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AERODYNAMIC CALCULATIONAL METHODS FOR WECS

Recent Developments in Theoretical Modelling,
and Experimental Verification of Theoretical Results

Introductory Note
prepared by

B.Maribo Pedersen
Technical University of Denmark

In t roduct ion .

Aerodynamic calculations on wind-turbine rotors to deter
mine performance and structural loading now have been
carried out for a number of years, and for different WECS
configura t ions .
.Also experimental results now are avaiable from a number
o f ins ta l la t ions so tha t ve r i fica t ion o f theore t i ca l
predictions can be made to some extent-
This has made it appropriate to arrange an expert meeting
under the LS-WECS- agreement where the'state of the art
and the needs for further development is discussed, and,
wherealso the impact of experiments on theoretical model
l ing can be i l lustrated.
It is felt that the main emphasis of this meeting should
be on the aerodynamics pertaining to horizontal axis
machines insofar that the main thrust in most countries
has been on the development of this type of WECS. However
the challenge in a proper modelling of the flow through
a vertical axis rotor should be adressed as well.



Below is listed some questions which should be adressed
at this expert meeting. The list should not be considered
as exhaustive, as it is the result of one persons views.
In particular the contemporary problems in VA-rotor cal
culations are not too well known to the author, so please
add on any relevant headings to the list.

Questions to be adressed.
- How do we deal with rotors operating in the near stall

and post-stall regime ?
Can this three-dimensional problem be reduced to a
pseudo two-dimensional one, at least for engineering -
purposes ?

- The simplified theory breaks down in the high tip-

speed range of operation.
How do we deal with that ?

- How far have we come in developing vortex models for
wake and induced velocity calculations ?

How fast does the wake and hence the induced velocities
respond to changes in inflow conditions(turbulence)or
to pitch changes during power regulation ?

- Many rotors operate with partial span control. Does
this pose special problems for the aerodynamic calcula
tions ?

- Rotors operating in shear flow or in yaw develop
yawing and tilting moments. Does our'calculational
methods treat this regime in an adequate way ?

- Do we have adequate data on airfoil sections ?

Is there a need for developing special airfoil sections
for wind turbine rotors ?

- Can our methods for calculation of the aerodynamically

generated noise be considered good enough ?
As far as possible the above issues should be elucidated
also with reference to measured data.



POLARENMESSUNGEN AN DEN PROFILEN
FX 84-W-097
tX 84-W-127
FX 84-W-140
FX 84-W-175
FX 84-W-218

D.Althaus

Die Windkanalmodelle mit einer Profiltiefe t a 0,5 n wurden im
Laminarwindkanal mit den ublichen Meflverfahren vermessen. Der
Profilwiderstand wurde durch Integration langs der Spannweite
bestimmt.

Die glatten Profile wurden bei Re = 0,7 / 1,0 und 1,5 Millionen
untersucht. Bei Re = 1, 0 Millionen wurde die Lage der Unschlags-

punkte mit dem Stethoskop bestimmt. Zusatzlich wurden bei dieser
Reynoldszahl Messungen mit einem Stolperdraht vom Durchmesser
d s 2 mm (d/t = 0.004) direkt auf der Profilnase (x = 0, y = 0)

durchgefiihrt .

In den Tabellen 1 bis 5 sind die Koordinaten der Profile enthalten,
die Konturen sind in den Diagrammen 1 bis 5 dargestellt. Die poten-
tialtheoretischen Qeschwindigkeitsverteilungen fiir 4 verschiedene
Anstellwinkel sind in den Diagrammen 6 bis 10 enthalten. Die
Diagramme 11 bis 15 zeigen die c -c -Polaren und Unschlagslagen, die
Diagramme 16 bis 20 die Pfomentenbeiwerte um den t/4-Punkt.

Stuttgart, Februar 1984



FX 84-W-97

NR X/T YO/T YU/T

1 3*00000
2 0 .99893
3 0 .99572
4 0 .99039
5 0 .98296
6 0 .97347
7 0 .96194
8 0 .94844
9 0 .93301

10 0.91573
11 0.89668
12 0.87592
13 0.85355
14 0.82967
15 0.80438
16 0.77779
17 0.75000
18 0 .72114
19 0.69134
20 0 .66072
21 0.62941
22 0 .59755
23 0 .56526
24 0 .53270
25 0.50000
26 0.46730
27 0.43474
28 0.40245
29 0.37059
30 0.33928
31 0.30866
32 0.27886
33 0.25000
34 0.22221
35 0.19562
36 0.17033
37 0.14645
38 0.12408
39 0.10332
40 0.08427
41 0.06699
42 0.05156
43 0.03806
44 0.02653
45 0.01704
46 0.00961
47 0.00428
48 0.00107
49 -0.00000

0.00000
0.00006
0.00028
0.00069
0.00137
0.00230
0.00363
0.00527
0.00730
0.00975
0.01255
0.01581
0.01939
0.02331
0.02753
0.03198
0.03660
0.04331
0.04609
0.05071
0.05525
0.05957
0.06348
0.06715
0.07022
0.07278
0.07496
0.07619
0.07695
0.07715
0.07640
0.07521
0.07333
0.07071
0.06774
0.06405
0.06012
0.05564
0.05082
0.04575
0.04050
0.03516
0.02978
0.02444
0.01922
0.01418
0.00936
0.00480
0.00083

0.00000
0.00003
0.00012
0.00021
0.00029
0.00025
0.00014

-0.00009
-0.00048
-0.00099
-0.00168
-0.00250
-0.00343
-0.00448
-0.00560
-0.00679
-0.00801
-0.00924
-0.01047
-0.01164
-0.01279
-0.03389
-0.01490
-0.01587
-0.01677
-0.01759
-0.01837
-0.01909
-0.01974
-0.02036
-0.02089
-0.02137
-0.02178
-0.02208
-0.02232
-0.02240
-0.02232
•0.02206
-0.02158
0.02087
•0.01987
•0.01857
-0.01694
•0.01495
•0.01260
0.00987
•0.00673
•0.00323
0.00083

D I C K E / T. . . = 0 . 0 9 8 R U E C K L A G E / T = 0 . 3 3 9
UQELBUNG/T= 0.029 RUECKLAGE/T= 0.371

P R O F I L T I E F E . . . = T

Tabelle 1



FX 84-U-127

NR X / T YO/T YU/T

1 1.00000 0.00000 0 .00000
2 0 .99893 0.00011 0 .00008
3 0 .99572 0 .00050 0 .00028
4 0 .99039 0.00121 0 .00053
5 0.98296 0 .00233 0.00081
6 0 .97347 0 .00385 0 .00096
7 0 .96194 0.00594 0 .00106
8 0 .94844 0 .00847 0 . 0 0 0 9 5
9 0.93301 0.01159 0 . 0 0 0 6 5

10 0.91573 0.01525 0 .00019
11 0.89668 0 .01939 - 0 . 0 0 0 5 8
12 0.87592 0 .02410 - 0 . 0 0 1 5 3
13 0.85355 0 .02923 - 0 . 0 0 2 6 9
14 0.82967 0 .03477 . - 0 . 0 0 4 0 7
15 0 .80438 0 .04063 - 0 . 0 0 5 5 9
16 0.77779 0 .04675 - 0 . 0 0 7 2 5
17 0.75000 0 .05297 - 0 . 0 0 8 9 9
18 0 .72114 0 .05923 - 0 . 0 3 0 7 7
19 0.69134 0.06550 - 0 . 0 1 2 5 8
20 0.66072 0.07143 - 0 . 0 1 4 3 4
21 0.62941 0.07719 - 0 . 0 1 6 0 5
22 0.59755 0 .08254 - 0 . 0 1 7 7 0
23 0.56526 0 .08726 -0 .01920
24 0.53270 0 .09159 - 0 . 0 2 0 6 2
25 0.50000 0 .09509 -0 .02191
26 0.46730 0 .09785 - 0 . 0 2 3 0 5
27 0.43474 0 .10007 - 0 . 0 2 4 11
28 0.40245 0 .10111 - 0 . 0 2 5 0 3
29 0.37059 0 .10146 - 0 . 0 2 5 8 2
30 0.33928 0 .10117 - 0 . 0 2 6 5 3
31 0.30866 0.09962 - 0 . 0 2 7 11
32 0.27886 0.09753 - 0 . 0 2 7 5 8
33 0.25000 0 .09468 - 0 . 0 2 7 9 7
34 0.22221 0 .09086 - 0 . 0 2 8 1 6
35 0.19562 0 .08665 - 0 . 0 2 8 2 9
36 0.17033 0 .08165 - 0 . 0 2 8 2 2
37 0.14645 0.07635 - 0 . 0 2 7 9 5
38 0.12408 0 .07043 - 0 . 0 2 7 4 7
39 0.10332 0 .06416 -0 .02674
40 0.08427 0 .05762 -0 .02571
41 0.06699 0.05091 -0 .02437
42 0.05156 0 .04413 -0 .02268
43 0.03806 0 .03735 -0 .02059
44 0.02653 0 .03067 -0 .01810
45 0.01704 0 .02416 -0 .01516
46 0.00961 0.01791 - 0 . 0 11 7 6
47 0.00428 0 .01193 -0 .00791
48 0.00107 0 .00632 - 0 . 0 0 3 5 6
49 - 0 . 0 0 0 0 0 0.00097 0 .00097

D I C K E / T. . . = 0 . 1 2 8 R U E C K L A G E / T = 0 . 3 3 9
WOELBUNG/T= 0.038 RUECKLAGE/T= 0.402

P R O F I L T I E F E . . . = T

Tabelle 2



FX 84-W-140

NR X/T YO/T YU/T

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

3.00000
0.99893
0.99572
0.99039
0.98296
0.97347
0.96194
0.94844
0.93301
0.91573
0.89668
0.87592
0.85355
0.82967
0.80438
0.77779
0.75000
0.72114
0.69134
0.66072
0.62941
0.59755
0.56526
0.53270
0.50000
0.46730
0.43474
0.40245
0.37059
0.33928
0.30866
0.27886
0.25000
0.22221
0.19562
0.17033
0.14645
0.12408
0.10332
0.08427
0.06699
0.05156
0.03806
0.02653
0.01704
0.00961
0.00428
0.00107
■0.00000

0.00000
0.00014
0.00061
0.00147
0.00281
0.00462
0.00708
0.01006
0.01373
0.01795
0.02276
0.02837
0.03405
0.04037
0.04700
0.05392
0.06088
0.06787
0.07483
0.08134
0.08764
0.09344
0.09851
0.10311
0.10678
0.10959
0.11179
0.11271
0.11284
0.11230
0.11035
0.10782
0.10450
0.10011
0.09531
0.08969
0.08375
0.07716
0.07021
0.06299
0.05561
0.04817
0.04076
0.03346
0.02639
0.01958
0.01312
0.00708
0.00102

0.00000
0.00010
0.00035
0.00072
0.00106
0.00135
0.00157
0.00152
0.00333
0.00085
0.00010

-0.00084
-0.00212
-0.00361
-0.00528
-0.00714
-0.00909
-0.01112
-0.01315
-0.01516
-0.01713
-0.01895
-0.02067
-0.02227
-0.02368
-0.02494
-0.02610
-0.02705
-0.02789
-0.. 02863
-0.02919
-0.02965
-0.03000
-0.03017
-0.03026
-0.03014
-0.02982
-0.02928
-0.02847
-0.02737
-0.02592
-0.02410
-0.02187
-0,01920
-0.01606
-0.01242
-0.00830
-0.00363

0.00102

DICKE/T...= 0.143
WOELBUNG/T= 0.043

PROFILTIEFE...

RUECKLAGE/T= 0.339
RUECKLAGE/T= 0.435
= T

Tabelle 3



F X 8 4 - W- 1 7 5

NR X / T YO/T Y U / T

1 1.00000 0 .00000 0 .00000
2 0 .99893 0 .00016 0.00011
3 0 .99572 0 .00069 0 .00038
4 0 .99039 0 .00170 0 .00077
5 0 .98296 0 .00326 0 .00107
6 0 .97347 0 .00539 0.00134
7 0.96194 0 . 0 0 8 2 8 0 .00136
8 0 .94844 0 . 0 11 7 9 0 .00115
9 0.93301 0 .01632 0 .00069

10 0.91573 0 .02114 - 0 . 0 0 0 2 3
11 0.89668 0 .02685 -0 .00143
12 0.87592 0 .03328 - 0 . 0 0 3 0 3
13 0.85355 0 .04025 - 0 . 0 0 5 0 3
14 0.82967 0 .04776 - 0 . 0 0 7 2 9
15 0.80438 0 .05562 - 0 . 0 0 9 8 9
16 0.77779 0 .06383 - 0 . 0 1 2 7 0
17 0.75000 0 .07204 -0 .01568
18 0 .72114 0 .08029 - 0 . 0 1 8 7 5
19 0.69134 0.08848 - 0 . 0 2 1 8 3
20 0.66072 0 . 0 9 6 1 2 - 0 . 0 2 4 8 8
21 0.62941 0 .10347 - 0 . 0 2 7 8 3
22 0.59755 0 .11027 - 0 . 0 3 0 5 7
23 0.56526 0 .11614 -0 .03316
24 0.53270 0 .12145 - 0 . 0 3 5 5 3
25 0.50000 0.12575 - 0 . 0 3 7 5 6
26 0.46730 0.12896 - 0 . 0 3 9 3 9
27 0.43474 0 .13146 - 0 . 0 4 0 9 9
28 0.40245 0 .13260 - 0 . 0 4 2 2 2
29 0.37059 0 .13272 -0 .04327
30 0.33928 0 .13213 - 0 . 0 4 4 0 8
31 0.30866 0 .12995 -0 .0445732 0.27886 0 .12703 - 0 . 0 4 4 8 9
33 0.25000 0.12333 - 0 . 0 4 4 9 5
34 0.22221 0.11831 - 0 . 0 4 4 7 2
35 0.19562 0.11283 -0 .04437
36 0.17033 0.10648 - 0 , 0 4 3 6 6
37 0.14645 0.09968 -0 .04266
38 0.12408 0 .09214 -0 .04133
39 0.10332 0 .08417 -0 .03966
40 0.08427 0 .07585 -0 .03761
41 0.06699 0 .06730 - 0 . 0 3 5 1 5
42 0.05156 0 .05865 - 0 . 0 3 2 2 3
43 0.03806 0.04995 -0 .02884
44 0.02653 0.04135 - 0 . 0 2 4 9 5
45 0.01704 0.03293 -0 .02053
46 0.00961 0 .02473 -0 .01560
47 0.00428 0 .01689 - 0 . 0 1 0 1 0
48 0.00107 0 .00942 - 0 . 0 0 4 1 2
49 •-0 .00000 0 .00309 0 .00309

D I C K E / T. . . = 0 . 3 7 6 R U E C K L A G E / T = 0 . 3 3 9
UOELBIJNG/T= 0.045 RUECKl.AGE/T= 0.435

P R O F I L T I E F E . . . = T

Tabel le 4



FX 84-W-23 8

NR X / T YO/T Y U / T

1 1.00000 0.00000 0.00000
2 0.99893 0.00012 0.00006
3 0.99572 0.00053 0.000174 0.99039 0.00135 0.000285 0.98296 0.00268 0.00016
6 0.97347 0.00454 -0.00011
7 0.96194 0.00718 -0.00078
8 0.94844 0.01043 -0.00184
9 0.93301 0.01456 -0.00327

10 0.91573 0.01942 -0.0053311 0.89668 0.02504 -0.00780
12 0.87592 0.03149 -0.01076
13 0.85355 0.03855 -0.0142514 0.82967 0.04628 -0.03811
15 0.80438 0.05448 -0.0223516 0.77779 0.06309 -0.02687
17 0.75000 0.07189 -0.03158
18 0.72114 0.08078 -0.03643
19 0.69134 0.08973 -0.0412420 0.66072 0.09819 -0.04600
21 0.62941 0.10639 -0.05067
22 0.59755 0.13423 -0.0549823 0.56526 0.12102 -0.05906
24 0.53270 0.12726 -0.06289
25 0.50000 0.13270 -0.0661426 0.46730 0.13683 -0.06906
27 0.43474 0.14022 -0.0716528 0.40245 0.14247 -0.07356
29 0.37059 0.14339 -0.0751130 0.33928 0.14356 -0.07628
31 0.30866 0.14231 -0.0767332 0.27886 0.13999 -0.07685
33 0.25000 0.13702 -0.07647
34 0.22221 0.13241 -0.0754335 0.19562 0.12722 -0.07416
36 0.17033 0.12124 -0.07219
37 0.14645 0.11449 -0.0696838 0.12408 0.10686 -0.06661
39 0.10332 0.09863 -0.06299
40 0.08427 0.08988 -0.05881
41 0.06699 0.08069 -0.05405
42 0.05156 0.07118 -0.04874
43 0.03806 0.06145 -0.04283
44 0.02653 0.05158 -0.03639
45 0.01704 0.04169 -0.02938
46 0.00961 0.03182 -0.02188
47 0.00428 0.02212 -0.01385
48 0.00107 0.01257 -0.00537
49 --0.00000 0.00396 0.00396

D I C K E / T. . . = 0 . 2 2 0 R U E C K L A G E / T = 0 . 3 3 9
WOELBUNG/T= 0.034 RUECKLAGE/T= 0.402

P R O F I L T I E F E . . . = T

Tabelle 5.
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'DEVELOPMENT IN AERODYNAMIC CALCULATION METHODS'

M.B. ANDERSON
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UNSTEADY AERODYNAMICS

The model includes :-

a) for the attached flow region the loads are calculated via a generalised
indicial lift function based on the Wagner function;

b) the angle of attack is defined at the 3/4 chord location and thus
C. pitching velocity and virtual mass terms are included;

c) leading edge stall is incorporated by means of a simple time delay
based on distance travelled in semi-chord;

d) trailing edge stall is incorporated via Kirchoffs law and two first
order lags.
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LEADING EDGE STALL

LJ

Fig. 1

.1 Delimits the region of attached flow determined by the break in
( p i t c h i n g m o m e n t ;

1-2 Generation of leading edge vortex;

.2 Pitching moment divergence;

2-3 Leading vortex traverses chord;

.3 Leading vortex shed from trailing edge;

3-4 Lift decays to fully separated conditions;

.4 Re-attachment



TRAILING EDGE STALL

32

/C l=2TT

Fig. 2

Kirch off Flow Approximation

L-M'M)

cb

(f = flow reversal point)

▶ INCREASING

Fig. 3
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TURBULENCE : TIME DOMAIN SIMULATION

A set of N homogenous Gaussian processes (f; (y) (j = 1,2, N),
with zero mean can be generated from the following series;

y l ,

where the matrix H(w) satisfies the equation

where S(w) is the target cross-spectral density matrix and is Hermitian. L
is the number of discrete frequencies w, and <£->»*, represents the phase
o4- Hj.*/ r*\L are a set of random numbers taken from a uniform
distribution between 0 and 2^. Equation (1) can be thought of representing
a set of N(N+1)/2 interconnected filters through which n indpendent white
noise sources are passed, see Fig. 5. An efficient way to evaluate the
double summation is to use FFT techniques.

