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HAWC?2 course

Lesson 3a: Aerodynamic modeling and implementation in
HAWC2

Peter Bjgrn Andersen
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Agenda

Circulation "bound"
to the blade

o Rotor Aerodynamics
— Introduction Bagelit
- 1D momentum theory and BEM ST |
- BEM and induction model in HAWC2 Iy = | e
— Tip loss and yawed inflow corrections ) = '
- Dynamic inflow

e 2D Aerodynamics o vortox
— Introduction Shed
— Aerodynamic forces and profile steady curves Taed  vorex
— Attached flow dynamics (indicial function) .
— Flow separation dynamics (dynamic stall model) prvious e

e HAWC2 Aerodynamics; step 1-6
- Small Exercise: “"Power up your turbine”
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Aerodynamics, why?

Annual yield
power density
Capacity factor
Cp, Ct

Loads

Material

COE

Certification

Picture with courtesy of
Suzlon Wind Energy
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Diameter: 100m
Rotor area: 7854m?2
Density: 1.225 Kg/m3

\\\’/ - Wind speed: 14m/s

W Massflow: 135t/s (!)

Lockheed planes: takeoff weight 130-140 t
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Aerodynamics in different ways
Steady-state

i

>

Unsteady aerodynamics

Unsteady aero-elastic

5 Risg DTU, Technical University of Denmark



Aerodynamics in HAWC2

oo
o
L 4
Induction Airfoil section
modeling aerodynamics
(lesson 3a) (lesson 3b)
Blade
dynamics
Aerodynamic Tower
blade forces € influence
Wind
description A
Main user input Blade Blade Airfoil
centerline def. planform data
(lesson 3¢)
- in htc_file - in ae_file - in pc_file
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Induction modelling

7

Increasing

model
complexity

BEM
Actuator disc

I

CFD

. Actuator disc )

i

Fixed wake

vortex codes )

N\ [

Free wake

vortex codes |

— Use of airfoil data

( CFD
. Actuator line |
Full
3D CFD
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Actuator disc — Model of ideal turbine
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- Infinitely many blades

The reaction of the blade forces applied
on the flow as volume or body forces

BEM equations (relation between
induction and load) derived for a
constant loaded actuator disc

DTU, Department of Wind Energy



The energy conversion — Bernoulli
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T =ApA

Bernoulli
%vpklz-+ p=H

Applied before and after rotor disc

p0+%ﬂ%f=p+%¢ﬂz

P—Ap-+3pu” = Py + ol



The energy conversion — 1D momentum
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Change in momentum

i

f = mA\7 =T = pVo A,V — U, AU, — oV (Acy — AV, — MgV

Conservation of mass and insert in momentum equation

PPN, = PAU + p(Acy — ANV, +Mgy, = Mg = PA (Vo - ul)

M= puA= pu, A yields T =m(V,—-u,)
Combining momentum and Bernoulli
u :%(Vo + u1)

DTU, Department of Wind Energy
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1D momentum continued

Introducing the induction factor a

u=>1-a)V, u, =(1-2a)V,
Extracted power for an ideal rotor is difference in power from inlet to outlet

P:%m(\/o2 —uz)

1
P 2pAV S a(l-a)’ 10
Cp _ _ yo 10 (3 ) :4a(1_a)2 [ | |
Poail 2PVo A 08 C1 -
06— ——f—— s —1 0593
Similar for the torque 04 L | i -
I
T = puA(V, —u,) 02| | .
|
T 2pAVSa(l-a 0 | ' Ly
CT:T = pl °V§A )=4a(l—a) 0 01 02 03| 04 05
avail 2 PVo 0.333

a
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1D momentum continued

Introducing the induction factor a

u=>1-a)V, u, = (1-2a)V, ”_f__ —
’ AU o :: AI
10 [ | I |74 U —
06— — —/~ = 0593
i CP \ ==
04 — B —
' % 14 ITI —u |4
02} I - o [Ao -
| v =
0 ] ] ] l | e—— : r
O 01 02 03y 04 05 ——
0.333 V
a =
— = |
e ”l
| /‘F )
¥ . 1
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The relation between thrust and axial induction

