a)Voo / direction

ep Wood

(1+ad")0r
-

direction
of
rotation

Y

i Hollow main shaft

Hydraulic pressure tap Pitch bearing

Pitch bearing
outer ring

Hansen

)

It is easy enough to see that for any given pitch angle 6, and
rotational speed Q, at least some part of the blade will stall
as wind speed V.. increases (i.€. as a increases).

. For fixed pitch, the blade is likely to be completely stalled at
Q = 0. This may mean the turbine is not self-starting — an
important design consideration especially for small machines.

. For fixed pitch and a given rotational speed Q, the blade will
eventually become completely stalled as V.. = «. This can
aid in regulating power output to the rated value of the
electrical generator at high wind speeds, since for large
machines the rotational speed is usually approximately fixed.

. Variable pitch may be used actively on the entire blade as
part of the starting/power regulation system, or passively at
the blade tip for braking/power regulation.

Burton et al.

Blade

Blade wall

Pitch bearing

~ Hubwall-
cylindrical S B
geometry

Linkage arm

for pitch actuation Hub wall—
spherical
geometry
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Aerodynamic aspects of control
BEM calcs for NTK 500/41 fixed-pitch stall-regulated turbine, rotational speed 26.8 RPM (= 1500/56 RPM).

800 : 06 0.55
700 PN i CUBLSE i P e cqmm 0.55 BEM computation NKT 500/41 ~— 05 BEM computation NKT 500/41 —+—
0.5 0.45
800 PN 045
E ) C g 04
= 500 04 0.35
o
5 g5 0.35 a 03
H & ]
H S 0022 © o2
E 300 '02 0.2
S X
200 0.15 0.15
0.1
0.1 i i
100 ey A= QR/Vy 005 | /A= Ve /(QR) x Vig
0 <l n 0 0
0 5 20 25 0123 456 7 8 9 1011 12 13 14 15 0 005 0.1 015 02 0.25 0.3 0.35 04 045 05

10 15
Wind speedV,, [m/s] 1A

Typically, fixed-pitch machines must be started using a motor once the cut-in speed is reached, and are
braked either aerodynamically or mechanically above an upper-limit speed (for the turbine above, these two
wind speeds are 4 m/s and 25 m/s respectively). (NB: blade pitch can be manually adjusted at the hub.)

For variable-pitch (but constant nominal speed) wind turbines, Py
the pitch is controlled so that above a particular wind speed % e, 0
the rated power of the generator is matched and the A o & /

N,
\

inal power

aerodynamic power becomes independent of wind speed.

Variable pitch turbines can be made self-starting low wind speeds
and either feather- or stall-regulated at high speeds. But they are
more complex than fixed-pitch machines.

Small wind turbines may
also use yaw control for
furling (shut-down) at
high wind speeds.

Voo(B) Vu(C) Vi

Aerodynamic aspects of control

1 MW machine run with fixed pitch and stall regulation. Same turbine run as a variable-pitch machine.
V-55 (m/s) Vindhast, h = 55 m Sar = 57 V-55 (m/s) Vindhast, h =55 m S w60
o (R N ,J‘: = . |
249 = ) i 1 1 25 + 2t
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Al ! ! | ; b R i b
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Pitch-regulated turbines have a larger values of dP/dV.. £00
than equivalent stall-regulated turbines when running at -
rated power and hence show greater variation in power
output with wind-speed fluctuation. ool st rgauiaiod; phohangiecioA—
Variable pitch -
However they have lower fluctuating structural loads £ sl
and can continue operation in higher wind speeds than *
an equivalent stall-regulated turbine. 200
100 4
00 5 2‘0 25

0 15
V[mis]
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Aerodynamic aspects of control

For variable-pitch machines there are two ways of achieving control to regulate power to the rated
value of the generator. The two sets of curves below are for a 60 kW turbine/generator combination.

120 — |
1. Pitching to stall

100 vy
=
s % cg
20 / +2 deg N

60

40

Electrical Power kW

20

15 20 25
Wind Speed m/s

‘Pitching to stall’ involves small pitch angle excursions but

Electrical Power kW

100

80

60

40

20

there is some upper wind speed at which that method is unable

to maintain control and external braking must be applied.

‘Pitching to feather’ involves large pitch angle excursions
but is able to maintain control at all wind speeds. A
disadvantage is that the instantaneous power output
becomes increasingly sensitive to wind speed fluctuation.

The two options can be plotted on a control-strategy
diagram. Below the bifurcation, pitch is set to optimise
power output for each wind speed.

pitch angle

2. Pitching to feather
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