A comparison of the real (from Battelle experiment, see Fig. 6) and
simulated theoretical estimates' of the single point power spectra of the
velocity fluctuations are shown in Fig. 7. Fig. 8 presents a comparison
between the coherence function estimates of the real and simulated data.
Presented in Fig. 9 is an isovent map of a horizontal slice of the 3-
dimensional simulated wind field; contours are at 0.5 m/s intervals.
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Fig. 7 A comparison of the real, simulated and theoretical estimates of
the single point power spectra of the wind velocity fluctuations
for anemometer position 1.
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Fig. 8 A comparison of the coherence function estimtes of the real and
simulated wind fields.
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.AN ANALYTICAL THEORY FOR ROTOR-
TIPVANE PERFORMANCE AND COMPARISON

WITH EXPERIMENTAL RESULTS

Th. van Holten

Summary
A theoret ica l method for the per formance est imat ion of t ipvane wind turb ines
is out l ined in the paper, and compared wi th some fu l l -scale exper imental
results recently obtained. The performance est imates are based on a flowmodel
where an inf^i te number of turbine blades is assumed. Agreement between theory
and exper iments is shown to be sat isfactory.

1 . I n t r o d u c t i o n
Ac the Del f t Univers i ty of Technology research is done on t ipvane windturb ines.
Tipvanes a re re la t i ve ly sma l l aux i l i a ry w ings mounted on the t ips o f tu rb ine-
b l a d e s ( fi g . 1 ) . T h e v a n e l i f t i s i n t h e d i r e c t i o n o f t h e r o t o r c e n t r e s o t h a t
by reac t ion the oncoming flow is deflec ted rad ia l l y ou twards . The resu l t ing
d i f fuser e f fec t causes an inc rease o f massflow th rough the tu rb ine (fig . 2 ) .
Compared wi th convent iona l turb ines, h igher powercoeffic ients are poss ib le , even
su rpass ing t he soca l l ed Be tz - l im i t f o r w ind tu rb ines .
The laboratory research has covered windtunnel- and towing tank model experiments
( re f . 1) . Fu l l -sca le per formance tes t ing has s tar ted recent ly on a 8 ,5 m d iameter
ro to r. In v iew o f the lack o f exper ience w i th ro to rs o f such an unconvent iona l
c o n fi g u r a t i o n , c a r e f u l t h e o r e t i c a l a n d e x p e r i m e n t a l a e r o - e l a s t i c i n v e s t i g a t i o n s
on the ful l -scale rotor have preceded the aerodynamic exper iments (ref . 2 and 3).
The aerodynamic investigations were l ikewise accompanied by the development of
t h e o r y :
a) computer programs were developed for the deta i led analys is of loaddis t r ibu-

t i o n s ( r e f . 4 ) ,
b) a flowmodel based on the assumption of an infinite number of blades was

developed for the purpose of performance est imates.
I t i s t h e l a t t e r a n a l y s i s w h i c h w i l l b e b r i e fl y o u t l i n e d i n t h e p r e s e n t p a p e r,
and the resul ts of which wi l l be compared wi th some pre l iminary fu l l -sca le
t e s t - r e s u l t s n o w a v a i l a b l e .

2. .Analyt ica l model of the flow
The model described below was developed with the purpose to analyze the overall
fo rces , to ta l power, and average ve loc i t ies . I t assumes an infin i te number o f
turbineblades and t ipvanes. Such a model of the flow is equivalent to a t ime-
averaged analysis. The model is based on the assumption of small disturbances,
wh ich means tha t f r ee vo r t i c i t y convec ts a long t ra jec to r i es pa ra l l e l t o t he
u n d i s t u r b e d v e l o c i t y.

2.1 Tipvane-model
The func t ion ing o f the t ipvanes is represented by a c i rcu la r band o f vor t i c i
ty as sketched in fig. 3. The way to arr ive at such a s impl ified flow model
wi l l be expla ined wi th the help of fig. 4, which shows socal led "undersynchronous
o p e r a t i o n " , i . e . a fl o w c o n d i t i o n w h e r e n o d i r e c t v o r t e x i n t e r a c t i o n o c c u r s .
We assume for a moment that the l ift on the tipvanes is constant along the span,
s o t h a t t h e t r a i l i n g v o r t i c i t y i s c o n c e n t r a t e d i n t w o d i s c r e t e t i p v o r t i c e s . I n
l i n e a r i z e d t h e o r y t h e s e v o r t i c e s l i e o n a s t r a i g h t c y l i n d r i c a l s u r f a c e w i t h
rad ius R and t race ou t he l i ca l pa ths . The flow assoc ia ted w i th th is vor tex con
figura t ion i s uns teady in an iner t ia l f rame o f re fe rence . The t ime averaged flow
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field is obtained by taking the limit of an infinite number of tipvanes, taking
care that the same radial force per unit length along the turbine circumference
is generated by the infinite array of tipvanes as by the finite number of tipvanes.
The helical vortices in this l imit form a continuous, semi-infinite vortex-cy
linder. Now it should be remembered that the tipvorticity emanating from the up
stream vane-tips has equal strength but opposite direction compared with the
trailing vorticity from the downstream vane-tips. The two vortex-cylinders asso
ciated with the upstream and downstream vane-tips cancel each other, except for
a band of vorticity with a width equal to the span of the tipvanes. We have thus
arrived at the model of fig. 3. When the vane-lift points towards the centre-line
of the turbine, an overall circulation is established with such a direction that
the vortex band induces a Venturi-type of flow like in fig. 2. A more careful
analysis given in ref. 5 shows that the same is true for the case of general span-
wise l i f tdistr ibutions along the t ipvanes.

The average velocity increment in the disc plane due to the functioning of the
tipvanes will be denoted by "Sv, and may be expressed like:

6 v = a . £ C D
where T stands for the total circulation of the circumferential band of vorticity.
The proportionality constant a is a function of the spanwise lift distribution
along the tipvanes. According to an asymptotic analysis given in ref. 6, in the
case of an ell iptic distribution it is given by:

a - £ < i * < 5 7 5 » ♦ « ( 2 >
e

where b is the effective span, i.e. the part of the span where due to vortex
interactions (explained below) most of the lift is concentrated.
The radial distribution of the velocity 6v(x), (where x = r/R), induced by the
vortex band may be approximated by:

-A( l -x )

f i V ( x ) . 2 * £ - i r - { i t - f i v ( l ) 2 * 3 } e ( 3 )

where

«™> • ¥ - 575 (1 "-XT' " ^ ta (-§T* (4)
e

A = — + - l \ / i - 4 c ' ( 5 )A 2 C 2 C V

W i t h c _ * / 2 - a - I T ( 6 )
C " „ _ 6v(1) 2TTR

The band of vorticity associated with the tipvanes induces in its own plane
an axial velocity 6w of an average magnitude

6 w = 6 . £ < 7 >
This selfinduction velocity 5w corresponds to the convectionvelocity of a free
vortex ring in stil l air. The proportionality constant 3 is, again according
to the analysis of ref. 6, given by:

* = 4 ? • < l n < b 7 5 > " f > ( 8 )
e

The above given theory remains valid in the limiting case of "synchronous"
operation, i.e. the flow condition where the vortex from the upstream vane-edge
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just touches the downstream edge of the next vane.

We now proceed to the case of socalled "over-synchronous" operation, i.e. a
condition where strong vortex-interaction occurs. In fig. 5 the array of tip
vanes is drawn in a flat plane as if one were looking down on a formation
flight of birds. Looking from the rear of the formation there is a certain
amount of overlap of the wingspans so that a part of each vane is immersed in
the downwash of the preceding one. Fig. 6 shows the resulting liftdistribution
along a vane, as calculated by the methods described in ref. 4. It is seen that
the part of the span which is immersed JLn a downwash region loses its lift. As
a consequence the tipvortex originating in this region of the vane is shifted
inboard, towards the edge of the more effective part of the vane. This trailing
vortex is thus shifted towards the point where the vane is "hit" by the tipvortex
of the preceding vane (fig. 5). The result is, that the newly formed tipvortex
and the vortex from the preceding vane almost entirely annihilate each other.
What has been left is a "saw-tooth" vortex running from vane to vane, roughly
forming a vortex ring around the turbine (fig. 7). Numerous flow visualisations
have confirmed the actual occurrence of the saw tooth vortex. The saw tooth
vortex of the real flow is in fact the same as the vortex band of the linearized
flowmodel of fig. 3, be it in a rolled-up form. The model of fig. 3 and the
results (1) through (8) are applicable to both under- and over-synchronous oper
ation, since the strong vortex interactions in fact result in synchronous' opera
tion at an effectively reduced span b (socalled "auto-synchronization").
The total circulation Y may now be related to the lift of the vane by considering
the bound part of the saw-tooth:

r = h C % c Q R ( 9 )

where C- is the maximum liftcoefficient occurring somewhere along the vane-span.
In the saw tooth model the liftcoefficient would equal C« for all the sections
along a part of the span equal to b where b (the socalled "vortex span") is
the lateral distance between the free branches of the saw tooth vortex. In the
real flow, C« varies more smoothly along the vane-span of course (see fig. 6).
We may write:

h m c l • I " ( 1 0 )v
and by combining eqs. (9) and (1) it is thus found:

6 v a c b ,
U = 2 ' C L R b • A { 1 1 )v

where X = tipspeed - ratio Qr/\J

Finally, in fig. 8 an even more general flow-state has been sketched such as
often occurs during "off-design" conditions. The trailing vortex sheet rolls
up into a tipvortex at A, which drifts along with the local flow after the passing
of the vane. The average convection velocity of the vortex is denoted vectorially
by W (lower part of fig. 8). In general W is not parallel to the free stream
velocity U due to the functioning of the powerturbine which induces a radial
flow component. Upon arrival of the next vane, the vortex has drifted from A to
B at which position by the previously explained flowmechanisms it causes the
release of a new, counterrotating vortex at C. It is seen that in this case too
the eqs (1) to (10) may be used. The "vortex-span ratio" is from fig. 8:

- 3 L - l l * i W m i \b " " N ' b X * U { 1 Z )
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where N = number of tipvanes.
The tipspeed ratio where the vane-span becomes too short to "intercept" the free
vortex at B depends, apart from the span, on the "rolling-up offset-distance"
kb (see fig. 8) which for a rectangular vane planform typically has a value
of the order 0,1 . b .e
2.2 Turbinemodel
For the~functioning of the powerturbine the well-Jcnown model of a semi-infinite
vortex tube is used. The axial velocity induced by the vortex cylinder in the
disc plane is v. and far downstream 2v. (fig. 3). Velocities in the surface
of the vortex-cylinder itself have half this value. Thus, the powerturbine
induces exactly at its entrance-lip an axial velocity *_v which must be taken
into account when the local flow environment experienced by the tipvanes is
analyzed.

2.3 Model for wake mixing
TurbuIent~mixing~of~the~wake flow with the surrounding flow is for propeller- or
windturbineperformance usually considered unimportant. In contrast, in the case
of a tipvane turbine wake mixing effects are found to have an important influence.
The Venturi-type of flow through a tipvane-turbine leads to a much larger wake
expansion and consequently also to a much longer and wider wake region with sub-
ambient pressures compared with the conventional turbine.
Since the wake flow is not shielded from the external flow by a material wall,
some amount of mixing always occurs in this region of reduced pressure.
The resulting situation is shown schematically in fig. 9 which should be compared
wi th fig. 2 .
In the flows without mincing (fig. 2), a certain minimum value of the final wake
velocity is needed in order to ensure a positive mass flow through the system and
to prevent the flow from collapsing into the turbulent wake state. In fig. 9,
however, the turbine can extract more energy per unit of mass flow before encoun
tering the turbulent wake state, since the minimum value of the velocity now occurs
at the "entrance" of the "low pressure reservoir". At this point not only kinetic
energy has been given up by the fluid, but also some potential energy. Due to
mixing in the low pressure reservoir with a stream of secondary air, there is
momentum added to the turbine flow before it is finally exhausted into the ambient
atmosphere. The effect is usually called "ejector effect", since there is some
resemblance with an ejector pump placed behind the turbine. The effect of wake
mixing may, alternatively, be compared with the effect of a favourable pressure
gradient in the ambient air. A favourable gradient would in the wame way postpone
the occurrence of the turbulent wake state by relaxing the condition that the
final wake pressure must come back to the undisturbed pressure.
The turbulent mixing process itself can at present not yet be brought into a
Saimple analytical model. The ultimate effect of the turbulent mixing can be modelled
simply, by introducing an element into the analytical model which simulates a
reduced "back pressure" experienced by the turbine. The additional analytical
element must preferably be a solution of the potential equation so that one is
certain that the fundamental conservation laws of the flow are not violated.
The simplest smulation of the ejector-effect by an element consistent with
potential theory is a vortex ring having large dimensions compared with the wake,
and placed sufficiently far downstream so that it does not induce in any direct
way additional velocities in the turbine plane.
Denoting the addit ional velocity induced by the vortex r ing at " infinity" by
6v , application of Bernoulli's theory to the flow outside the wake yields
the pressure p in the far wake:

p - p 6 v 6 v

- J - ^ - - - g l , 2 ♦ - g * ( 1 3 )h pu
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3. Momentum-analysis of the tipvane turbine
A control-volume will be considered as shown in fig. 3. Within this volume
three kinds of external forces may be discerned:
a. An axial force D exerted on the air by the power turbine. It is written

in non-dimensional form as

Dax
C D = — 2 2 ( 1 4 )ax hp\J TTR

b. .An axial force of the magnitude N.L sin(Y. ). As was shown in fig. 8
the span of the vanes must be inclined somewhat, so that the freely convecting
vane-vortices are exactly intercepted by the next vane. When the local flow-
direction is Yid (= ideal tiltangle of the vane-span) the vane lift gives
rise to the above given axial force, or in non-dimensional form: C

2 N . S a x _
CL * av * * Yid where av = ^f^" is the vane""soliditY-

TTR
c. I t is a lso shown in f ig. 8 that for an arbi t rary t i l tangle y £ Y the

vane-vortex system is not exactly closed, and will locally accelerate or
decelerate a part of the fluid. The non-dimensional force associated with
t h i s a d d i t i o n t o t h e t u r b i n e - f u n c t i o n i s C - C O . X 2 ( y - y )

D L v l I ' i dax.
The volume of air Q entering the control-volume through the sides is per unit
time:

Q = A . 6 V e - 2 v ± T T ^ 2 ( 1 5 )

with A = frontal area of the control surface, and r =radius of final wake.
It is found that this volume of air must be assumedeto have an average axial
velocity U + h . 6v , in order to make the final results independent from A,
as they should be. The momentum conservation law applied to the whole of the
control volume then yields:

CD +C_ +CD =4 . -i tl - Ii + ii) +
a X j a x , a x 3 u

-. 6v- i _!_ + ii

Both the forces CD and CD change the total pressure of the flow, in con-
a x x a x 3

trast to the force CD . Application of Bernoulli's law along a streamline from
^ 2

far upstream to a point immediately upstream of the discplane, as well as applying
it along a streamline running from immediately downstream of the discplane to
far downstream, yields:

v T v T 6 v

Subtracting (17) from (16):
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v . - r - 6 v
s =4- -u-^--#> +

a x 2 r —
v - 6 V 1 - ^ + ^

+ 2 • - t j • 5 " - - — ( 1 8 )
V . O V

1 - 2 - ^ + — *u u
The quantities v~ and 6v" occurring in (17) denote average velocities. We can
by analogy with the usual propeller-analysis, also apply (17) to individual
annuli of the flow. When doing so, it should be remembered that the term c
indicates the axial force in an outer shell of the wake surrounding the ax_
wake of the power turbine itself. The induced velocity in the inner annuli
is thus found from the expression:

-4r (x) » h {1 + 6v /U(x)} - h ./{I + 6v /u(x)}2 - c, (x) (19)U e e a x
It should be emphasized, that eq. (19) would not follow from a straightforward
application of momentum theory to the individual flow annuli, the reason being
that the pressure forces on the annuli-surfaces do not cancel out. The axial
force Cq due to the tipvanes is "transmitted" via such pressure forces to the
individual2annuli with the result that the correct momentum balance is restored
per annulus.
According to the velocity diagram of fig. 10:

2 2
C, (x) = Cq (x) . a(x) . X x =

ax
V i / i _ _ 6 v, x

fl  - - r r ( x ) + ~ - ( x ) ^ 2 2„ J 2 H _ 6 ( x ) [ . a ( x ) r * ( 2 0 )
Xx

Ncwith x « r/R and a - -r-— .

It is seen from (19) that the value of C, where the flow in the annulus breaks
down into a turbulent wake state is ax g iven by

( C d ) = { 1 + 6 V e / U ( x ) } 2 ( 2 1 )ax max

By means of (21) the strength of the ejector-effect may be estimated empirically
from experiments.
When the value of the vane lift coefficient C is known the system of equations
so far derived is sufficient to determine quantitatively the performance of the
power turbine in the presence of tipvanes.
The performance of the vanes themselves (C and C ) cannot be predicted by the
theory derived above. The momentum considerations do, however, provide us with
the flow-angles experienced by the tipvanes, since y is known from (18) and the
local velocity w of fig. 8 is given by

w = 0 . { 1 - H ^ * f • % ( 2 2 )
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4. Tipvane performance
Simple geometry gives the mean angle of attack a of the effective part of the
vane:

v iW 1 , . v a n ea = 6 - sinY sinA - - . x (y - Yid>- -jg— (23)

The first term 0 is the geometrical incidence of the vanes (nose-in positive,
so that the positive liftdirection is towards the rotorcentre). The second
term is associated with the rotational velocity flR, which has a component per
pendicular to the vane-surface when both the tiltangle y and the yaw-angle A
are non-zero.
The third term gives the effect of a non-ideal tilt-angle, i.e. such a tilt
angle that the span is not parallel to the local velocity W. Finally the
fourth term represents, what in classical wing theory is called the induced
angle of attack. For a brief outline of the determination of the induced angle
of attack we again consider the array of tipvanes as a formation of wings. The
Trefftz plane is drawn in fig. 11. W . r. to the first wing an elliptical coor
dinate system (i"i/<P) is fixed, defined by:

xs'jb cosh n • cos <pe

y = h b sinh n • sin (p
(24)

The two-dimensional velocity potential in the Trefftz plane due to an ellip
tical liftdistribution along the effective span b is given by:

\ - n< f > = b . O R . — - =■ e M s i m p ( 2 5 )T e T T A
e

where the quantities C and the aspect ratio A are both referred to the
effective span b (see e for the value of b fig. 8). The induced velocity
caused by the'entire formation of wings and wakes is then found to be:

c l - n
V . = O R . - z r - d - c o s < P • e ° ) ( 2 6 )i T T A ov a n e e

where the point (Tl ,cp ) indicates the position of the edge of the first
"returning" vortex sheet closest to the vane under consideration (point B
in fig. 8).
It is seen that in the case of perfect vortex-synchronization (i.e. when B
and C in fig. 8 coincide) there is no induced velocity v^ since tp = 0
and f| = 0. On the other hand, when there is a large gap between B and C
(H -*" °°), the classical result of a single wing is obta^ed. Since the posi
tion of B is to a certain extent determined by the roll-up offset distance kb
a small overlap of the geometrical projections of the wings on the Trefftz
plane is needed before perfect vortex-synchronization occurs.
Now multiplying eq. (23) by the two-dimensional lift-curveslope C« and
s u b s t i t u t i n g ( 2 6 ) i n t o i t , w e fi n d : a

C L g g - - * — . { 9 - s i n y s i n A - J } ( Y - Y i d > }
1 ♦ 5J* (1 - cos «Po . e \



whereas the vane-dragcoefficient is by a similar analysis found to be:

C = —*- (1 - cos ip e °) - CT • 77 • y (^Yid) <28>D T T A O L ^ U A i di e e

The latter result shows that in the case of perfect vortex-synchronization
the induced drag coefficient of a tipvane is zero.