Turbulent Vortex Propeller

HE

Propeller Windmill Wake Ring Brake
' | T T T T
S
| fo f\ﬂ
' I 1 ] ]
2.0 LI
B~
O 1.6 L
g ] u = (1-ap,
@ iB Glauert's A q
L 1.2 |— Empirical /
= Formula y C — 4a(1_ a)
o | o'/’ I N 4 T
O 0.8 > g ‘ T
@ V 4; 1
2 A Valid Invalid | 4 CT — 5
< 0. \ ,
5 AL L |y 7 PVo A
= 0 N— Momentum —| |/
o Theory @
o ||
02 0 02 04 06 08 1.0 1.2 Afterwards this equation
Axial Induction Factor, a is used locally in a point
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Blade Element Momentum theory
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Rotor plane is discretized into

independent concentric annular elements
and azimuthal variation of loading

on which the 1D assumption is applied

rotor plane

rotor axis
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Induction model in HAWC2

270°

180°

A non-rotating grid is defined in which induced velocities are
calculated. Enables modelling of azimuthal variation of induction
e.g. due to shear in inflow or due to turbulence

15 DTU, Department of Wind Energy
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BEM in HAWC2 formulated locally in grid.

V

[e 0]

W

16

1 ,, *
Blade element theory: dI = Ep w-C, (af)cf\fﬁ
CT = 1 dr —
— pV>27R
2

WP C,(a)eNg

72
2arV;

CT

is the magnitude of the local free wind speed.

Axial thrust at given
radial station on the
blade

The local thrust
coefficient is found

u

indugaxial,local

’Voo,local‘

a=-—

is the relative local velocity (induction, deflec. etc.)

DTU, Department of Wind Energy

Cy(a) and C(c) are projections of C,(a) and Cp(x)

perpendicular and tangential to rotor plane, respectively

HE




BEM in HAWC2 continued

CT = 4(;(1 —a)

Momentum theory :

for a>0.33 the Glauert empirical correlation between a and CT is used

The solution to the above equation is written on the form :

a=Kk,CT°> +k,CT?+k,CT +Kk,

However, the a = f(CT) relation can alternatively be derived from an

actuator disc computation on the rotor and would then be a function

of position on the rotor disc

k(3)=0.0892074
k(2)=0.0544955
k(1)=0.251163
k(0)=-0.0017077

17 DTU, Department of Wind Energy

CT

#CT) = K3-CT? + K2.CT? + KI-CT + K0
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Tangential wake rotation

Angular momentum on annular ring
dQ=p(2zrdr)(1-a)VvV_(2a'Q)
Tangential blade forces on annular ring
dQ =1 pW?C, (a)cN,rdr

Above equations solved for the
tangential induction factor

— W 2Cx (OC)CN B
8ar’(1-a)V. QO
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Sub models to the induction
modeling

d tip correction model to account for a finite
number of blades

d a yaw model to account for skew inflow

d a dynamic induction model to account for
time lag in update of wake due to load changes

DTU, Department of Wind Energy
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Tip loss correction model in HAWC2

The Prandtl tip correction — take into account fin_ite
number of blades - radial velocity at the blade tip

O
NN

Fig. 54.

This is a suitable form according to the general theory of flow in terms
of the complex variable, it has the correct periodicity, and it gives zero
normal velocity on the surface of the lines. The general type of flow
is as shown in Fig. 60. Between the lines, far from the edges, the fluid
is at rest, but near the edges there is a small upward flow.

R : |4
$ | "
—— ¥ |
7l
Az
— L
I
T |
Fig. 59. Wi &0

DTU, Department of Wind Energy
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Tip loss correction model in HAWC?2 =

e The tiploss model used in HAWC?2 is based on the modified expression by

Wilson and Lissaman .