•5. Experimental verification
For the purpose of verification of the outlined theory, numerous experiments
have been done in windtunnels and in a towing-tank, whereas also full-scale
tests on a 8,5 meter diameter tipvane rotor have recently started and have
already yielded some preliminary results.
Ref. 1 describes in slightly more detail the windtunnel and towing-tank expe
riments. A few results will be given below.
Fig. 12 shows measured and calculated characteristics of a windtunnelmodel in
which the turbine was simulated by gauzes around which tipvanes were rotating.
Pitot-static tube traverses behind the gauzes were made to determine velocities
and total pressures. In the diffuser diagram of fig. 12 these are shown in in
tegrated form, with turbine blockage CD on the horizontal axis and the total
velocity through the simulated turbine axi along the vertical axis. The large
centrifugal forces acting on the tipvanes prevented liftmeasurements to be made
on the tipvanes, so that the latter measurements had to be done on a geometri
cally similar model in a towing tank. Although the experiments in water were only
part ial ly succesful l , the general level of vane l i f tcoefficients predicted by the
theory was confirmed.
Fig. 13 shows a typical distribution of velocity and total pressure, measured
and calculated for the same test set-up as above.
Fig. 14 shows measurements of tipvane-drag. As indicated by equation (28), correct
vortex synchronization will lead to a flowstate where the tipvanes do not expe
rience induced drag. This is confirmed by fig. 14.
Fig. 1 shows the 8.5 m diameter rotor used for full-scale tests and fig. 15
gives some preliminary results of measured and predicted performance. It should
be stressed that the configuration is not yet optimized (the vane lift can be
increased further, whereas powerblades will later be mounted having slightly
more twist).

6. Conclusions
Relatively simple theory based on the assumption of an infinite number of
blades can be derived for tipvane-windturbines. A satisfactory agreement between
theory and experiments is found.
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Fig. 1 Ful l-scale t ipvane testrotor,
8.5 meter diameter.
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AEROFOIL CHARACTERISTICS OF

ROTATING BLADES

by

D.J. Milborrow and J.N. Ross

SUMMARY

Changes in aerofoil characteristics, due to radial outflows on the blades

of axial flow fans, were first reported some 40 years ago. The studies

yielded high lift coefficients, up to a maximum of 3, near the blade roots.

More recently radial migration of the boundary layer on the suction surface

of a blade was photographed during fan tests at CERL.

This paper discusses the findings of detailed measurements made at a number

of radial stations on a rotating model wind turbine blade. These also

yielded lift coefficients higher than two dimensional values in the post-

stall region, comparable with estimates from a recent American study, but

less than the early fan test results. The present study also yielded drag

coefficients which were higher than 2-D values but this may be a function

of the small scale of the experiment. Further avenues of analysis are

discussed which may lead to clarifiction of the discrepancies.
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1. INTRODUCTION

Although estimates of the performance of low solidity fan and wind
turbine rotors are usually made using standard two-dimensional aerofoil data,
there is evidence that this approach may not always be adequate.
Himmleskamp (1945) argued that three dimensional effects substantially altered
aerofoi l characterist ics, part icularly at angles of attack above the stal l ing
incidence measured in two dimensional flow. These conclusions were derived from
tests on axial flow fan blades and it was found that the maximum lift
coefficient increased towards the blade root, values as high as 3 being
derived.

It is possible that these phenomena are due to centrifuging of the
boundary layer on the aerofoil towards the blade tips, so that separation is
suppressed. Radial pressure gradients also cause marked streamline
displacements and these have been measured during fan tests at CERL. Flow
visualisation, using synchronised flash photography was also used to examine
the flow on the blades. A typical flow pattern, observed on the suction side
of an axial flow fan blade, is shown in Figure 1.

The possibility of similar phenomena occurring on wind turbine blades
was discussed by De Vries (1979) and by Tangier (1982). Both concluded that
post-stall lift was higher than expected. Viterna and Janetzke (1982) inferred
aerofoil characteristics from performance measurements on full scale rotors.
They also concluded that post-stall lift coefficients were increased and
derived, in addition, estimates of drag coefficient which were markedly lower
than conventional values in the post-stall region. They were not able, however,
to deduce any radial variations of aerofoil characteristics.

The present measurements were made as part of a study of the
capabilities and limitations of using wind turbine models of modest size for
studies of aerodynamic performance and wakes. It was reasoned that such rotors
could be used for fundamental studies provided their performance could be
properly quantified. It was therefore necessary to check the rotor performance
against predictions, which in turn raised the question of the accuracy of the
appropriate aerofoil data. A study was initiated to measure, as directly as
possible from rotating blades, angles of attack and the corresponding lift
coefficients, using, respect ively, the non-intrusive propert ies of laser
anemometery and small total pressure probes with a wide angle of acceptance.

2. OBJECTIVES

The objectives of the study were:-

(i) To establish a procedure for measuring aerofoil characteristics
on rotating blades and

(ii) to derive aerofoil data for a blade of known section, for
comparison with standard, two dimensional data.

3. EXPERIMENTAL EQUIPMENT AND PROCEDURE

The tests were carried out in the working section of the CERL low speed
wind tunnel, which is 4.5 m wide and 1.5 m high.

The model rotor was 0.66 m diameter, with two blades of 4415 aerofoil
section and 0.032 m chord. The power absorption and control systems have been
described by Metherell et al (1982); this paper also described the laser
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Dopp le r sys tem, used to measure the rad ia l d i s t r ibu t ion o f ax ia l ve loc i t y, one
chord downsteam of the rotor blades. Measurements of total pressure were made
at the same plane, which was selected so as to be close enough to enable "rotor
p lane" va lues to be measured, bu t su ffic ien t ly d is tan t to min imise er ro rs due to
p e r i o d i c i t y o r b o u n d v o r t i c i t y o n t h e r o t o r b l a d e s . T h i s p o i n t i s d i s c u s s e d
later. The pressure probes were of the s tandard ventur i type, wi th a wide range
of acceptance angle, and were l inked by tubing to a micromanometer. The
reference pressure was taken f rom a tota l pressure tube in the undisturbed flow,
upst ream of the ro tor.

Measurements of velocity and pressure were recorded at radi i between
30% and 97% of the rotor radius, over a range of t ip speed/wind speed ratios
between 4 and 11. Measurements of the electrical power generated were recorded
and correct ions made for mechanical and electr ical losses up to the measuring
point . D i rect measurements of ro tor thrust were a lso made, us ing s t ra in gauges
mounted at the base of the support tower.

4. RESULTS AND ANALYSIS

4.1 Rotor Power and Thrust

Since chord-based Reynolds Numbers for the rotor blades were in the
range 2 x 10 to 1 .2 x 10 , per fo rmance data fo r the ro to r were c r i t i ca l l y
dependent on rotor speed. Reynolds Number variat ions have been taken into
account in prepar ing the comparisons between theoret ical and exper imental values
of power and thrust shown in Figure 2 and 3. The agreement between the thrust
cu rves i s reasonab le , wh ich ind ica tes tha t l i f t va lues a re in fa i r ag reement
with predict ions. The agreement between the power curves is less good, the
discrepancy at low t ip speed rat ios probably being due to the aerofo i l drag
be ing h igher than pred ic ted .

More de ta i led compar isons o f ve loc i t y ra t io , as a func t ion o f rad ius
are made in Figure 4. These comparisons show reasonable agreement, especial ly
in the mid-span region, but there are d iscrepancies, near the b lade root , where
the measured ve loc i t y ra t i o was cons is ten t l y l ower than p red ic ted . Th is
i nd i ca ted t ha t t he l i f t was h i ghe r t han p red i c t ed .

4 .2 Der i va t i on o f Ae ro fo i l Da ta

4 . 2 . 1 A n g l e o f A t t a c k

The laser was used to measure mean axial velocity as close to the rotor
as poss ib le , as descr ibed above. Th is y ie lded a mean va lue , f , say. S ince
t ip loss cor rec t ion fac to rs express the ra t io o f the mean reduced ve loc i ty to
the reduced velocity sensed at the blade (Wilson and Lissaman, 1974)
we have:-

K ( F - g ) - ( F - f ) ( 1 )

where K is the t ip loss cor rec t ion , g the ve loc i ty "seen" by the b lade
sect ion , and F the f ree s t ream ve loc i ty. G iven K, F and f , i t was poss ib le
t o de te rm ine g . A t r ad i us r, w i t h r o ta t i ona l speed jd , i t was t hen poss i b l e t o
determine the re la t i ve flow ang le , ^ (= tan~1 g /dr ) and the ang le o f a t tack
(ol =» CJ -f i , where J5 is the blade angle). The tip loss correction factor is, in
fact , a funct ion of p and hence of g rather than f and i t was therefore
necessa ry t o i t e ra te t o find t he so l u t i on t o equa t i on ( 1 ) .
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4 . 2 . 2 L i f t C o e f fi c i e n t s

The l i f t coeffic ient was a lso der ived f rom the ve loc i ty measurements .
The measured ve loc i ty ra t ios were used to der ive th rus t coeffic ien ts , us ing
the standard momentum relat ionship:-

CT = 4a(l - a), where a = 1 - f/F

L i f t c o e f fi c i e n t s w e r e t h e n d e r i v e d f r o m t h e t h r u s t c o e f fi c i e n t s u s i n g
the s tanda rd re l a t i onsh ip :

CT = crCL/s in S

where c r i s the loca l so l id i t y and 3 the f low in le t ang le , (= tan"1 F /£r ) .
L i f t c o e f fi c i e n t s a r e p l o t t e d a g a i n s t a n g l e o f a t t a c k i n F i g . 5 .

4 . 2 . 3 D r a g C o e f fi c i e n t s

The total pressure drop recorded by the probe was due partly to the
momentum loss assoc ia ted w i th the l i f t and par t l y to aero fo i l d rag . I t may
easi ly be shown that the pressure drop due to drag is given by:-

Av_lh? f2 =<r-cD/sin:
This quant i ty could not be measured di rect ly but could be inferred by
sub t rac t ing the p ressure d rop due to 11 f t : -

m£±b -_ / } -pV2 =e rCL /s ln2

from the overa l l pressure drop

Below stal l the contr ibut ion due to drag was quite smal l and so the
pressure measurements provided a check on the l i f t values derived from the
momentum equation. The agreement was very good. Above stall there were
insu f fic i en t da ta po in t s t o es tab l i sh t he d rag cu rve w i t h ce r t a i n t y bu t t he
indicat ions are that h igher values prevai l than measured in two d imensional
flow (F ig . 6 ) . Th is may however be due to the sca le o f the exper iment . I t
i s i n t e r e s t i n g t o n o t e t h a t t h e v a l u e s o f ( l i f t + d r a g ) , a l s o p l o t t e d i n F i g . 6 ,
reach leve ls comparab le w i th the l i f t coe ffic ien ts quo ted by
Himmelskamp (1945).

4 . 3 B l a d e s e t t i n g a n g l e

Al though the b lade angle was set at 3° there was a l i t t le uncer ta inty
over the exact va lue, par t ly due to the accuracy of the j ig , par t ly to the need
to determine the angle between the true chord l ine and the undersurface (used
fo r se t t i ng pu rposes) . When the ae ro fo i l da ta were o r ig ina l l y eva lua ted the
l i f t - i nc idence curve was d isp laced by 1° f rom the an t i c ipa ted pos i t i on in the
l inear region and it was reasonable to assume that this was due to an error in
es tab l i sh ing the b lade se t t ing ang le . The se t t ing ang le was there fo re taken as
2° f o r f u r t he r ana l ys i s and t heo re t i ca l es t ima tes .

An a l ternat ive method of est imat ing the drag coeffic ient was dev ised
by examin ing the propos i t ion that drag appears as increased turbu lence. I f
th is assumption is made i t may readi ly be shown that the drag coefficient is
8 l v e n b y ! " c ^ _ ^ ) % r , ^
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However, th is procedure cannot be regarded as h ighly accurate, par t ly
due to the d i f ficu l t i es assoc ia ted w i th measur ing the tu rbu lence , pa r t l y due
to the convers ion of the drag loss into energy forms other than turbulence.
The va lues ca lcu la ted were , i n fac t , qu i te l ow, wh ich suppor ts th i s l a t te r
hypo thes is . On the o the r hand , the fac t t ha t l ow va lues o f d rag coe ffic ien t
were der ived indicates that the turbulence measurements were not affected by
bound vo r t i c i t y on the ro to r b lades . I t may then be in fe r red tha t the p ressure
measurements, made at the same time, were also unaffected and represent true
mean values.

5. DISCUSSION OF RESULTS

When the l i f t curve in fer red f rom the measured ve loc i ty ra t ios was
compared w i th the 2-d imens iona l da taset fo r the aero fo i l sec t ion , ex t remely
c lose agreement was found be low s ta l l ing inc idence. Above s ta l l ing inc idence
(a round 12° ) t he expe r imen ta l va l ues o f l i f t coe f f i c i en t we re cons i s t en t l y
higher than the 2-D values. The maximum discrepancy was around 0.4, fal l ing
again as the angle of at tack increased towards 30°. The general ly good
agreement between measured and predicted values of overal l thrust coeffic ient
confi rmed tha t mod ifica t i ons to l i f t we re no t l a rge . The measured t rends a re i n
l i ne w i th the find ings o f V i te rna and Jane tzke (1982) and , i n p rac t i ce , the
v a l u e s o f l i f t c o e f fi c i e n t d e r i v e d i n t h i s s t u d y w e r e q u i t e c l o s e t o t h e i r
va lues . Th is agreement i s encourag ing , s ince aero fo i l da ta tend to be
independent of Reynolds Number and sect ion profile beyond the stal l .

I t i s m o r e d i f fi c u l t t o i n f e r w h e t h e r t h e d r a g c o e f fi c i e n t s a r e a l s o
subject to modificat ion but the discrepancy between the predicted and measured
va lues o f pe r fo rmance coe ffic ien t a t l ow t ip speed ra t ios imp l ies tha t d rag
coefficients may be higher than measured in the 2-dimensional case. The
detai led measurements supported th is deduct ion, wi th qui te h igh values of drag
coef f i c ien t be ing der ived , r i s ing to 2 a t an ang le o f a t tack a round 30° .
Vi terna and Janetzke (1982) found lower drag below sta l l , but above sta l l they
pred ic ted lower drag coeffic ien ts than in the 2-D case.

I t i s i n te res t i ng to no te t ha t t he va lues o f ( l i f t + d rag ) measu red by
the p ressu re p robe , i . e . up t o 3 , a re i n l i ne w i t h t he va lues o f l i f t
coeffic ient der ived by H immelskamp (1945) . However, a s tudy o f h is ana ly t ica l
procedure ind icates^that he was ab le to d iscr iminate between l i f t and drag, but
t h e p o i n t r e q u i r e s f u r t h e r s t u d y.

Finally it may be noted that the good agreement between measured and
pred ic ted ve loc i ty ra t ios a t 39 Hz ro ta t iona l speed (cover ing a range o f ang les
of at tack below sta l l ) points to the accuracy of the measur ing techniques and
the aerodynamic theory and indicates that smal l rotors can be used for basic
aerodynamic studies, despite the low blade Reynolds Numbers.

6. CONCLUSIONS

The flow pat tern shown in F ig. 1, showing radia l migrat ion of the
boundary layer, would seem to ind icate that some modificat ions to aerofo i l data
may be expected on rotat ing blades. This has been confirmed by the present
tests and by a number of other studies.

By making detailed measurements at several radii and over a range of
ope ra t i ng cond i t i ons i t has been poss ib le to ob ta in es t ima tes o f t he l i f t
coeff ic ient o f a ro ta t ing b lade over a range o f ang les o f a t tack up to 30° .
At angles of at tack below sta l l , these est imates were very c lose to values
obta ined f rom 2-d imens iona l tes ts . Approach ing and beyond s ta l l the der ived
values were higher than the 2-D values and the maximum discrepancy was around
0 . 4 .
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This study has therefore supported the conclusions of Viterna and
Janetzke (1982) but not reproduced the findings of Himmelskamp (1945), who
derived very high lift values. However, the present tests did yield values
of (lift + drag) similar to those of Himmelskamp. A study of his experimental
and analytical techniques indicates that they were able to discriminate between
lift and drag and hence his measurements must continue to carry weight.

The question of drag is therefore unresolved although there is evidence
from the present tests that drag may increase both above and below stall.

7. FURTHER WORK

The fan tests of which the flow visualisation study was a part (Gardner
and Milborrow, 1979) tended to yield low drag values below stall and there were
indications that stall was delayed. These data will be re-examined. An
additional cross-check on the derived lift coefficients is available in the form
of a measurement of the swirl angle.

Two further datasets are available from model wind turbine tests at
CERL. Wilmshurst et al. (1984) used blades of arbitrary section for experiments
in the high thrust region and the 2-D characteristics of the blades have
recently been measured. More recently an extensive series of tests on a model
of the Howden HWP-300 series wind turbine has been carried out; this model had a
larger blade root chord and hence a higher Reynolds Number; tests in yaw were
also carried out. If the cause of the phenomenon is radial outflow of the
boundary layer this would be enhanced in yaw at one horizontal azimuthal
position of the blade and inhibited at the other; variations in the derived lift
coefficients may therefore be expected.
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BjSrn Montgomerie

UNSTEADY AERODYNAMICS APPLIED TO THE HORIZONTAL AXIS WIND TURBINE DISK

1. INTRODUCTION

At .FFA, the wind power group,among other things, has the responsibility
to develop methods and knowledge aiming at the capacity to model and
calculate the dynamic behavior of complete wind turb.ines. The dynamics
of the tower, nacelle and rotor are caused by the response of the elas
tic structure to external forces i.e. aerodynamic and gravitational for
ces. The method derived and presented here is concerned with the aerody
namic forces only. The method is the result of the following require
ments:

a. To yield external forces to the equations of motion for a complete
elastic structure horizontal axis wind turbine elastic model.

b. To include relevant unsteady effects for improved time
history (simulat ion) and force calculat ion.

c. To hold the volume of the unsteady method down in order
not to make the computer runs unduly lengthy.

Aerodynamic methods frequently seen in most programs of this nature, are
implemented as a part of the complete method here as well. As an addi
tion the unsteady effects are applied to the aerodynamic induction fac
tor, normally denoted a. The advantage of this approach is to allow easy
addit ion and inclusion of the unsteady effects to an already exist ing
method for aerodynamic force calculation.

2. STEADY AERODYNAMICS

Aerodynamic forces emanate from the air acting on the blades as they
rotate. The blade tips thus circumscribe a circle whose plane is refer
red to as the disk plane. Aerodynamic forces on the tower and nacelle
are ignored in this context. The basic requirement of the force calcula
tion is to predict the forces acting on a number of blade elements as
defined by the analyst. Ten to twenty elements are typically chosen. By
properly equating the force resulting from blade element/2-D-aero theory
to the momentum lost in the wake flow, in the annular part of the wake
corresponding to the element, the assumed value of the induction can be
found. Usual ly i terat ion wi l l have to be appl ied for this purpose. In
order to respect item l.c above the moment of momentum, corresponding to
the rotation of the wake flow, was neglected. The rotation of the wake
flow is therefore not included. Furthermore, when calculating a, viscous
effects are ignored when matching the loss of axial momentum to the
thrust caused by the l i f t on the blade elements. For the final force
calculation they are included, however.

The neglect of wake rotat ion is a genuine simplification of normally
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applied theory, whereas the exclusion of viscous effects can be suppor
ted by theoretical considerations. By corrparing results from another
program at FFA (including both wake rotation and profile drag effects,
the latter for calculation of the induction) i t was found that the two
methods produced near ly ident ical resul ts even far f rom the design
p o i n t .

As pointed out above, a method for the calculation of steady aerodyna
mics is required. It was presented here very briefly since such methods
are well described elsewhere in the l i terature. The emphasis of this
text is therefore on the extention of the steady to the unsteady aerody
namic theory.

3^ SOME BASIC CONCEPTS OF POTENTIAL FLCW THEORY
Those elements of potential flow theory that are relevant to the problem
are first presented in this paragraph. The ideas util izing the potential
flow theory are laid out in 4.

A central part of the develop
ment of the .induction theory is
the concept of the vortex fila
ment. The filament is assigned
the capacity to be able to pro
duce induced velocity in the
ambient air. The direction and
the size of the induced velocity
is governed by the Biot-Sawartz'
law originally developed for
the magnetizing field around an
electric conductor. In this con
text , however, the law re la tes the vor t ic i ty s t rength of
filament to the induced velocity. The induced velocity is

Fig. 1
the vo r t ex

d V i = ( r s i n f d s ) / ( 4 f fl 5 ' ) (1)

All quantities included are defined in Fig.l. For a vortex that is annu
lar, see Fig. 2, Eq. (1) can be integrated around the circle to yield an
induction on the center line. Considering the center line component only

a=Vc/V= (r / (2*R*V)) * (1+ (X/Rf ) z

Potential flow theory allows
the influence from several
vortex lines to be added at any
point in space.(Vector addition.)
The influence from several rings,
as in Fig. 3, is simply the sum
of contributions from all r ings
present. Whence, from several rings

a, -5
a=£( r / (2RV)* ( l+ (X£/R) ) *

i
Eq. (3) immediately lends itself to
computer inplementation including
any amount of rings.

(2)

Fi ,

(3)

Fig. 3
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Another basic fact considered below is that according to Helmholtz' rule
a vortex filament,in a non-viscous continous fluid, must form a closed
loop.

4. UNSTEADY INDUCTION AT THE DISK

Unsteady aerodynamic theory for rotors includes at least two major parts
of .influence.

Firstly, on a short time scale, a step change of circumstances at the
profile causes delayed lift effects that has a duration which is in the
order of magnitude of a few time equivalent chords. Translated to terms
of rotation the effects referred to have vanished after say 20 degrees
of azimuthal displacement. This is equivalent to a fraction of a second
for most rotors of interest. Although it is important this effect is not
dealt with in this context.

Secondly there are unsteady effects that, responding to a step change,
linger on for a number of seconds. For a megawatt wind turbine the delay
can be in an order of magnitude of half a minute. These are the long
time scale unsteady effects. They constitute the substance of this text.

A horizontal axis wind turbine, or a propeller, generates an aerodynamic
force associated with the strength of the part of the vortex that is
located along the blade. According to Helmholtz' rule the vorticity can
not end on the blade but must have some continuation. Although vorticity
is shead, with varying strength, along the full length of the blade the
concentration of shed vorticity takes place from near the blade tip and
from somewhere near the root. A thought that immediately comes to mind
is therefore to approximate the shed vorticity as being concentrated to
the very tip and the center line. The two must be united downstream in
order to form a closed loop.
The vortex system thus con
s i s t s o f f o u r p a r t s . T h e p a r t H
on the blade itself C (the bound
vortex) generates the blade
f o r c e s t o g e t h e r w i t h t h e r o - v
t a t i o n a l s p e e d a n d t h e w i n d — »■
speed. The part that is shed
from the tip will form a helix
pattern. Since the induction
velocity is perpendicular to
the vortex line the induced
velocity will have a major
component along the center
line direction. A lesser com
ponent is directed so as to
c a u s e a r o t a t i o n o f t h e w a k e F i 5 - ^
flow around the center line.
Also a radial flow component
exists. The center part of the
vortex has mainly the function to rotate the wake flow because of its
extent in a near straight line along the center line. The remainder of
the c losed loop vortex fi lament is the radial part that jo ins the t ip
hel ix wi th the centra l vor tex l ine. Since i t wi l l e ffect the induct ion
on the blade only init ial ly its influence wil l be ignored altogether.



72

Because of expediency it is desirable to further simplify the vortex
model. This is carried out by approximating the helix pattern with a
sequence of vortex rings in accordance with Fig. 3. The center vortex is
ignored since , from experience it is kncwn that the rotation of the
flow normally is insignificant. The vortex model, for wake induction
calculation, therefore is reduced to a number of vortex rings. The next
step in the development of this method is to find the adequate vorticity
strength, radii, number of rings, spacing between consecutive rings et
c. The take off point for the founding ideas is the step change in cir
cumstances at the disk.

Any new situation, that must be assigned the requirement that it is
small and that it occurs in a step, can serve as a model for the deve
lopment of the following ideas. As an example a sudden pitch change, of
a small fraction of a degree, may be used for this purpose. To make the
mathematical treatment easy
a number of rules for the
development of the wake vor
ticity will be constructed.No mathematical stringency
burdens this presentation.
At the moment the progression
of thoughts will be presented
in a heuristic fashion. Its
merits and shortcomings will
be discussed later.

7 7 i c s u d d e n
JntiiCm. it? d

c h c t nipG
/ t f

/BO° o f az imuth
la £ c r-

/ - i / e r

I n the ad jacen t figu re , a t * *
step number 1., the sudden P
change in pitch takes place.
This immediately produces a
closed loop votex filament
whose strength is obtained
from the difference in lift
coefficient caused by the
step change. For an very
small change the strength <&i&jo3
of the incremental vorticity
that is shed will be defined
by the circumstances that
prevailed before the step
change took place. The
incremental vorticity in
the wake will affect the disk ^«/» 4
but only to an ignorable extent.
Therefore the actual strength
of the vortex rings is issr-
material. It can be set to
a value=l. The accumulated
i n d u c t i o n o n t h e d i s k f r o m F i g . 5
several rings will then approach an unpredictable but assymptotic level.
The example from one computer run seen in Fig. 6 reaches a value of 5.3.
It is not even used since the 'time' constant only is of interest.

One difficulty that must be overcome is the conplication that the velo
city, with which the rings drift downstream, varies along the down
stream coordinate. This variation could be calculated but would require
a complicated mathematical representation in computerized form. Alongsi-

/80l

e t
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de with this particular problem is the associated expansion of the wake
expansion which undoubtedly would cause a widening of the rinq diameters. Also a densification of the rings down stream would occur. It
seems that a densif ication would tend to increase the induction whereas
the acconpaning widening would reduce it. The effects are counteractive.
Although no attempt was made to veryfy the relative size of their inf-
ih^ho^^ k^0!*5^6 this **&**• For future improvements ofthis theory they should be included.

A^ simple replacement for the variation of the downstream drift of therings is therefore some sort of weighted average constant velocity. In
£M?Vi,e n0ti°n that *** *»****» f*r down stream is twice ^2 atthe disk can serve this need. Therefore the average velocity in the wake
was assumed to be .5*(V(l-a)+V(l-2a))=.5*V*(l-l.5I). Ihis 2 Se veS
^ that was used to produce the time constant curves, see explanationsbelcw-Ohe distance between the rings is this velocity multi^eHy SI
time it takes to complete an azimuthal sweep of 180 degrees in the case
SL! tTbladed/otor- " the distance is mLured in^Sr SdS raSIrthan meters or feet the expression for the distance becomes

R e l . D i s t . = ^ ( l - 1 . 5 * a ) / > (4)
The distances in Fig. 3 are obtained by summation of the relative dis
tances according to (4). Biis together with Eq. (3) explaiS why Se
'time' constant C becomes a function of both a and X expiainS wny the
Of all part results calculated the induction at the disk is the more
interesting. Although only calculated at the center of Se disk £1
value obtained was used to represent the whole disk. '

^n^C^°?J£ ** diSk' ua±ng ** centfir line value «=ross the disk,
~ i f f ^9^ aS a do t t ed ^ ^on , each do t r ep resen t i ng t he
r e l ^ d s t ^ 1 3 ^ ^ ^ 0 11 f r ° m S l l ^ i n g S a t e v e r * * * » * t e * ^ c S -
f5ff i j i£_£J^*°f-a new.r^->ese dots were united with a curvefaired through the dots in an induction vs time diagram. Several such
Sd^SD^%oPS,dHCeiSr ****** conciliations of initial inducSonSl^L^fi.^ Spe?? rati°S' A11 of tteBe curves look "te simple
£f a gp5^-^-nS res^OT^J^ to a step. One example is included herein^
fig#J; ^ -u^ an1exP°nential function to each one of these curvesit was possible to plot the corresponding 'time' constant as a function
nfnS^lal "****» and SE«ed ratio. This function, called^, haTbS
b ^ ^ t S l v ^ r ^ ^ - ^ ' J ' M ° r e " " ^ y « * r e s P ° n s e a c t i o n t abeen suitably normalized in order to allow different curves from diffe
rent size turbines to collapse on the single carpet plot. Thus the "ti
me" lag curves have nun±*r of chords downslream^T the ^is ratSr
than genuine time Ihe vorticity strength on the Y axis is not Spor^
t a n t a s . a x p l a i n e d . a b o v e . * * > * * * .

5. USING THE RESULTS OF THE ANALYSIS

in order to use Fig. 7 the parameter a must first be calculated. Sine* a
eLSr "IS ??ran,efr *? te calculated a time integration method can'
!££_*.T ? - ° f a at ^ ^^^ of the t ime step or use more
STKf! ^ integration schemes such as Runge-Kutta in order to impro^
obt^eS^K£S °f ^ calculation- »* **>»=tion at the disk «_T£
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a(t)=a^ +(l-e c ) (aMEW -a0LD) (5)O L D s t e e l y

(5) shows how the induction at the disk responds to a step change. For
each time step, however, a new value for C must be obtained from
interpolation in Fig. 6. The induction calculated with some method for
steady performance must be provided for the complete calculation. Eq.
(5) ind icates the in terest ing possib i l i ty to fu l ly ut i l ize s teady met
hods in addit ion to the unsteady effects thus making ful l use of an
abundance of already developed steady methods without modification.

The more general and therefore more useful calculation, however, is the
induction responding to arbitrary changes in circumstances. The step
change results described above can be utilized for this extended purpo
se in one of two ways. Either the response to arbitrary changes in cir
cumstances are handled using a Duhamel type of integration. The author
explored these possibilities implemented in FORTRAN code. Before numeri
cal results were even calculated it was realized that the other appea-
. -ent approach would be more attractive from a computational stand point,
ihe Duhamel type of approach was therefore discarded in favor of direct
t ime in tegra t ion o f the d i f fe ren t ia l equat ion whose so lu t ion i s the
exponential function. The main advantage seemed to be the ease of hand
ling because of much reduced code and its administration.

fhe differential equation, whose solution is the exponential function,
i s

Y + Y * C t i m e = f ( t ) ( 6 )

Y is the response funct ion and f ( t) is the 'dr iv ing' funct ion whose
value will be approached with delay by Y. In this particular application
f (t) is the steady induction calculated as if circumstances at the disk
had prevailed for a long time at each time step. Ctime is the genuine
time constant obtained from C as follows.

Ctime=C* * / (-A * (1-^ *2*a)) (7)

C is seen plotted in Fig. 6. By rewriting Eq (6)

Y = C E m e * ( f ( t ) - Y ) ( 8 )

the technique of direct time integration becomes immediately obvious.
The part of the program, used by the author, that implements the long
time scale aerodynamic effects essentially only includes Eqs. (7) and
f8) and a tabulation of the carpet plot represented by Fig. 6. An extra
nterpolation routine was also necessary in this case. It should be men

tioned that the program so far only has the capacity to handle a uniform
inflow to the disk. I.e. no ground wind shear layer has yet been inclu
ded. The inclusion of non-uniformity over the disk complicates the theo
ry considerably as discussed below.

6. SOME PRELIMINARY RESULTS
o f
(asThe most basic numerical experiment that could be devised consists

a straight forward performance calculation. The performance program
opposed to the program that calculated C, once for all) was run using
tte unsteady option. The computer run starts with the program having no
knowledge of what the induction was at the very outset. Therefore the
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initial induction is=0. Physically this corresponds to the hypotheti
cal situation that the wind and the air were turned on suddenly while
the rotor was rotating at nominal speed. This artificial step chanae
includes a distinct difference from the step change depicted in Fig. 6.
When the unsteady method is used in the performance program the time
integration procedure fetches different values of the parameter C. The
refore the step change, in this case, is the compound effect of a simple
step response and a time constant that changes with time.
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Fig. 8 does not show the induction directly. Since the induction -Lncre-
ses from zero to some assymptotic value the wind velocity at the disk
consequencially decreases. The decrease in wind speed is equivalent with
a decrease in angle of attack at the blade elements causing the blade
element forces and therefore the integrated forces on the rotor to dec
rease. As can be seen in Fig. 8 the thrust should be nearly proportional
to the angle of attack since the main force vector direction is in the
general axial direction. Therefore the decrease is from 4.5E5 to 3.45E5.
This is equivalent to a 23% decrease from a non-induction situation. The
part icular parameter combinat ion chosen for the computer run is at
design point. Therefore a Betz type optimization of the induction indi
cates a value of .333. The reason that the torque does not decrease as
much as the velocity decrease through the disk ( =.333*V ) is that the
blade geometry, for the no induction part of the time history, is poorly
matched. The induction increase, decreasing the velocity through the
disk, causes the appropriate matching of blade geometry to the aerodyna
mic environment. Thus the right .hand part of the diagram is relatively
better in terms of performance.

The torque curve displays a drastic change from 2.1E6 to 1.1E6. This 50%
decrease is the compound effect of partly the force vector decrease
partly the change of direction of same force vectors. Although the test
case is an extreme idealization it nevertheless gives an insight into
the reason for the gross underestimation of force changes that results
from, say a pitch change, using methods that only include steady induc
t ion ca lcu la t ion. A rea l l i fe case that has severa l s imi lar i t ies wi th
the assumptions behind Fig. 8 is the start of the wind turbine from no
rotation. If the pitch schedule is precalculated using steady aerodyna
mic theory only the observer present at the test site should be amazed
at the acceleration of the rotor which by far would exceed the calcula
ted value. For the same reason the aerodynamic braking deceleration of
the rotor at shut-down would be much higher than expected.

The consequencies of comparing steady vs unsteady methods can be seen in
various numerical exercises. One such variation is seen .in Fig. 9. Here
the preconditions that were set up were considerably more complicated
than those just described. The performance program was run with the
tower motion option at work. This includes a simple mass/spring system
representing the tower data first bending mode. A simple control system
representation is also part of this program. The control algorithm is

Pitch rate = KQ* (Torq-Torqref) +KZ* (Tower acceleration) (9)

This represents an extreme simplification of the Karlkronavarvet/Hamil-
ton Standard WTS-3 (3MW) machine control system at above rated speed.
The firs t term corresponds to the pr imary regula t ing funct ion. The
second term is a compensation for tower motion. If it were not present
the control system would not be able to tel l the difference between
genuine wind change response and apparent relative wind change caused by
the tower rocking motion. The capacity to tell the two apart can be of
vital importance in cases where the control system cut-off frequency is
higher than the tower natural frequency.

In the context of fatigue evaluation it is of interest to know what the
damping of the tower motion might be. Using the program both with and
without the unsteady opt ion several runs were made using di fferent
values of the tower acceleration feedback parameter KZ (nominal=3).
Again the more complete method using unsteady aerodynamics turns out
more severe (less desirable) data. At least for the wind chosen the
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unsteady .curve (the upper of the two) means that the clamping is not as
good as expected if steady methods were used only. In this respect the
difference is not as specta.cul.ar as in the first case studied, however.
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The third study carried out with the performance program was designed to
pruduce results that are more easily checkable against measured data.
The pi tch angle is art ificial ly let to osci l late sinusoidal ly. The prog
ram options including unlocked tower and nominal wind speed = 8 m/s were
used. S.ince the tower first mode frequency = .36 Hz it must be avoided.
Also the first blade mode frequencies of about 1.3 Hz must be avoided.
.8 is inbetween the two. Therefore it was chosen. Furthermore the maxi
mum pitch rate, '.because of hydraulic flow limits, is at 4 deg/s. Half
this amount was chosen. A maximum pitch deviation must also be honored
in order not to give excessive forces on a real machine. All of these
considerations give the following pitch change rule.

Pitch rate (deg/sec) = 2*sin(5.03*t)

In retrospect , having obtained the numerical resul ts , the p i tch rate
should have been reduced considerably since the force responses were
considerable and therefore unfit as a recommendation for testing. The
results do, however, contain useful information. It was therefore deci
ded that they be part of this paper rather than rerunning the program
and subsequent plotting procedures.
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The performance program was run for two cases using steady and unsteady
performance calculation methods. The response in forces and motion were
recorded and plotted. One exaniple of all plots that were analyzed is
seen below.

■STERDy

0.00 4.00 8.00 12.00 16.00 20.00 24.00 28.00

TIME, SBC

Before the onset of the pitch oscillation the thrust is seen to oscilla
te as a response to the tower rocking motion. This rocking is the result
of the tower responding to the sudden thrust at time zero when the cal
culation starts integrating the motion. A sl ight damping of the tower
amplitude can be discerned. After ten seconds the pitch oscillation cau
ses the thrust to respond. The average amplitude of -this oscillation is
found in the table below. All basic values in it were obtained in this
way from the corresponding diagrams. The ratios, at the lower line in
the table, is the essence of this particular study. For anyone who is
concerned with say fatigue the figures should serve as an alarm clock
against relying on steady performance methods. In the case of torque,
and associated blade forces, the miscalculation can apparently be as
large as a factor 4 to 5. The wind was intentionally chosen low such
that the differences would appear distinctly. In the higher wind regimes
the difference is less. The present performance model, with time history
calculation for tower motion and induction over the disk, does not have
flexible blades. The real machine would therefore experience sl ightly
lower values of response because the blades would yield to both thrust
and torque. If, therefore, measured data were to be used .in place of the
unsteady results this may affect the rat ios in the table sl ight ly but
not much.
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TABLE FOR RESPONSE AMPLITUDES

Method Tower
d isp lmt

Torque Thrust Tower
acc.

Tower
v e l .

Unsteady .07m 1.8e5 1.2e5 .9 m/s2 .2 m/s

Steady .022 .4 e5 .5e5 .4 .09

Unsteady

Steady
3.2 4.5 2.4 2.25 2.2

It should be emphasized that the table values are changes in parameters
not absolute values. The values were obtained as the amplitudes of
osci l lat ion for each quanti ty l isted in the table.

7. EXPLANATION OF THE DIFFERENCE BETWEEN STEADY AND UNSTEADY METHODS

The torque is more sensi t ive to changes in circumstances than the
thrust. The reason is that a change of blade element lift force size is
accompanied by a t i l t of same vector the effects going in di fferent
directions if the steady method is used. When the unsteady method is
used it essentially means that the induction is independent of the pitch
angle during a relatively short period of time. This causes the change
of the local angles of attack to be equal to the pitch change initially.
Therefore the unsteady method would produce a thrust change and a torque
change that are both crudely speaking proportional to the pitch change.
The steady induction method can be thought of as counteracting every
pitch change, although it does not fully el.iminate its influence. There
is no such elimination immediately following a pitch change in reality
or in the unsteady method. Therefore changes in pitch or wind pay, so to
speak, ful l dividend init ial ly. This is experienced as larger forces. I t
is hoped that the figure below will lend further support to the unders
tanding of the differences.