Tiploss factor F as function of r/R

18
F =2 cost exp _ N (1—r/B) o
T 2 (r/R)sing
0.6 NB=2
0.4 } =l-NB=3
0.2

JR—

0.8 0.85 0.9 0.95

o

e F is inserted in the induction calculation
) CT
CT =4a F(1- a) or = 4a(l - a)
._CT
F

CT

a = k_?- (-TT*S + ]1:3 CTT*E + ;1'1 (-'T*

21 DTU, Department of Wind Energy



Yaw correction model in HAWC2 e
<=
Z
- Based on model by Glauert
®, 4
x |z [ T = AIO|VOO + U; 2141'
----------------- rotor disc
GLAUERT FORMULA FOR Y AW
16
Z 14
o 12 F/ yaw 0 deg.
1 _ , 1 E '1 A,:_“:r,. yaw 30 deg.
CT:%(]—H‘—EHCGS(DJ_) W e e yawy 45 dleg.
o° 0.8 — e AW 60 deg.
n 0.6 3w 5 deq.
E 04 / yaw 90 deqg.
T 021
for ® =0 CT becomes 0
) 0 005 01 015 02 025 03 035 04
CT =4a(l-a) AXIAL INDUCTION FACTOR a

>> DTU, Department of Wind Energy



Azimuthal impact on yawed inflow =

. =1 (1 + k_ reos(y) + ke, r sin(yf))

lable 3.1. Various Estimated Values of First Harmonic Inflow

¥ Is the azimuth angle

Author(s) k,

Coleman et al. (1945) tan(y /2)

Drees (1949) (4/3)(1 —cos yx — 1.84*)/ sin x
Payne (1959) (4/3)(pa /A /(1.2 + w/2))

White & Blake (1979) V2 sin x

Pitt & Peters (1981) (157 /23) tan(x /2)

Howlett (1981) sin®

In HAWC2 the Coleman method is used with a
constant of tan(X*0.4) instead of tan(X/2)

23

DTU, Department of Wind Energy

Z
.
1
d, '
X a,
---------------- rotor disc
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Yawed inflow e
=
The reduction K, of the induction factor a as function of yaw angle and thrust
coefficient was shown in the figure above and in order to use the correction
directly in the induction calculation the following polynomial fit has been derived:
K =CT k,+CT* k,+CTk, +1
where the parameters k,, k, and k, depends on the yaw angle (radians) in the
following way:
ky = —0.64810 7 +2.1667d,° —2.0705D,
3 2
ky, = 0.8646{13}. —2.6145*@}. —|—2.1T35CDF . e YAN 45
© —m— yawe0
3 - E yawTs
ke, =—-0.164D +D.4438l11}.‘ —{1.5136(13}, g yawgo
' § »— yaw30
E 04 —ea—yawi1b
1 4 —+— Functional fit
Modification of induction 02
acor — Kaa a
00 02 04 06 08 10 12
cT

24 DTU, Department of Wind Energy



Comparison between HAWC2 and CFD
actuator disc computations

SMW RWT at 8 m/s -- yaw 30 deg., CT=0.80 SMW RWT at 8 m/s -- yaw 30 deg., CT=0.80
1 . , : 1 . . , , ‘
HAWC2 k=tan(0.4Kappa) =——— HAWC2 ——p—
ACTUATOR DISC —— ACTUATOR DISC ——
09 | ]
Yaw error: 08 | ,
.
08 | |
30de 06 | -
07} | —
> A
> 06 ¢ 7 o4 ]
05 |
02 | i
04 |
0 i i 1 1 L
03 L L I I I
15 4 05 0 05 ] 15 15 1 0.5 0 05 1 15
RADIAL POSITION - HORIZONTAL r/R[] RADIAL POSITION - VERTICAL r/R [-]
SMW RWTat 8 m/s -- yaw 60 deg., CT=0.80 5MW RWT at 8 m/s -- yaw 60 deg., CT=0.80
07 . . 1 . ‘
k=tan(0.4Kappa) —+— HAWC2 ——
065 - ACTUATORDISC ——— 1 ACTUATOR DISC ———
06 - 1 08 |
055 |
L]
Yaw error:
— 045 | 1 =
60de Dooay | Z
g = 04 |
035 | |
03 | |
02 |
025 |
02
0.15 ‘ w - - i 0 : : : :
1.5 E 0.5 0 05 1 15 1.5 -1 0.5 0 05 1 15
RADIAL POSITION - HORIZONTAL r/R[-] RADIAL POSITION - VERTICAL r/R [-]