DIFFERENTIAL
THRUST
AFTER R
W h h - £

immep / r te .
D i f f e r e n t i a l

THt fUSTj UNSTEADY Tig. ii
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Fig. 11 depicts the hypothetical, but instructive, case where a bladeelement on the rotor is subjected to a sudden pitch change. This change
will eventually cause the vorticity that is shed in the wake to increase
in .power and it will therefore excert an ever increasing but assymptotic
influence on the rotor itself.
In Fig. 11 the following notations are used.

V = Wind velocity,
c^ = Angle of attack.
$• = Local pitch angle,
a = Relative induction.
L = Lift force on the blade element,
il = The rotor rotational velocity.
r = The radial location of the (mid-point of) blade element.
oo = Subscript, circumstances for ambient conditions.
0 = « a t r e s t b e f o r e s u d d e n p i t c h c h a n g e .
R = — " to indicate resulting velocity.
s = Superscript indicating steady circumstances that will prevail

after a long time in reality. It also indicates circumstances
that will be calculated (erroneously) with steady methods even
immediately after the sudden pitch change. The unsteady method,
in contrast, will gradually sneak up toward tliis value after a
while.

u = Superscript to indicate unsteady circumstances immediately after
the sudden change.

8. EPILOG
It is hoped that the material presented in this write-up will serve as a
useful base for discussions on this seemingly important topic. In no way
is it mathematically stringent. Nor is there any measured data available
,at the time of writing, in quantitative support of the conclusions
inherent in the three numerical exercises presented. As more experience
is accumulated in the future the usefulness of the suggested method will
be put to the test. For this reason a more complete report on this topic
is foreseen.
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1. Introduction

For the prediction of rotor performance of wind turbines many theories
have been published, most of which have derived from theoretical propeller
models. Betz, Glauert, Prandtl, Goldstein, Hutter should be mentioned
as the best-known authors. They used more or less idealized models of
the rotor aerodynamics. A rather useful method is the so-called
"strip theory" or "blade element theory" which was adapted for wind
turbines by Lissaman and Wilson.

The blade element theory can also be used for the calculations of the
aerodynamic loads on rotor blades. But the physical modeling and the
equations used for this theory let expect uncertainties in some operational
modes. These items are in particular: operation at very low tip speed
ratios, vortex state, instationary and unsymetrical inflow conditions,
fast blade pitch changes and partial span pitching.

This paper indents to give a survey of the comparison of calculations
done by the strip theory with different theories. Furthermore the
theoretical values shall be compared to experimental data from wind
tunnel tests and data measured at the large German wind er.argy
converter GROWIAN.

2. Aerodynamic Modelling of Performance and Load Calculations in
Steady Flow Conditions

Z.\_ Aerodynamic ItodellInfl

The blade element theory which is described in detail by Lissaman and
Wilson (1) for wind turbines with horizontal axis was used for GROWIAN
performance calculations (2, 3). In contrary to Betz and Glauert it
considers a wind rotor with a finite number of blades. The flow is assumed
to be incompressible, viscous and rotating. Tip losses due to trailed
vorticity are considered by correction factors according to Prandtl or
Goldstein (fig. 1).
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Fig. 1: Idealized vortex system of
a horizontal-axis wind turbine

trailing vorticity
bound vort ic i ty \

hub vortex

extracted power PR

torque
dQr.n-fdQMcK,

thrust
oSr,ng =dS5iQIje

^ W a d r * *
/Vi ring element

dArflg=2Krdr Fig. 2: Physical modelling of the
blade element theory

Fig. 3: Flow conditions and forces at
a local blade element acc. to
blade element theory

-induced axial velocity v=a v:

induced tang velocity u' = a'u
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The flow model is based on the equations of linear and angular momentum
at a streamed ring element in the rotor plane and combines them with the
aerodynamic airfoil characteristics of the corresponding blade element
(fig 2,3).
These equations make it possible to calculate the velocities at the
rotor plane, which are induced by the blades and the wake. The flow state
can be defined with these velocities.

By means of the strip theory the rotor performance and the loads acting
on the blades can be predicted for a given rotor configuration in a
defined operational state.

The rotor configuration is described as:
- rotor diameter D
- number of blades B
- blade geometry (chord t, twist©, thickness d)
- airfoil characteristics (lift-drag relation CL = f (Cq))

The operational state is to be defined by:
- tip speed ratio A
- wind speed V
- blade pitch angle i/7 at 70% radius

The aerodynamic loads at the blades and the rotor performance parameters
which result are:

- lift L and drag D
- thrust S and tangential force T
- rotor power PR

- rotor power coefficient Cp

The power coefficient Cp is the efficiency of extracting power from the
wind.

p R o t o r p R o t o r
Cn =-n

pWind f/z • V3 • ARot0r
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2.2 Comparrson jun th Wi nd_T]jnnel_ Teste

In order to verify the performance calculation with the blade element
theory a 1:25 scale model of the GROWIAN rotor was submitted to wind
tunnel tests. The rotor (4 m in diameter) was tested in the 7x7 pre-
chamber* of the DFVLR wind tunnel in Gottingen and was located upwind
of the supporting structure in order to eliminate shading effects
(fig.4). For the carbon fibre rotor blades Clark Y airfoil sections with
11% to 25% relative thickness were used, because only for these sections
aerodynamic data at low Reynolds-numbers, necessary due to model
scaling, were available for calculation.
It should be pointed out that the comparison between the theoretical and
experimental data - shown below - is carried out for the 4 m model rotor

WIND
O - : -

Fig. 4: GROWIAN rotor model in the pre-chamber of the wind tunnel
at DFVLR Gottingen
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Up to the point where recirculation (vortex state) is predicted to
occur, the experimental data presented here for several blade pitch
angles and rotational speeds (fig. 5a - d) show a fairly good agree
ment with the calculated Cp- \ -curves (4). The experimental data vary
slightly with the adjusted rotor speed, due to the different behaviour
of the airfoil characteristics at different Reynolds-numbers.
Beyond the "vortex state", which is predicted by the theory for
small blade pitch angles at high tip speed ratios, the theory is
no longer valid. The wind tunnel tests show, that the power coefficient
decreases slowly similar to the Cp- A- curves for other pitch angles.
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Regarding the overall shape, the design tip speed ratio and the
maximum power coefficient, the calculated performance characteristics
of the model rotor and of GROWIAN are very similar (fig. 6a, b).
Due to this fact, it seems that the experience gained by the wind
tunnel test can be transferred to the full scale GROWIAN.

c .4

0.0

- . 1

- . 2
2 0 2 !

tip speed ratio x

Fig. 5a: Calculated rotor performance characteristic of GROWIAN

2 0 2 5
tip speed ratio X

Fig. 5b: Calculated rotor performance characteristic of the
4 m-model-rotor
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2.3 Correlation with_Measured Datc_from GROWIAN

Regarding the rotor power characteristic (Cp-A), a comparison between
experimental data of the full scale GROWIAN with the theoretical ones
is not available up to now. Fig. 7 therefore shows the calculated
power curve compared to the power data of GROWIAN measured in several
operational campaigns. The wind speed, measured at j.ub height at the
spur of GROWIAN approx. 25 m upstream of the rotor, is corrected with
data obtained by two wind measurement towers 70 m upstream of GROWIAN
(5).
As expected for quasistationary operation in homogenous wind condition,
the calculated power curve fits the measured data in a sufficient way.

s
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Fig. 7: Correlation of measured and calculated power output of GROWIAN
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3. Rotor Behaviour at Low Tip Speeds and in Instationary operation modes

3J Operation at_Low_T2P_S£eed_Ratjos.

As the validity of the strip theory was presumed to fail at the
parked turbines and at very low tip speed ratios ( \ < 1), a simple
aerodynamic modelling of the rotor was developed (6). It calculates the
aerodynamic forces at the blade on the basis of the classical lifting
line theory according to Prandtl, but is solved by means of the numerical
method of Multhopp (7).
This model considers only the spanwise induction of the flow due to
the trailing vortices. The axial and tangential velocities in the
rotor plane induced by the wake are neglected. This assumption seems
to be allowed for turbines with few rotor blades, high blade setting
angles and low rotation speed. For the GROWIAN-rotor the torque
coefficient calculated with the simple model is plotted in fig. 8
and compared to the values resulting from the Lissaman-Wilson theory.
The plots show a fairly good agreement of both computational models.
The simplified model provides somewhat higher values.
The values provided by the GROWIAN measurement however reflect a
10 to 20% lower level than the theoretical ones.

.04
___. , simplified model

Lissaman-Wilson
&—A measured

-.02 i-

blade pitch
angle t/^.=

- ^ — .
5)

1

Tip speed ratio X

Fig. 8: Rotor torque coefficient for low tip speed ratios for the
GROWIAN rotor
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3.2 Ap£lication of__the_Calculation_Methods_in Rotor Start-up_and_
^hiut̂ dowji £roce_d rn^e s_

Some essential problems are involved in the application of aero
dynamic modelling to the start-up and shut-down procedures.

The first one concerns the aerodynamic data of airfoil sections.
For most airfoils data are only available for angles of attack
ranging from small negative values up to the stall region at positive
lift coefficients. But above all for start-up and shut-down proce
dures, lift and drag coefficients are required for angles of attack
ranging from -90° to +90°. Assumptions, based on characteristics
from different but similar airfoils, were made for GROWIAN's design.
Fig. 10 reflects measured and assumed values for the airfoil FX 79-
W-151 A, which was supplemented in the post stall region by the
characteristic of NACA 0012.

A second problem is also combined with the aerodynamic behaviour of
airfoils. The pitching of the blades is an instationary operation
procedure. Therefore the question arises, at what pitching rate in-
stationary aerodynamics have to be taken into account.

Another problem arises, especially in connection with the blade
element theory. The theoretical model is based on a stationary,
homogenous wake model. However, with respect to the variation of the
axial and circular induction during the blade pitching procedure,
there are doubts whether the stationary model is still adequate.
Furthermore, it should be generally clarified whether the blade
element theory according to (1) has to be expanded to a three-dimension-
al model.

As an example where all these problems may be involved, an emergency
shut-down of GROWIAN, which occurred during commissioning, was recalcula
ted. Fig.11a and b show the time history of wind speed (at hub height) and
blade pitch angle during an emergency shut-down. The blade pitching is a
fixed procedure which is - once actuated - not controlled by
the operation control system. Fig.11c reflects the time history
of the rotational speed at the high speed shaft.
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The dashed line is for the recalculation of this procedure, based
on measured time history of wind speed and blade pitch angle. The
curves show that the rotor brakes down faster in reality than in

computation. The measured stresslevel is also higher than calculated.
The reason for this deviation may be primarily the higher aerodynamic
forces acting on the blades due to the effects mentioned above.
Investigations are still going on in order to analyse these effects
in detail.

4. Conclusion

The comparison of the measured and calculated power curve shows
that the blade element theory works in stationary operation in a
sufficient way. Also when comparing the aerodynamic loads on the
rotor blades for different load cases, the blade element theory
turns out as an excellent and quick tool for calculations. Only
for some cases, where fast instationary operation conditions are
implicated, there are differences between theoretical modelling
and measurement which cannot be neglected. Obviously, it seems
that the limits of the validity of the stationary theory are
reached under these conditions.
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Aerodynamic Performance of a JJew LM 17.2 m Rotor

Flemming Rasmussen

Sunmary
The paper describes measurements of the aerodynamic properties of a 17.2 m diameter
LM rotor mounted on a VESTAS 55 kW windmill. Power curves were measured for a range
of blade tip angles to find the best angle both in relation to energy production
and stalling characteristics. With this optimum blade setting the flapwise blade
root bending moment was measured as a function of wind speed. Also the drag coeffi
cient at 90O angle of attack is calculated from measurements of the integrated
value, i.e. the flapwise blade root bending moment as a function of wind speed
during stand still.
With some simplified considerations the profile properties (Cl, Cp curves) are
estimated from aerodynamic calculations and the results compared to existing pro
file data from 3-dimensional wind tunnel measurements.

The flapwise blade root bending moment versus blade angular position during one
revolution was measured in skew wind and is compared with calculations.

The influence of surface roughness introduced at a certain percentage of the sec
tion chord and the dependency on the Reynolds Number is investigated and discussed
from observed discrepancies in the measured power curves.

1. INTRODUCTION.

The investigation presented in this paper concerns the first prototype of the 17.2 m rotor from
LM Glasfiber. The rotor was installed on a VESTAS 55 kW machine at The. Test Station for Windmills
and tested in operation for about one year from January 1983. The tests covered both aerodyna
mics and structural response, but only investigations concerning aerodynamics are presented in
this paper.

The focus is on more fundamental aerodynamic properties that could make a basis for a change of
different parameters if necessary.

The design was after these investigations slightly modified and the performance of the final
commercially available rotor is described in Ref. (1). The main data for the prototype rotor and
the Vestas machine are described in Table 1 and the measurement parameters in Table 2.

2. FUNDAMENTAL MEASUREMENTS

Of direct importance, of course is the power curve of the actual rotor. It has to be measured in
order to define its performance because the prediction of the power curve may be very inaccurate.
But afterwards, what is important is the possibility of gaining information that makes it possib
le to predict the behaviour of modified rotors.

To describe the aerodynamic behaviour of a rotor the fundamental parameters are the rotor shaft
torque and the axial thrust. The axial thrust is equivalent to the forces producing the flapwise
blade root bending moment, and this parameter is more convenient to measure. The rotor shaft
torque and the flapwise blade root moment represent the inplane forces and forces perpendicular
to the rotorplane, respectively. These forces result from the section lift and draff, and thus
make it possible to gain information on the actual lift and drag coefficients as they "form during
t h e o p e r a t i o n o f t h e r o t o r . "
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2.1 Power curves

The electrical power curve was measured for three different blade tip angle settings to find the
optimum in relation to efficiency and stalling characteristics. The result is shown in Fig. 1.
The power curve at high wind speeds at 2.5° tip angle is measured at reduced rotor rotational
speed (25 rpm) and converted to 50 rpm. The power curve is sensitive mainly to blade tip angle in
the stalling region. To avoid too much drop off of the power after the stalling point a blade tip
angle of 2.5© is the most convenient and is used for all further investigations in this paper.
The mechanical power curve at 2.5© tip angle was not measured directly. It is derived based on
earlier measurements of drive train and generator efficiency of the VESTAS machine, and is also
shown in Fig. 1.

2.2 Flapwise Blade Root Moment Curve

The flapwise blade root bending moment was measured at a distance r = 0.87 m from the centre of
the rotor and as a function of wind speed. The curve is shown in Fig. 2. At wind speeds above 17
m/s the curve is converted from measurements at reduced rotational speed (25 rpm). It is seen
that the relation is nearly linear, and the shape of the curve rather typical for a stall con
trolled rotor (see Ref. (2)).

2.3 Drag Coefficient

The drag coefficient at 90° angle of attack is important when calculating the extreme loads to
which a windmill is exposed during stand still at high wind speeds and generally when making
aerodynamic calculations. This drag coefficient could be found from measurements of the blade
root bending moment as a function of wind speed with the blade stopped in an upright position and
with the nacelle direction following the wind direction.

This measurement was performed and the result is shown in Fig. 3. The drawn curve is a fitted
second order curve where the bending moment is expressed by

MBX(N) = 14.5 • V2 (m/s)

The drag coefficient is now found by integrating the moment performed by the drag force along the
blade. Assuming that the drag coefficient is constant we get:

CD = 1.24

This value around 1.3 is found from earlier measurements on another blade with other profile
section, and is ihi agreement with wind tunnel measurements on a flat plate with aspect ratio
about 7, but far from two dimensional measurements where approximately 2 is obtained.

3. ESTIMATION OF PROFILE PROPERTIES

The basis for aerodynamic calculations and thereby the design of new rotors with qualifications
desired is the profile data for an angle of attack of from 0 to 90°. These data are normally
nonexistent but with some simplified considerations they could be estimated from aerodynamic
calculations.

The basis for the estimation is to obtain as good agreement as possible between the measured and
the calculated power curve and flapwise blade root moment curve, respectively. This means that
the measured and calculated moments derived from the sum of the total aerodynamic forces on the
blade are identical both in magnitude and direction.

The estimation is made by assuming constant profile properties along the blade and just correc
ting the Cl and Cd values to give the rigit results.

Figure 4 shows the Cl and Cd curves estimated under these assumptions; the corresponding calcu
lated mechanical power curve and flapwise blade root moment curve are shown in Figs. 1 and 2,
respectively. The power curve is very close to the measured one but the flapwise moment curve is
somewhat different at about 10 m/s. Some of the difference could be explained by the release of a
few percent of the load on the blade when bending due to the centrifugal force. This means that
the flapwise moment from the aerodynamic force is slightly higher than measured.

When making these kinds of estimations the measurement accuracy should be very high as the esti
mated values are very sensitive to changes in the power and flapwise blade root moment curves.
Probably we are operating near the limit of what could be obtained from these kinds of measure
ments.
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One application of these estimated profile properties is to predict the properties of rotors
using the same blades but with changes in rotational speed, rotor diameter or tip angle (see also
Ref. (3)). Another application is when designing new blades using the same profiles. In these
cases one would expect that even if the profile properties are perhaps not definitely correct
t h e y a r e a d j u s t e d t o g i v e r e s u l t s i n a c c o r d a n c e w i t h r e a l i t y . '

Investigating the lift and drag coefficient curves in Fig. 4 more closely one recognizes that up
to ang.ies of attack of about 16° they are in very good agreement with two-dimensional wind tunnel
measurements on the same profile.

Also shown in Fig. 4 is a reproduction from Ref. (4) of CL and CD values for a wing with an as
pect ratio of 8 and two free tips. The airfoil is Clark Y. One realises that reasonably good
agreement is obtained above the stall point, at least much better than corresponding to two di
mensional data. Even better agreement is obtained, especially for the drag, if the estimated
values are compared to the measurements of Ref. (4) at different aspect ratios and in such a way
that the aspect ratio is decreased with increasing angle of attack.

These calculations lead to the conclusion that two dimensional data for the specific profile are
adequate up to about 16° angle af attack. In the stall region the lift and drag coefficients
depend as well upon the specific profile used, and could probably not be estimated exactly with
out previous measurements.

4. DYNAMIC LOADS IN SKEW WIND

One important aspect of a stall-controlled rotor is the occurrence of dynamic loads in skew wind.
The phenomenon is fully described in Refs. (2) and (5). To investigate the loads for this speci
fic blade the flapwise blade root bending moment was measured as a function of wind speed, yaw
angle and blade angular position using a "three-dimensional method of bins" described in Ref.

One result is presented in Fig. 5 as the flapwise blade root bending moment during one revolution
at a wind speed of 13.2 m/s and -32° yaw (definition, see Ref. (2)). Also shown is the calculated
curve under the same conditions. The calculation in skew wind is performed by The Department of
Fluid Mechanics, The Technical University of Denmark, using a code based on ordinary momentum
theory. The blade is assumed to be infinitely stiff. There seems to be a systematic difference in
the mean value but according to dynamics the two curves are in quite good agreement. There is a
small phase lag of the measured curve which could be explained by the delayed response of the
rather .soft blade when activated by the 0.85 Hz oscillating load.

One interesting thing is seen at a blade angular position of 300° where the load suddenly drops
off. A similar phenomenon is seen on another rotor under nearly the same conditions (Ref. (2)
Fig. 15). It could be explained by the fact that at this blade position a great deal of the outer
part of the blade goes from the stall region back to a condition of unseparated flow (determined
from the calculations). Under these dynamic circumstances probably the re-creation of the unsepa
rated flow is delayed, and this causes the drop in the bending moment.

5. INFLUENCE OF SURFACE ROUGHNESS

It could generally be of interest to investigate the possibility of changing the profile proper
ties and thereby the power curve by introducing roughness at a certain part of the blade. If it
is generally possible to decrease the stalling power without decreasing the efficiency at lower
wind speeds, it would be seen as an advantage.

An investigation on this problem was performed with the LM-rotor where a 20 mm broad strip of
rough tape was placed all along the blade at different percentage of the blade section chord.

The first tape investigated had an average grain size of about 0.3 mm and the power curve at 50
rpm was measured with the tape placed first at the leading edge, then at 5% chord and at last at
20% chord at the upper side of the profile. No significant changes in the power curve was obtai
ned by using this tape. The second tape had a mean roughness height of about 1 mm and measure
ments were carried out only with the front tape edge at 5% chord all along the blade.

The power curves were measured both at normal (50 rpm) and reduced (25 rpm) rotational speeds and
are shown in Figs. 6 and 7, respectively, together with the ones without roughness tape. It is
obvious that at 50 rpm the maximum power is decreased about 7 kW, but there is also a reduction
at lower wind speeds down to about 8 m/s where the two curves coincide. This means that the re
duction of the peak power in this case also infers a reduction of energy production at lower wind
speeds.
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Quite opposite and perhaps somewhat surprising results are obtained at the reduced rotational
speed (reduced Reynolds Number), where the power output has been generally increased by using the
roughness tape.
This increase in efficiency with roughness at low Reynolds Numbers led to the assumption that it
would be possible to increase the maximum power coefficient slightly at normal rotational speed
by placing tape only on the inner half of the blades, where the Reynolds Number is low. The test
was initiated but no sure verification was obtained before the test had to be interrupted.
6. CONCLUSION
A description has been given of important measurements to define the behaviour of a stall con
trolled rotor. It seems that the method used to estimate the profile properties gives data that
are quite reasonable. The procedure therefore seems rather adequate for design purposes.
The calculations in skew wind gives the right fundamental relationship, but the method probably
could be developed to result in better absolute accordance with measurements. But measurements
could also be performed at greater accuracy and this is probably essential in order to develop
the calculational method.
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Table I. Main data for LM 17.2 m/VEST.AS 55 kW
Rotor

Three-bladed, stall-regulated, horizontal-axis
rotor positioned in front of tower.
Direction of rotation:
Rotor diameter:
Rotational speed:
Reduced rotational speed:
Cone angle:
Tilt angle:

Blades
Blade manufacture:
Natural frequency flapwise:
Profile series:
Blade data:

Counter clockwise
17.20 m
50.3 rpm
25.1 rpm
0°
5°

LM 8.6 m
2.4 Hz
NACA 63-212/24

Radius Chord
(m) (m)
1.375 1.07
1.80 1.033
2.65 0.955
3.50 0.876
4.35 0.796
5.20 0.717
6.05 0.638
6.90 0.558
7.75 0.478
8.60 0.400

Generator

Rated power
Slip at full load

Tw i s t T h i c k n e s s
( D e g ) %
1 4 . 9 2 4 . 7
1 1 . 6 2 2 . 7
7 . 4 1 9 . 5
4 . 8 1 8 . 0
3 . 1 1 7 . 0
2 . 0 1 6 . 0
1 . 2 1 5 . 0
0 . 7 1 4 . 0
0 . 3 1 3 . 0
0 . 0 1 2 . 0

55/11 kW
2%

Table II. Measurement parameters

Meteorological readings
o Air pressure,
o Air temperature.
o Wind speed, two rotor diameter upstream,
o Wind direction, two rotor diameters

upstream
Turbine structure .readings
o Flapwise blade root bending moment at a

distance of 0,87 m from the rotor cent
re.

o Rotor rotational speed
o .Electrical power
o Nacelle direction
o Blade angular position
o Rotor .shaft torque

Table III. Normenclature
V Wind speed
PE Electrical power
PM Mechanical rotor power
MBX Flapwise blade .root moment, r=0,87 m
r R a d i u s
Cl Lift coefficient
Cd Drag coefficient
Alplia Angle of attack
POS Angular position of blade

(Blade upwards: POS=0)
Yaw Angle of skew wind
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Fig. 1. Measured electrical power curves at Fig. 2. Measured and calculated flapwise blade
different blade tip angles and measured mecha- root bending moment curves at 2.5° blade tip
nical power curve at 2.5° tip angle compared to angel,
a calculated curve.
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Fig. 3. Measured flapwise blade root moment as Fig. 5. Measured and calculated flapwise blade
a function of wind speed during stand still. root moment as a function of blade anguS

position at V = 13.2 m/s and Yaw = -32°.
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U INTRODUCTION

The presentation is l imited to the aerodynamic calculation of
a horizontal-axis wind turbine in a steady and homogeneous
flow, and focusses on three different aspects.
The first aspect is an empirical extension of an existing
blade-element calculation method into the turbulent wake
state. This empirical relation was discussed in Appendix C
of NLR Report NLR TR 81069 L, and is reproduced in this
presenta t ion.

The second aspect is the development of a vortex calculation
method, based on a lifting-line approximation, with a relaxed
vortex wake. This work was done in the framework of research
on the tipvane concept, which concept originated at the
Technical University of Delft in The Netherlands.
The calculations with this vortex method are compared with
results obtained from the existing blade-element theory and
also with two sets of experimental results. The first set of
results is obtained by ECN from the 25 m HAWT at Petten, and
the second set is obtained by NLR from a model rotor in a
wind tunnel (see report NLR TR 81069 L).

The third aspect is a short comment on the yaw stability at
small angles of yaw. This comment consists of an article,
offered for publication in "Wind Engineering", which is repro
duced in this presentation.

These three aspects may give an indication of the work, NLR
has been done and is doing in the field of aerodynamic research
on wind turbines.
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! EXTENSION OF A BLADE-ELEMENT CALCULATION METHOD INTO
THE TURBULENT WAKE STATE BY MEANS OF AN EMPIRICAL

RELATION

LIST OF SYMBOLS

a = a x i a l i n d u c t i o n f a c t o r ( - )
a 1 = t a n g e n t i a l i n d u c t i o n f a c t o r ( - )
A « = e m p i r i c a l f a c t o r ( - )
B ss number of rotor b lades ( - )
C = e m p i r i c a l f a c t o r ( - )
c = local chord of b lade e lement (m)

CD = D/(JpIT t tR ) = rotor drag coefficient ( - )

° £ " = P r o f i l e ^ ^ c o e f f i c i e n t o f b l a d e e l e m e n t ( - )

C £ = l i f t c o e f f i c i e n t o f b l a d e e l e m e n t ( - )

CN = N/(ipIT ttR ) = normal force coefficient of one blade (-)

Cp = P/(JpU i rR ) = power coefficient ( - )
2 2

CT = T/(JpU irR ) -* tangential force coefficient of one
rotor b lade ( - )

D = r o t o r d r a g ( N )
F s = t i p l o s s f a c t o r ( - )
i s= local sett ing angle of blade element (de.grees)
N «b normal force on one blade (N)
P = p o w e r ( W )
R = maximum radius of rotor (m)
r = loca l rad ius o f b lade e lement (m)
T = tangent ia l force on one b lade (N)
U = w i n d v e l o c i t y ( m / s )

Urel - velocity relat ive to blade element (m/s)
X = fl r /U = Ar /R = loca l t i p -speed ra t io ( - )
a = angle of attack of the blade element (degrees)
0 = angle between rotor area and U _ (degrees)

r e l
0 = b l ade -p i t ch ang le ( deg rees )

X = flR/U ss t ip-speed ra t io ( - )

p sb dens i ty o f the a i r (kg /m )
a1 = Bc / (2 i r r ) = l oca l so l i d i t y ra t i o o f the ro to r ( - )
fl ss angu la r ve loc i t y o f the ro to r ( rad /s )
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C.1 INTRODUCTION

The crucial point in the calculation method for a wind turbine (or
seme other rotor system) is the determination of the induced velocities
in the plane of the rotor. These velocities are induced by the trailing
vortex system of the rotor. To avoid the cumbersome task of calculating
these velocities from the vortex system itself, average values are
estimated from momentum considerations (see e.g. Ref. C.1).
In the case of a wind turbine, the axially induced velocities are opposite
to the wind velocity, in that way decreasing the velocity through the
rotor. When the induced velocities in the plane of the rotor become larger
than one ha^ of the wind velocity, the momentum theory leads to contra

dictory results (zero velocity and return flow far downstream).
What physically happens, can be roughly described as follows. The increase
of the induced velocities (thus decrease of the velocity through the
rotor) is coupled with an increase of the wake width behind the rotor
(continuity equation). The trail ing vortex system is axially compressed
and radially stretched by this wake expansion. At a certain moment, this
deformed vortex structure becomes unstable and the originally ordered
wake structure breaks down into turbulence, thus creating the so-called
"turbulent wake state". The assumptions of the momentum theory no

longer apply, but also a more cumbersome vortex method does not give a
possibil i ty to solve the problem.
It appeared from helicopter-oriented experiments, that velocit ies

through the rotor smaller than one half of the velocity far in front of
the rotor, are physical ly real izable.
At the moment, there is no mathematical model available to describe and
calculate the turbulent wake state. Therefore, some empirical relations
between the axial force and the velocity through the rotor disk have been
found (Ref. C.2 and C3).
In order to implement these relations into the existing calculation method,
a di fferent ial form of the relat ion between total ( integral) axial force
and average velocity through the rotor disk has to be assumed.

A discussion of this empirical relation, the assumed differential

form, the .implementation into the existing calculation method and a dis
cussion of the results obtained with this modified calculation method, are

given in the next Sections.
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c,2 EMPIRICAL RELATION FOR THE TURBULENT WAKE STATE

From the momentum equation and the assumption, that the velocity

through the rotor disk is the arithmetic mean of the velocity far upstream
and far downstream of the rotor, a one-dimensional flow consideration leads
to a well-known relation between the induced axial velocity at the rotor

disk (aU) and the axial force of the rotor (D), written in a non-dimen
sional ized form:

C D = U a ( l - a ) . ( c > 1 )

The relation between the rotor drag (CD) and the velocity through the
rotor disk (l-a), according to Eq. (C.1), has been plotted in figure C.1.

Eq. (C.1) can be evaluated for values of a > 0.5, notwithstanding the
fact, that the induced velocities far downstream lead to contradictory
r e s u l t s .

Experimental data, shown in reference C.3 and plotted in figure C.1,
clearly indicate that the momentum theory is unable to predict the flow
behaviour when a > 0.5.

Reference C.2 proposes the following empirical relation between
C_ and l-a:

VCD = 5/2 + k/3 {l»(l-a)2/CD}5/9f
which can also be written in the following form:

9/10

D

This relat ion is also plotted in figure C.1.

l - a s s 1 ( C ) I / 2 I l t m l l ) \ 9 n ° , ,1 a 2 l V { p e l " 2 ] \ * ( C . 2 )

In view of the large scatter of the experimental data, the relation
of Eq. (C.2) seems too complicated to justify its application. A linear

interpolation formula could be used as well.
There is a strong indication from the experiments, that the deviation
from the momentum theory starts already at (l-a) « 0.6 instead of at
( l-a) - 0.5. Therefore, the fol lowing l inear relat ion is suggested:

C D = A - C ( l - a ) , ( c . 3 )
with A = 1.6 and C ss 1.0666.
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C.3 IMPLEMENTATION INTO THE EXISTING CALCULATION METHOD

to
In orderf implement the relation of Eq. (C.3) into the existing

calculation method of reference C.1, it has to be assumed that the rela
tion is also valid for each blade element (annular area). Further, the
relation has to be expressed in C_ and © (lift coefficient on blade
element and angle between the relative velocity and the plane of the

r o t o r ) .

When the axial force on an element of one blade is denoted by dN, the

average force divided by the annular area 2irr dr (i.e. the pressure) of a
B-bladed rotor is:

B dN _ B dN ttR2
2ir r dr " " _2 2 i r r dr 'tt R

2
or non-d.imensionalizing with JpU,

- * _ ^ l _ l c k )
2 { r 7 R 7 d ( r / R ) ' [ C ' U )

The differential form of Eq. (C.3), therefore, becomes:

dCN
2 T F 7 R T d ( r i s A - C ( 1 - a ) ' ( C ' 5 )

When a blade element is considered with a lift coefficient C_ and a relative

velocity U , , which makes an angle 0 with the plane of rotation, the
normal force coefficient on one blade element becomes (not using the
momentum equation):

dCH=ff °' ^cceAsi)2*!),
with a1 ss Bc/(2rrr) and c = chord of the rotor blade element. When this is
substituted into Eq. (C.5), the empirical relation can be written as:

o » C f l c o s 0 ( U J V ) 2 = A - C ( l - a ) . ( C . 6 )x r e l

For the determination of U ,/U, seme additional assumptions have to bere J.
made. There are two points on this linear relation, that can be calculated
with more or less certainty, viz.:
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- The point at (l-a) ss 0.6, which must coincide with the existing calcu

lation method.
- The point at (l-a) ss 0.

The value of 0 for the first point can be obtained from the equation
(Ref. C.1)

l-a = 0.6 = sin 0(sin 0+ X cos 0),

with X = flr/U = Xr/R.
This value can be rather quickly obtained by iteration from the formula

t g 2 0 = 1 / X + 0 . 2 / ( X c o s 0 ) , ( C > 7 )

start ing with the value

20 = arct (1/X).

The corresponding value of C£ can then be obtained from:

2
afC£ cos-0(Urel/U) = 1+Fsin 0 cos 0 (sin 0 + Xcos ©)(cos 0-Xsin 0),

w i t h ( C . 8 )

F = § arccos(exp - f , )zTJ* J,* * 2 ( r / R ) s m t f *
the so-ca l led " t ip cor rect ion factor" .

For the calculation of the second point, the velocity tr iangle at
the blade element of figure C.2 has to be considered. When (l-a) = 0, it
fol lows that 0=0. In that case, the l i f t (C£) has no tangential compo
nent and it seems more or less logical to assume, that there is no induced

tangential velocity (a* = 0). I t then fol lows from the velocity tr iangle
of figure C.2, that U - = fir, or

Urel/U = flr/U = X.

When this is substituted into Eq. (C.6), reminding that (l-a) = 0 and

0=0, the l i f t coeffic ient can be ca lcu la ted f rom:

° , ( c £ ) e - o B A / * 2 - < c . 9 )

For the points in between, a relation for U ,/U has to be found. It
r e l

happens, that the formula from the momentum theory of reference C.1, viz.
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U r e l / U = ( l - a ) / s i n 0 = s i n 0 + X c o s 0 ( C . 1 0 )

is a good interpolation formula, because it gives a correct answer at the

point a = O.U, and is also correct when 0 = 0. Substitution of Eq. (CIO)
into Eq. (C.6) and reminding from Eq. (C.10) that (l-a) = sin 0(sin 0 +
Xcos 0), leads to

o'C£ cos 0 (sin 0 + Xcos ©)2 = A - C sin ©(sin 0 + Xcos 0)j(C11)

When the value of A = 1.6 is retained, which fixes the value of

c*C£ at 0 = 0, the value for C follows from a comparison of the Eqs. (C.8)
and (C.11) at a value of 0 obtained from Eq. (C.7).
Results of such a calculation are shown in figure C.3, which clearly shows,
that the relation between a'C and 0 is also almost linear.
In order to reduce the computation time and in view of the large scatter
in the experimental points in figure C.1 (on which the original empirical
relation was based), a linear relation between C£ and 0 has been adopted
for the modified calculation method, viz.:

c4 = (c£>2 - {<ct)2 - (cl)1}B/e1 (c.12)
w i t h

(C^ calculated from Eq. (C.8) with 0 = 0.,

0^ ca l cu la ted f rom Eq . (C .7 ) ,

(C^)2 calculated from Eq. (C.9), with A = 1.6.

Figure C.k shows, why the modification gives a solution in cases, where,
with the original programm, no solution was possible. When the operating

point of the blade element has been determined from the point of inter
section between Eq. (C.12) and the profile data of the blade element
(see Fig. C.1*), the normal force coefficient, the tangential force
coefficient and the power coefficient of that blade element can be calcu
lated from the equations below (C for B blades):
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3C_/d(r/R) - ■! ct (c/P)cos «(.__ 6 + Xcos S)*(l ♦ (r/C )t- e)
d £ '

dC_/d(r/R) = 1 c£ (c/R)sin e(sin e + Xcos e)2(l- (C^C^cotg e),

d C p / d ( r / R ) = X B ( r / R ) d C „ / a ( r / R ) . ( c , 3 )

The normal force and tangential force for the complete rotor blade can
then be calculated from

CN = j dCN/d(r/R) d(r/R)
(r/R)hub

J dCT/d(r/R) d(r/R).C T = - u y a ^ r / n ; a v r / K ; . ( c 1 1 + ^
(r/R)hub

The rotor drag and the power coefficient of the complete rotor can be
calculated from

CD -B v

C p = j d C p / d ( r / R ) d ( r / R ) . ( c 1 5 )
(r/E)huh

Ch APPLICATION OF THE MODIFIED CALCULATION METHOD

The modified calculation method has been applied to the geometry of
the existing model turbine, and the results of the calculation are com

pared in the figures C.5 through CT with the test results, corrected for
tunnel wall constraint according to Appendix B. The original and modified
calculat ions coinc ide in figure C5.

The prediction of the rotor drag in the turbulent wake state seems

acceptable, but there is no real improvement in the predicted power
c o e f fi c i e n t .
There is a tendency, that the predicted rotor drag it too high. A reduc
tion could be obtained by reducing the value of A = 1.6 to A = 1.k or
even lower. The influence on the predicted power coefficient will be too
small to explain the large discrepancy with the experimental results.
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In the calculation method, the blade elements have been assumed to
be independent of each other. Therefore, the turbulent wake state starts
at a certain value of X at the tip and the number of blade elements

along the span with a turbulent wake state increases towards the hub with
increasing tip-speed ratio. This behaviour is shown in figure C.8 for
different values of the blade-pitch angle 0 .
It is remarkable, however, that the root sections of the rotor blade do
not enter the turbulent wake state. This is due to the assumed independ
ence of the blade elements, but will certainly not be in accordance with

p h y s i c a l r e a l i t y.

It can be concluded, that the empirical relation makes it possible
to extend the calculations to high values of X at negative values of 0 ,

P
but only the rotor drag can be predicted with some confidence. The power

pred ic t ion i s s t i l l ve ry uncer ta in .
An improvement of the power prediction is only possible by investigating
the actual flow behaviour behind the rotor in the turbulent wake state.
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CD ROTOR DRAG
2.0

INTERPOLATION FORMULA
OF REF. C.2

VELOCITY THROUGH ROTOR DISK ( l-a )

Fig. Cl Relation between the rotor drag and the average velocity
through the rotor disk, according to the simple momentum
theory and according to helicopter experiments (Ref. C.2
and C.3).
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a ' fl r

TOTAL INDUCED
VELOCITY

Fig. C.2 Velocity triangle at a blade element. U is the undisturbed
wind velocity and fir is the velocity due to the rotation
of the blade element.
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Fig. C.3 The relation between l i f t coefficient and flow angle for a
blade element, according to the momentum theory and the
modification in the turbulent wake state.
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(q)2,e-o
EMPERICAL RELATION (Eq. ( C12 ) )

OPERATING
POINT OF _J.
BLADE ELE
MENT

Cf vs a- (0- i ), FROM
PROFILE DATA.