25 DTU, Department of Wind Energy




Dynamic inflow model in HAWC2

26 DTU, Department of Wind Energy
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Effect of dynamic inflow - nhumerical actuator

—
—]
 cm

i

disc simulations — step change in loading

v_y/V_inf[-]

09 +

085 |

08 r

075 r

0.7

27

5MW RWT at 10 m/fs -- Step in CT from 0 to 0.89

HAWC?2 r=80%)
HAWC2 r=60%)
HAWGC2 r=30%)
ACTUATOR DISC r=80%

ACTUATOR DISC r=60%
ACTUATOR DISC r=30%

t] ]

NON-DIM TIME t*VinTR [-]

DTU, Department of Wind Energy

vyVini [-]

095 ¢

09 r

085

08 r

0.75

0.7 &

0.65

SMW RWT at 10 m/s -- Step in CT from 0.89 to 0

HAWC2 r=80%)
HAWC2 r=60%)
HAWC2 r=30%)
SR ACTUATOR DISC r=80%
ACTUATOR DISC r=60%
ACTUATOR DISC r=30%

t ]

4 5 6 7 8 9 10
NON-DIM TIME tVin¥R [-]



Effect of dynamic inflow - nhumerical actuator
disc simulations — step change in loading

i

~_ V.(0-15a0)
R

In both the BEM and the NW model, this is the approach used, and as will be seen later in the paper, this assures that
the time constants reflects the slower development of the wake when high induction are present. The effect of
changing the normalization can be seen in Figure 1, where the use of the actual wake velocity makes the curves

collapse.
TIME CONSTANTS FROM CONSTANT LOADED ACTUATOR DISC -- NON-DIMENSIONAL TO V

5 TIME CONSTANTS FROM CONSTANT LOADED ACTUATOR DISC
taut — dCT 0.910 0.0 —+— 3 T T
tau2 5T 0.910 0.0 — taul --dCT 091t 0.0 ——
taut - dCT 0.0to 0.9 —m— iCT 0.9 ;<
tau2 - dCT 0.0t0 0.9 —8— tau1 --dCT0.0t0 0.9 —=—

oL 25k tau2 --dCT 0010 09 —&8— |

T

15 | : 1

S ——
—
05 F ey 4
\\ \

i i H : L H L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1 12
NONDIMENSIONAL RADIUS NONDIMENSIONAL RADIUS

NON-DIMENSIONAL TIME CONSTANT
NON-DIMENSIONAL TIME CONSTANT

——

Figure 1: The dependency of the non-dimensionale time constant on the choice of normalization
velocity used, left figure using the free stream velocity, right figure shows the use of the actual wake
velocity.

28 DTU, Department of Wind Energy



Dynamic inflow

O 74 BN (79 e 74

NW FW
k2 -0.4783 -0.4751
k1l 0.1025 0.4101
kO 0.6125 1.9210

29 DTU, Department of Wind Energy
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Dynamic inflow model in HAWC2

The Dynamic indflow ins handled by two first order
filters coupled in parallel with weight factors

Lowpass NW Weight

———— %‘FNW("/R)—-— 06

Lowpass FW Weight
Ten (F/R

™1 N = 04

+ u

uinduc.quasi induc,dynamic
+

R 18R

NARNA .
V., MA{lJr 3‘“‘“”,0.2}

o,y

Tnw (%q): T:lW (%q) Vv
v, ,M m{l—si“d“y,z.o}

o,y

The non-dim time constants was found to approximately 2.0 for the far wake
contribution and 0.5 for the near wake part

30 DTU, Department of Wind Energy
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BEM procedure

e For each point in the polar grid

1.
2.

W

N 4

10.

Get the local wsp and use local induced wsp from previous timestep/iteration

Get the local CT calculated at the two neighboring blades if the local wsp and
induction was used there.

Account for Prandtl tiploss

Interpolate CT based on azimuthal distance between grid point and the two
blades. Now the local CT is known.