MOMENTUM THEORY

SETTING ANGLE
OF BLADE ELE
MENT ( NEGATIVE VALUE )

Fig. C.4 Determination of operating point of a blade element in the
turbulent wake state.



117

CALCULATION

ORIGINAL

MODIFIED
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Fig. C.5 Influence of modification of calculation method and
comparison with experiments.
Note: original and modified calculations coincide.
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Fig. C.6 Influence of modification of calculation method and
comparison with experiments.
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Fig. C.8 Spanwise station at which the turbulent wake state
starts, as a function of the tip-speed ratio and the
blade-pitch angle 0 . (Calculated).P
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2 VORTEX METHOD WITH A RELAXED WAKE

3.1 Short description of the method

The program HELIX represents the aerodynamic active surfaces
by lifting lines. The main problem, however, is the modelling
of the vortex wake downstream of the rotor. This wake defor
mation was necessary to include because of the tipvane repre
sentation (for which this program was actually developed),
but it turned out to be also necessary to obtain reliable
results for a convent ional hor izontal-axis wind turbine.

The shape of the vortex sheets is determined by the wind
velocity, the anguler speed of the rotor and the induced
velocities at the vortex sheets. Because the induced velocities
are discontinuous at the vortex sheets, the continuous part
of the induced velocities have to be taken for the calculation
of the deformation of the vortex sheets.
In order to keep the calculational proces within bounds, the
local pitch angle of the vortex sheet has been determined
inside the wake by the axial induced velocities, averaged
along a radius in the vortex sheet. Because the continuous
part of the induced velocities vary strongly at the wake
boundary, it was necessary to handle the outermost part of
the vortex sheet ( t ip vort ices) separately.
Moreover, for the determination of the local pitch angle of
the vortex sheets, the tangential induced velocities have
been neglected. It is emphasized here, that the tangential
velocities are only neglected in the calculation of the shape
of the vortex sheets, not in the calculation of the forces
on the l i f t i ng l i nes .

Due to the axial variation of the induced velocities, the local
pitch angle of the vortex sheets varies downstream, and, by
continuity, the wake width will also increase downstream.
These wake deformations have been described with a limited
number of parameters, which parameters are determined by
an i terat ion procedure for a prescr ibed circulat ion distr i
but ion.
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For a given circulat ion distr ibut ion, the vortex strengths
of the trai l ing vort ices remain constant dur ing the i terat ion
procedure, which makes the proces relatively simple.
The proces does not converge, however, when the product of the
number of rotor blades, the circulation of the rotor blade and
the chosen tip-speed ratio.becomes too large. This numerical
instabil i ty originates from the strong axial compression and
lateral expansion of the wake at high rotor loading, which is
probably connected with the physical instabil i ty of the vortex
wake at the so-called "turbulent wake state".

From the above described iteration procedure, the direction
and the magnitude of the total, relative velocity at the l i f t ing
line can be determined. With given profile characteristics,
one can determine the shape of the rotor blade, which could
generate the given c i rculat ion distr ibut ion. I t is then also
possible to determine the viscous losses and, thus, the
performance of the rotor.

The calculation of the performance of a given rotor shape
with 'HELIX is more complicated. One has to start with a chosen
circulat ion distr ibut ion and to calculate, with the above
described iteration procedure, the velocity components at
the lift ing line. With the given blade shape and profile data,
the circulation on the rotor blade can be calculated.
The calculation is repeated with the new circulation distri
bution. The proces is repeated, until convergence is obtained.

3.2 Comparison with blade-element theory and experiments

In order to get some confidence in this program HELIX, the
program has been used to calculate the performance of two
rotor shapes, for which experimental results were available.
The same was done with an existing blade-element theory (des
cribed in Report NLR TR 78084. L).

The experimental results consisted of field experiments on
the 25 m HAWT at Petten, The Netherlands and of model rotor
tests in a wind tunnel, carried out at NLR (see Report NLR TR
81069 L).
The first set of experiments is hampered, by the unavoidable
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velocity variations and the.fact, that only the power has been
measured (not the axial force), whereas the second set of ex
periments is hampered by the large wake-blockage correction,
which means an uncertainty in the final results.

The comparison of HELIX with the blade-element theory is in
teresting, because the blade-element theory makes use of two
assumptions, which are a bit suspicious, viz.:
1: It is assumed, that the axial induced velocity in the plane

of the rotor is £ t imes the axial induced velocity far
downstream.. This is only valid for a vortex wake with a
constant local pitch angle of the vortex sheets downstream.
It can be easily shown, that this is not valid for a de
formed vortex wake.

2: The effect of a finite number of rotor blades is calculated
with the so-cal led "t ip-correction factor", based on work
of Prandtl and Goldstein for a propeller. In these cases,
the local pitch angle of the vortex sheets was also kept
constant downstream.

Figure 1 shows the geometry of both rotors (R = 12.5 m for the
25 m HAWT and R = 0.375 m for the model rotor).
The results for the 25 m HAWT are given in the figures 2
through 4- and for the model rotor in the figures 5 through 9.
In the calculations, pure two-dimensional profile data have
been used.

There are only slight discrepancies between HELIX and the
blade-element theory (program RHO). The only difference is,
that program RHO can calculate into the turbulent wake state,
whereas program HELIX cannot be pushed that far, because of
the numerical instabi l i t ies.Possible errors due to the
assumption concerning the axial induced velocities and the
possible error due to the t ip-correct ion factor, probably
compensate each other in the blade-element theory.



124

Comparison with the 25 m HAWT experiments shows, that close
to the optimum blade-pitch angle (zero), Cp is rather well
predicted, but is underestimated at higher blade-pitch
angles (Figs. 3 and U).

Comparison with the model rotor experiment is hampered by an
uncertainty in the wake-blockage correction (uncorrected data
are open symbols). Contrary to the 25 m HAWT, Cp is here over
estimated at larger blade-pitch angles (Figs. 7 through 9).
Though the wake-blockage correction seems to fit at high
tip-speed ratio for the axial force CD, this is not the case
for Cp.

The large discrepancies between calculated and experimental

Cp and CD at very low tip-speed ratios, is probably connected
with the pure two-dimensional profile data used in the calcu
la t ions . I t i s a s t rong ind ica t ion , tha t the "s ta l l " in a
rotating-system does not show such a high lift loss as in a
pure two-dimensional s i tuat ion in paral le l flow.

Program HELIX is, apart from usual numerical approximations,
st i l l not exact. This originates from the neglect of the
tangential induced velocity components in calculating the
wake deformation (which effect is strongest close to the hub
and at low tip-speed ratios). Moreover the application of a
radially averaged induced velocity inside the wake for the
calculation of the local pitch angle of the vortex sheet,
might di ffer from the actual si tuat ion, especial ly at blade
pitch angles different from the optimum situation (zero blade
pitch), where the veloci ty distr ibut ion through the rotor
disk is less constant.

3.3 Remarks on the optimum blade shape

The blade-element theory gives, for a given tip-speed ratio,
an optimum value for the local sol idity t imes local l i f t
coefficient and for the local flow angle ( i .e. angle of the
total re lat ive veloci ty wi th respect to the plane of rotat ion),
at each spanwise station. To minimize the viscous losses, the
optimum C^/Cd has to be applied along the entire blade span.
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This means, that C«, and thus a, has to be constant along the
blade span.
Figure 10 shows the (calculated) circulation and angle of attack
distribution along the blade of the 25 m HAWT, operating in
its optimum. The angle of attack distribution is far from con
stant, especially near the hub.

When the circulation distribution of figure 10 is compared
with the optimum distribution according to the blade-element
theory (program RHO, see figure 11), it is seen, that also
the circulat ion distr ibut ion deviates strongly from the opt imum
one. This is due to the simplification of the blade geometry
necessary to obtain a practicable blade shape.
Figure 12 shows which optimum values of Cp could have been ob
tained by these optimum shapes, as a function of the chosen X
and the C-,/0,.

This gives rise to two questions, which are unanswered up till
now, namely:
1: Is i t poss ib le to approx imate the " ideal " c i rcu la t ion d is t r i

bu t ion o f figure 11a b i t bet ter, w i thout in t roduc ing too
much structural complexity (e.g. a varying taper near the
tip instead of a constant taper along the entire blade span).

2: Gives program HELIX an optimum circulation distribution that
differs from the optimum according to program RHO.
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t ■ >
0 + 1 0 + 2 0 + 3 0

local pitch angle (degrees)
(blade pitch angle zero)



25 m HAWT, PETTEN. # measured ;
c a l c u l a t e d : — p r o g r a m R H O ; p r o g r a m H E L I X

Figure 2
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25 m HAWT, PETTEN. # measured ;
c a l c u l a t e d : p r o g r a m R H O ; p r o g r a m H E L I X
Figure 3
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.[blade pitch angle 0 (degrees) |

MODEL TURBINE NLR. measured in low-speed wind tunnel
c a l c u l a t e d : p r o g r a m R H O ; p r o g r a m H E L I X
measured :fA °' not corrected for wake blockage

(A •
Figure 6

corrected for wake blockage
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MODEL TURBINE NLR. measured in low.speed wind tunnel
c a l c u l a t e d : — p r o g r a m R H O ; p r o g r a m H E L I X
measured '-i ° ' not corrected for wake blockage• f : corrected for wake blockage
Figure 8
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MODEL TURBINE NLR. measured in low-speed wind tunnel
ca l cu la ted : __ - .— p rog ram RHO; p rog ram HEL IX

, f o no t cor rec ted fo r wake b lockagem e a s u r e d ? | &
■ . : ' corrected for wake blockage

Figure 9
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calculat ions with program RHO

according to GLAUERT
Cd/CJt = 0; B = oo .

0 . 6 . ,

<CP>opt
0 .5

0.4

0.3

0 . 2 -

0 . 1 -

opt imum power coefficient as a funct ion of A and

Cd/C^, in which C^ is assumed to be constant along
the blade span.

Figure 12
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j_ COMMENT ON THE YAW STABILITY OF A HORIZONTAL-AXIS WIND
TURBINE AT SMALL ANGLES OF YAW

NOMENCLATURE

A cons tan t

B nunber of rotor blades

C constant

c * c/R, dimensionless blade chord

C, ■ D/(}pU2irR2), axial force coefficient of the rotor
C lift coefficient of the rotor blade sectionx»
C » M /(JpU2irR3),yawing moment coefficientm z z
C time-average of C „m z m z

D total axial force on the rotor

f ■ ^OC_/8r), dimensionless blade loadingB D
M yawing moment

R tip radius of the rotor

r ■ r/R, dimensionless local radius

U undisturbed vind velocity

u »u/U, dimensionless axial component of the induced velocity

x =x/R, dimensionless coordinate in wind direction

a angle of attack of the rotor blade section

0 angle of relative velocity at blade element (Fig. 4)

A » 8R/U, tip-speed ratio

ft .angular velocity of the rotor

p density of the air

<t> orbital position of a rotor blade in the rotor disk

\p angle of yaw
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INTRODUCTION

The aerodynamic yawing moment of a rotor, due to a non-zero angle of

yaw, is of interest for the calculat ion of the yaw stabi l i ty of a

free-yawing rotor, but also for the design of the powered yaw nechanism

of a horizontal-axis wind turbine (HAWT).

The commonly used blade-element theory, applied by Glauert (Reference 1)

to a yawed propeller and extended by Wilson, et al. (Reference 2) to

wind turbines, predicts an almost neutral stability in yaw. When the

axial force is taken into account, this leads to the conclusion, that

a downwind rotor position with respect to the tower (yaw axis) is

necessary for a free-yawing rotor and favourable for a rotor with a

powered yaw mechanism, because of the reduction in drive power.

However, small-scale wind-tunnel experiments at the Eindhoven University

of Technology (Smulders, et al. Reference 3) revealed a stable yawing

moment at almost all operating conditions. Even a solid flat plate

perpendicular to the windstream showed this yaw stability in an upwind

position with respect to its hinge axis. This indicates a shortcoming

in the blade-element theory, when applied to the yawing moment.

It is clear, that the discrepancy has to be found in the neglect of the

variat ion of the velocit ies, induced by the (trai l ing vortex) wake,

downstream of the rotor disk. It is, however, difficult to comprehend,

why the small deformation of the wake at small yaw angles should have

such a large effect on the induced velocities.

Studies on the tipvane wind-turbine concept, sponsored by the Dutch
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Ministry of Economic Affairs, have led to the consideration of

simplified vortex models for wind turbines. As a spin-off of these

considerations, some light was shed on the above-mentioned yawing

moment discrepancy.

It was realized that, at small angles of yaw, the vortex wake, and

the velocities induced by it, remain almost "frozen" to the wind

direction, whereas the rotor disk is yawd with respect to this "frozen"

axis-of-reference. Due to the large downstream gradient of the axial

induced, velocities, the induced velocities at the rotor disk vary

significant ly, which leads to a var iat ion of the angle-of-at tack

d is t r ibut ion across the ro tor d isk . I t is eas i ly v isua l ized, that th is

gives r ise to a posit ive yaw stabi l i ty.

At larger angles of yaw, the deformation of the vortex wake cannot be

neglected and the calculation of the induced velocities across the

rotor disk becomes awkward.

The intent here is to show, in a way as simple as possible, the basic

differences between both theories. It is not intended to expose a

complete calculation method.

It is hoped, that this comment stimulates further studies, theoretical ly

as well as experimentally, on the yaw stability of an upwind HAWT,

which rotor position is preferable from a point of view of blade fatigue

and.noise.

BLADE-ELEMENT THEORY

It will be shown in this Section how the blade-element theory and the

additional assumptions of Glaubert (Reference 1) lead to a neutral yaw

stability for a HAWT.
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Start ing point of the calculation is the (dimensionless) blade load

distribution f as a function of the spanwise Btation r - r/R and the

tip-spee-?. ratio A - flR/U, in which r is the local radius, R the tip

radius, 8 the angular velocity of the rotor and U the undisturbed

v ind ve loc i t y.

This blade load distribution function f has to be known for a yaw

angle \|» - 0 and is defined for a B-bladed rotor by the total axial

force coeffic ient C_:

1
C ^ - D / ( i p U 2 u R 2 ) « B f t d r , ( 1 )

in Which D is the total axial force on the rotor, p is the density

of the air and B is the number of rotor blades.

For the present demonstration, a tr iangular load distr ibution is

assumed, i.e.:

f = ( 4 ± £ ! ) r . ( 2 )
In Eq. (2), A and C are constants, vhich choice has to be such that

realistic values of C_ are obtained for a desired (limited) range of

A-values (CD » J(A+CA)).

When the vind velocity U comes in at a yaw angle ij; (Fig.l), the axial

component U cos t|> is constant across the disk area and does not

contribute to the yawing moment. The lateral component U sin \J» gives

rise to a component normal to the blade span, which depends on the

orbital posit ion $ of the blade, thus:

U s i n \ J > s i n $ . ( 3 )

This component affects the tip-speed ratio at each orbital position

by the amount:
. . . f lR ♦ U s in ty s in <J>x + A X F 5 T * •
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or, for small values of ty (cos ^ =- 1, sin tf> » \|>):

A A ■ $ s i n $ . ( 4 )

Glauer t now assumes, that the influence of yaw on the load f o f the

b lade e lement can be taken in to account by the var ia t ion o f the

t i p - s p e e d r a t i o ( E q . ( 4 ) ) a n d t h e l o a d d i s t r i b u t i o n f o r ^ = 0 ( E q . ( 2 ) ) .

The imp l i c i t a ssump t i on i s , t ha t t he i nfluence on t he l oad o f a b l ade

e lemen t i s t he same , as i f t he va r i a t i on o f A ac ted on t he en t i r e ro to r

d isk ins tead o f on one e lement o f a b lade a t one o rb i ta l pos i t i on .

The var ia t ion o f f due to the var ia t ion o f A can be ob ta ined f rom

the Eqs. (2 ) and (4 ) , namely :

A f = | | A A - * s i n * | | = - | r i p s i n < j > . ( 5 )

The yawing moment for a B-bladed rotor can be calculated from the

equat ion (when i t is assumed that C = 0 at i j> » 0):

B 1
C = » V / A f . r c o s 4 . d r . ( 6 )m z > j 0 1 T i

Because

B1 V • x x / ° , i f B > 3 ,
■=■ ) S i n 4 . C O S $ . = { . . j l i r n ^ OB . L . Y i 1 s m $ c o s < f r , i f B < 2 ,

, i f B > 3,

t h e E q s . ( 5 ) a n d ( 6 ) y i e l d

r „ / 0 , i f B > 3 , ( 7 )
m z J C * s i n x c o s 4 > , i f B < 2 . ( 8 )

Eq. (8) g ives a var ia t ion o f the yawing moment dur ing a revo lu t ion f rom

pos i t i ve t o nega t i ve , w i t h a ze ro t ime -ave rage .

In an actua l case, a more compl icated express ion for f ( r, X) has to be

u s e d , b u t t h e g e n e r a l c o n c l u s i o n w i t h r e s p e c t t o t h e y a w s t a b i l i t y w i l l

no t be a f f ec ted .
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"FROZEN" VORTEX-WAKE CONCEPT

Apart from the angular velocity of the rotor and the wind velocity, the

forces on the rotor blades are determined by the so-called "induced"

velocit ies, which are "induced" by the trai l ing vortices downstream

of the rotor (vortex wake).

It is very complex to calculate these velocities from the vortex-wake

structure by the so-called "law of Biot-Savart". In the case of a

yawed rotor, Glauert tried to circumvent this problem by starting from

the ty ■ 0 load distr ibut ion. In this distr ibut ion, the inf luence of the

induced velocities are already taken into account, but only for the

ty « 0 condition (axi-symmetric flow).

As figure 2 indicates, in the case of a yawed rotor, the vortex wake

changes in two ways, namely (i) the cross section (viewed in wind

direct ion) becomes el l ipt ic, and ( i i ) the cyl indr ical vortex wake is

cut-off aslant x. ■ 0. In that case, the semi-infinite vortex wake,

and the velocities induced by it, are no longer axi-symmetric in the

rotor disk. Therefore, the "independence" of the various blade elements

(implicitly assumed by Glauert) is unlikely to hold for a yawed rotor.

On the other hand, it is also difficult to comprehend why, at small

angles of yaw, the induced velocities should vary that much. However,

when the wake structure and its induced velocities in the i|> ■ 0 case

are considered as "frozen" to the vind-axis system of reference,

and the rotor disk turns over an angle i|> vith respect to this system of

reference, i t is clear, that the gradient of the induced velocit ies

in vind direction becomes important (Fig. 3). This gradient is such, that

the resulting total axial velocity decreases downstream. This means,
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that the axial velocity in the yawed condition increases for the

upwind part of the rotor disk and decreases for the downwind part.

An increase of the axial velocity means an increase of the angle of

attack of the rotor blade and thus an increase of the blade load

(pointing downstream) and vice versa. This results in a restoring

(stable) yawing moment.

In the study of symplified vortex models for wind turbines, it was

found that the following expression for the downstream distribution

of the axial induced velocity u ■ u/U represents a useful approximation,

v i z . :

u ( x ) = u ( 0 ) ( 1 + - V ( 9 )V / (1+x2) J

In Eq.(9). x ■ x/R is the axial coordinate ( x a 0 is at the rotor disk

at ty m 0; positive downstream). This equation is only a first-order

estimation. The correct calculation of the gradient of the induced

velocities is more complex, but for the present demonstration, Eq. (9)

w i l l su f fice .