Calculate local induction factor a

Correct mean level of a based on skew inflow angle.
Calculate tangential induction factor a,,

Calculate induced wind speeds axial (1) and tangential

Correct for azimuthal variations of axial induction u related to skew inflow
angle incl. axial induction influence..

Update u and u, in time based on two first order low pass filters. One for near
wake contribution and one for far wake.

e For each point on the blade

11.

Get the induced velocity based on azimuthal interpolation of the two closest
grid points at same radius.

31 DTU, Department of Wind Energy
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Validation results
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Comparison

33
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Local force [N/m]
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1000

SMW RWT at 10 m/s UNIFORM

HAWC?2 -- Axial force FN ———
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Special shear (1)

Axial Velocity
10

OO N® O

-100

34 DTU, Department of Wind Energy

Axial velocity [Vy/Vinf]

SHEAR 5-10m/s

V*(0.75-0.25(-tanh(-8.78044x))) ———

0
Radius [r/R]

0.5

=
—
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Special shear (2)

FT [N/m]

35

1000

SMW RWT at 10 m/s -- 10-5m/s SHEAR
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ElipSys3D POS. 090 deg. —<—

700

600 |
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400 +
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200
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0
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5MW RWT at 10 m/s -- 10-5m/s SHEAR

70

300

HAWC2 - POS. 000 deg.-- new ——— :
HAWC2 -- POS. 180 deg. -- new —&—

ElipSys3D POS. 000 deg

ElipSys3D POS, 18p-d

10 20 30 40 50 60
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Special shear (3)

FN [kN]

36
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SMW RWT at 10 m/s -- 10-6m/s SHEAR
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FN [N/m]

ET [N/m]
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2500
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Examples of limitations of the BEM model

HE

All rotors with the same uniform loading, CT=0.89

a9

WINGLET ——
CONED ROTOR —
STRAIGHT ROTOR ——

0.75

0.7

04

AXIAL VELOCITY THROUGH THE DISC, CT=0.89

0.85

a8

.65 |
06 r
055 +
a5

045 ¢

' ' STRAIGHT ROTOR
CONED 20 [deg] —— |
winglet fine i
/\ — .-f
e D N |
- 1
0 0.2 0.4 0.6 08

RADIAL POSITION /R

For such special rotors a user defined a-CT relation can be used if the
characteristic is known from e.g. CFD actuator disc simulations

38 DTU, Department of Wind Energy




Tower influence modelling in HAWC2

O models for both an upstream and a downstream position of the
rotor is implemented

(a) upwind configuration

P le e
— =4 v
N S K Q
tower cross towe; wake
section

rotor plane

(b) downwind configuration

tower cross
section

rotor plane tower wake

39 DTU, Department of Wind Energy



Tower influence modelling - upstream

Flow model based on the potential flow
solution around a cylinder

40

4000 — —
3500 | /R=0.8 — ]
(0] i
[$] i
S 2500 T T
L T Mo
= r/R=0.6 e
€ 2000 | .ﬂ
o
< 1500 1
I P T EllipSys2D —— |
1000 r/R \lJ.-r i ‘ l . 1 HAWCZI ........
120 140 160 180 200 220 240

Azimuth [deg.]

Figure 23. Comparison of HAWC?2 and EllipSys2D normal force coefficients as function of
blade azimuth for the upwind configuration of the UPWIND turbine at the three radial sections.

DTU, Department of Wind Energy
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Tower influence modelling - downstreamam

Flow model based on the boundary
solution for a jet into a flow at rest

4000 . T

3500

T

rMR=0.8
3000 r

2500
r/R=0.6

2000 -

Normal Force [N]

1500 | | : ]

‘‘‘‘‘‘‘
________
-

1000 |--r/R=0:4 Yo HAWC2pC =0.2 coeeeeee T

HAWC2 Cd =0. 4 ............
500 L i

120 140 160 1 80 200 220 240
Azimuth [deg.]

Figure 24. Comparison of HAWC?2 and EllipSys2D normal force coefficients as function of

blade azimuth for the downwind configuration of the UPWIND turbine at the three radial sec-
tions.
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