When the rotor disk is rotated about an angle if> with respect to the

wind direction, a blade element at position (r, <f>) is displaced in

x-direct ion:

A x ■ r c o s $ s i n i j ; . ( 1 0 )

For small ij>, thus for small Ax, Eq. (9) yields

u ■ u(0)(l+ r ty cos <J>).

The total axial velocity becomes, with U - 1:

1 - u ( 0 ) ( l + r i f > c o s < J > ) . ( 1 1 )

When the induced tangential velocities and the componeht of the wind
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velocity (Eq.(3)) are neglected with respect to the tangential velocity
due to rotation Ar, the angle of the relative vind velocity vith respect

to the plane of rotation 6 (see Fig. 4) is:

6 ♦ A6 - arctan {J=g2L - HffiL * cos *}. (12)

Subtracting the value of 6 for the situation ty « 0, yields for the
variation of the flov angle A6 approximately:

A e - - ^ * c o s T . < 1 3 )

vhich can also be interpreted as the variation of the angle of attack

Ao of the blade element due to yav.#

When the lift curve slope 3C./3a « 2ir is introduced and the (dimension

less) relative velocity at the blade element is approximated by
Ar (A » 1), the variation of the blade loading can be obtained from:

Af ■= 2ir A6 c Ar ■ - 2ir u(0) ♦ c r cos (J>, (14)

in vhich c '■ c/R is the dimensionless chord length of the rotor blade.

The yaving moment can nov be calculated from Eq. (6). Because

1 2a rB cos2* , if B 4 2,
I cos2* . = {JB , i£B> 3.

i = l
and assuming that u(0) is constant across the rotor disk, the

instantaneous yaving moment is

C - - 2v u<0)* {°°f ♦} /Be r2dr. {! = l) (15)m z i o B = » J
The time-average value can be calculated from

£ 1 2 7 rmz « ^ ' <U d*»2tr .. mz
and is the same for all values of B, namely:

C ■ - - a u ( 0 ) \ | > / B e r 2 d r . ( 1 6 )m z o
The integral in the Eqs.(15) and (16) is a geometric moment of inertia

of the rotor. The negative sign indicates, that it is a stable

yaving moment (see Fig.l).
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NUMERICAL EXAMPLE

As an example, both methods, the blade element and the "frozen"

vortex vake, vill be applied to the tvo-bladed 25 m diameter HAWT,

located at Petten, the Netherlands.

For the blade-element method, only the constant C (Eq.(2)) has to be

chosen, vhich constant is equal to C'= 2(3CD/3A). From test results,

the value of C at A = 8 is C « 0.16. Figure 5 shovs the value of Cmz

as a function of <J> for a yav angle i|/ » 10 (=0.17 radians).

The time-average value is zero.

For the frozen-vake method, the value of u(0) at A = 8 is taken as

u(0) =0.33 (close to optimum condition). The geometric moment of

inertia can be calculated from the chord distribution

c - 0.160 - 0.136 r,

vhich runs from r ■ 0.1 to r = 1. This yields for the moment of

inertia a value equal to 0.0387. The results, obtained from the

equations (15) and (16) vith lfi = 10°, are also shown in figure 5.

The estimates (shown in figure 5) are very crude, but the differences

between the results of the two methods are so characteristic, that it

should be possible to verify i t experimentally.

CONCLUDING REMARKS

The theory presented in this comment supports the experimental evidence

about the yaw stability of a HAWT, found in small-scale wind-tunnel

experiments at the Eindhoven University of Technology.
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The exposi t ion of the theory is strongly simpl ified to at tract the
»

attention to the main item. Moreover, the theory is valid for small

angles of yaw only.

When the stability of a rotor at large angles of yav is important, more

effort has to be put in research on simplified models for the vake

structure at large angles of yav.

Meanvhile, i t should be very interesting to verify the present theory

at small angles of yav by some carefully planned experiments.
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VERTICAL
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(WIND AXIS)

ROTOR DISK

X / V ( Y A W A N G L E )
/ < WIND AXIS

Fig. 1 Coordinate system for a yawed rotor,
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U

SIDE VIEW V = 0 REAR VIEW

X=0

SIDE VIEW f i 0 REAR VIEW

Fig. 2 Schematic representation of the vortex wake deformation
due to yaw
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ROTOR ¥ ?* 0 VORTEX WAKE V = 0

X=0

Fig. 3 Schematic representation of the "frozen" vortex wake concept

1-u

L BLADE SETTING ANGLE

Fig. 4 Velocity triangle at a blade element at a spanwise station
r = r/R. The undisturbed wind velocity is U = 1 and X - ftR/U,
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AERODYNAMIC RESEARCH EFFORTS AT SERI
WIND ENERGY RESEARCH CENTER AT ROCKY FLATS

James L. Tangier

The So lar Energy Research Ins t i tu te (SERI) under cont rac t to the U.S. Depar tment o f
Energy (DOE) conducts ln-house and subcontracted aerodynamic research studies. These
efforts deal mainly with performance predict ion and enhancement of horizontal axis wind
t u r b i n e s ( H AW T ' s ) . Tw o l e v e l s o f p e r f o r m a n c e p r e d i c t i o n t h e o r y a r e c u r r e n t l y b e i n g
used and refined while performance enhancement is being pursued through the development
o f n e w s p e c i a l p u r p o s e a i r f o i l s . A g e n e r a l p u r p o s e b l a d e - e l e m e n t / m o m e n t u m c o d e
(PROPSH) has been developed for rapid parametric studies and for use in annual energy
c a l c u l a t i o n s . A d e s i r a b l e f e a t u r e o f t h i s c o d e i s a p o s t - s t a l l a i r f o i l d a t a
syn thes i sa t i on rou t i ne t ha t accoun ts f o r b l ade aspec t r a t i o e f f ec t s . A ve rs i on o f t he
performance code is also being developed to provide a better determinat ion of dynamic
s t a l l e f f e c t s o n b l a d e l o a d s a n d p e r f o r m a n c e a s i n fl u e n c e d b y m a c h i n e y a w a n g l e ,
u n s t e a d y w i n d s , t o w e r s h a d o w, a n d w i n d s h e a r . F o r d e t a i l e d w i n d t u r b i n e b l a d e
o p t i m i z a t i o n , a m o r e s o p h i s t i c a t e d l i f t i n g - s u r f a c e / p r e s c r i b e d - w a k e a n a l y s i s h a s
recen t l y been deve loped. Th is computer code i s a t rans fe r o f cu r ren t s ta te -o f - the-a r t
h e l i c o p t e r t h e o r y i n t o a w i n d t u r b i n e d e s i g n a n a l y s i s . T h e s p e c i a l p u r p o s e a i r f o i l
d e s i g n e f f o r t i s d i r e c t e d t o w a r d s a t i s f y i n g t h e n e e d t o t a i l o r a i r f o i l c h a r a c t e r i s t i c s
spec ifica l l y fo r HAWT's . The des ign c r i te r ia "and the cur ren t s ta tus o f th is e f fo r t a re
presented.

1. INTRODUCTION

In the late 1970s wind turbine aerodynamic design concerns centered on the issues of 1.) the
accuracy and usefu lness of the var ious per formance predic t ion codes, 2. ) the impact dynamic s ta l l
has on w ind tu rb ine per fo rmance and b lade loads, 3 . ) the appropr ia te method o f measur ing ro tor
per fo rmance fo r es tab l ish ing an accura te per fo rmance curve , and 4 . ) the need to conso l ida te low
Reynolds number a i r fo i l data in to a cata log for wind turb ine design. These issues were addressed
through contracted and in-house research efforts at the Wind Energy Research Center (WERC) at Rocky
Flats, which has recently been" consolidated with the Solar Energy Research Insti tute (SERI).

To address the question of how well the various performance predict ion codes predict net rotor
per fo rmance, four cont rac tors used the i r per fo rmance mode ls to ca lcu la te the per fo rmance o f two
w i n d t u r b i n e s a n d c o m p a r e d t h e i r r e s u l t s t o t e s t d a t a . T h r e e c o d e s e v a l u a t e d w e r e b a s e d o n
b l a d e - e l e m e n t / m o m e n t u m t h e o r y a n d . t h e f o u r t h w a s a l i f t i n g - l i n e / p r e s c r i b e d - w a k e m o d e l . T h r e e
ob jec t i ves we re add ressed i n t h i s compar i son : I . ) t o eva lua te t he l im i t a t i ons and accu rac ies o f
t h e v a r i o u s a n a l y t i c a l m o d e l s ; 2 . ) t o i d e n t i f y a r e a s w h e r e e x i s t i n g p e r f o r m a n c e m o d e l s w e r e
i n a d e q u a t e ; a n d 3 . ) t o i d e n t i f y w h e r e e x i s t i n g t e s t m e t h o d s a r e i n a d e q u a t e f o r c o r r e l a t i o n
p u r p o s e s . D o c u m e n t a t i o n o f t h i s e f f o r t c a n b e f o u n d i n ( 1 ) . S o m e o f t h e m o r e p e r t i n e n t
conclusions drawn from this study are:

o B l a d e - e l e m e n t / m o m e n t u m t h e o r y s u b s t a n t i a l l y u n d e r p r e d i c t s p e a k a n d p o s t - p e a k p o w e r w h e n
two-d imens iona l (2 -D) a i r fo i l da ta tab les are u t i l i zed a f te r s ta l l . Reasonab le agreement can be
ach ieved in th is reg ion us ing synthes ized 3-0 a i r fo i l da ta (2) .

o I n t h e w i n d m i l l b r a k e s t a t e , t h e G l a u e r t e m p i r i c a l a p p r o x i m a t i o n h a s l i t t l e i n fl u e n c e o n
p r e d i c t e d p e r f o r m a n c e f o r o p t i m u m b l a d e p i t c h . A t p i t c h a n g l e s t o w a r d s t a l l t h e G l a u e r t
approximation predicts higher power coefficients than momentum theory.

o In order to determine wind turbine power from measured generator power at high t ip speed ratios
( l o w w i n d s p e e d ) , t h e e l i m i n a t i o n o f h y s t e r e s i s e f f e c t s i n m e a s u r e d p o w e r a n d a c c u r a t e
de te rm ina t ion o f the genera to r e ffic iency essen t ia l ,

o Based on th i s l im i ted s tudy, no defin i t i ve s ta temen t can be made on the re la t i ve accu racy o f
blade-element/momentum analysis versus analysis using discrete vortex-type wakes. Further study
is needed to systematical ly compare di fferences in their respect ive blade element data.

Dynamic stal l , as Influenced by wind gusts and tower shadow, was invest igated under contract
(3 ) to de te rm ine i t s e f fec t on p red ic ted pe r fo rmance and b lade loads fo r ho r i zon ta l and ve r t i ca l
ax is w ind turb ines. For fixed p i tch hor izonta l ax is w ind turb ines, the resu l ts showed that dynamic
sta l l e ffects may increase a b lade's normal loads and tors ional moments by about 10 percent ; for
vert ical axis machines, dynamic stal l effects may increase normal blade loads marginal ly, but would
l i ke ly resu l t in a substant ia l inc rease in the b lade 's peak to rs iona l moment . The consequence o f
t h e s e l o a d s w a s i n d i c a t e d t o b e a r e d u c t i o n i n f a t i g u e l i f e . A n e x t e n s i v e U t e ^ a t u r e r e v i e w o f
d y n a m i c s t a l l i s a l s o I n c l u d e d I n - t h i s s t u d y. T h i s w o r k — o n e o f t h e f i r s t i n v e s t i g a t i o n s o f
dynamic stal l effects on wind turbines—is by no means comprehensive. However, I t does provide a
good star t ing point , wi th recommendat ions for in i t ia t ing new studies on the subject .

E v a l u a t i n g t h e m e r i t o f a e r o d y n a m i c p e r f o r m a n c e p r e d i c t i o n c o d e s i n v o l v e s c o m p a r i n g
predictions to measurements. However, measured performance data can include as much uncertainty as
t l * p r e d i c t i o n s i f c e r t a i n p r e c a u t i o n s a r e n ' t o b s e r v e d i n t h e d a t a a c q u i s i t i o n p r o c e s s . A n
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awareness o f the proper use o f the "Mechod o f B ins" in co l lec t ing data is essent ia l to e l im inate
po ten t ia l sources o f e r ro r. D iscuss ions o f th i s sub jec t can be found in (4 ) and (5 ) . In add i t ion ,
t e s t d a t a n e e d t o b e a c c u r a t e l y c h a r a c t e r i z e d b y c o m p l e t e i n f o r m a t i o n o n m a c h i n e o p e r a t i n g
c h a r a c t e r i s t i c s ( i . e . , b l a d e p i t c h , y a w t r a c k i n g , e t c . ) a l o n g w i t h w i n d c h a r a c t e r i s t i c s s u c h a s
d i r ec t i ona l i t y, s t ead iness , and t u rbu lence*

P e r f o r m a n c e p r e d i c t i o n f o r w i n d t u r b i n e s r e q u i r e s a i r f o i l d a t a a t r e l a t i v e l y l o w R e y n o l d s
n u m b e r s . A v a i l a b l e a i r f o i l d a t a f o r t h i s p u r p o s e a r e i n a v a r i e t y o f p u b l i c a t i o n s n o t r e a d i l y
known to most designers. To faci l i tate the locat ion and use of these data, a contracted effor t was
under taken w i th Texas A&M Un ive rs i t y to conso l ida te them in a s ing le source (6 ) . The resu l t i ng
cata log inc ludes data up to a Reynolds number o f 3 ,000,000. A i r fo i l ser ies in the cata log inc lude
those by Eppler, the Wortmann FX-ser ies, the Got t ingen-Go ser ies, and NACA four-d ig i t , five-d ig i t ,
and s ix -d ig i t a i r fo i l s . A cau t ionary no te on the use o f the ca ta log concerns those a i r fo i l s hav ing
a s h a r p d r a g r i s e a t s t a l l * s u c h a s f o r t h e E p p l e r a n d F X - s e r i e s a i r f o i l s . T h e s e d a t a p o s s e s s
excess ive smooth ing o f the drag da ta in th is reg ion due to the cub ic sp l ine curve fi t t ing rou t ine
used in genera t i ng the cu rves f rom d i sc re te da ta . An addendum con ta in ing co r rec ted cu rves fo r
these data is ava i lab le (7) .

As with any research, it tends to uncover as many new issues as It resolves. Past aerodynamic
studies concentrated on accurate ly calculat ing net rotor per formance for determining annual energy
output and the cost of energy. Recent work has recognized the Importance of determining the cycl ic
a e r o d y n a m i c b l a d e l o a d s f o r d y n a m i c a n d f a t i g u e a n a l y s e s , w h i c h s t r o n g l y a f f e c t m a c h i n e
rel iabi l i ty. A meeting of aerodynamic special ists, sponsored by the Wind Energy Research Center at
Rocky F la t s and t he NASA Wind Ene rgy P ro jec t O ffice , f ocused on cu r ren t needs and p rov ided
r e c o m m e n d a t i o n s f o r f u t u r e a e r o d y n a m i c r e s e a r c h w o r k ( 8 ) . T h e p r e s e n t a e r o d y n a m i c r e s e a r c h
act iv i t ies at WERC are based on these observat ions and recommendat ions. High pr ior i ty i tems from
th is l i s t tha t a re cur ren t l y be ing pursued are :

o P o s t - s t a l l a i r f o i l c h a r a c t e r i s t i c s n e e d t o b e b e t t e r u n d e r s t o o d t o e x p l a i n w h y fi x e d p i t c h
rotors per form bet ter in h igh winds than can be predic ted us ing 2-D post-s ta l l a i r fo i l data.

o A more comprehensive study of dynamic stal l to include the effects of yawed flow, tower shadow,
w i n d s h e a r, u n s t e a d y w i n d s , o r a n y c o m b i n a t i o n s o f t h e s e f a c t o r s i s n e e d e d t o q u a n t i f y i t s
effect on blade loads and performance.

o B lade pressure measurements under cont ro l led cond i t ions w i th an anemometer ar ray w indspeed
measurements are needed before performance prediction codes can be further developed to account
for unsteady effects ,

o Development of special purpose airfoi ls to Improve the aerodynanic and structural performance of
hor izon ta l ax is w ind tu rb ines .

T h e fi r s t t h r e e a c t i v i t i e s s u p p o r t a n o n g o i n g i n - h o u s e t a s k t o v e r i f y a n d I m p r o v e o u r g e n e r a l
purpose b lade-e lement /momentum per formance pred ic t ion code (PROPSH) and our spec ia l purpose
l i f t i n g - s u r f a c e / p r e s c r i b e d - w a k e c o d e u s e d f o r d e t a i l e d a e r o d y n a m i c o p t i m i z a t i o n . T h e f o u r t h
ac t i v i t y suppor ts ou r i n -house task devo ted to pe r fo rmance enhancement . The rema inder o f th i s
paper discusses the two performance predict ion codes and related act iv i t ies along wi th our special
p u r p o s e a i r f o i l d e s i g n a c t i v i t i e s .

2. B.UDE-ELEMENT/M0MENTUM CO0E (PROPSH)

At WERC, the standard bLade-element/momentum code used for routine performance predictions is
c a l l e d P R O P S H . T h i s c o d e w a s d e v e l o p e d i n - h o u x e f r o m t h e n o n d l m e n s l o n a l A e r o V l r o n m e n t
blade-element/momentum PROP code (1). A desirable feature of the AeroVlronment PROP code Is that
I t i s a n e f fi c i e n t l y w r i t t e n s h o r t c o d e t h a t c a n s w e e p t i p s p i t e d r a t i o a n d b l a d e p i t c h i n o n e
computer run. The code Includes the Glauert empirical approximation (9) for Low windspeed analyses
a n d c a n a c c o m m o d a t e d i f f e r e n t a i r f o i l d a t a t a b l e s f o r e a c h b l a d e e l e m e n t . B e c a u s e o f t h e s e
features, the AeroVlronment PROP code was considered an ideal bui lding block from which a more
useful code, PROPSH, could be developed for general engineering purposes.

The key features that distinguish the WERC PROPSH code from the AeroVlronment PROP code are:

o The suffix "SH" In the PROPSH name stands for shaft because yawed flow effects were added to
analyze machines operat ing off the wind axis or wi th shaf t t i l t ,

o A 3-0 pos t -s ta l l a i r fo i l da ta syn thes lza t iun rou t ine was added fo r be t te r per fo rmance pred ic t ion
at high windspeeds.

o The code was reprogrammed In a dimensional format for practical engineering use*
o Variable blade segment number and airfoil data input (up to 20) was added.

The development of PROPSH was motIvared by the need for an easy to ope race performance
predict ion code. The rout ine use of such a oode Is not only desi rable tot rotor b lade design buc
also Cor performance verificat ion and blade pitch determinat ion for maximum energy extract ion at a
given wind s i te . Due to the recent pro l i ferat ion of microcomputer systems, the PROPSH code has
b e e n m a d e a v a i l a b l e t o t h e w i n d i n d u s t r y f o r a n o m i n a l f e e . T h e c o d e i s a v a i l a b l e i n e i t h e r
For t ran o r an IHM opera t iona l compatao le M ic roso f t Bas ic l anguage . Computa t iona l t ime fo r the
Fort ran vers ion on an 1KM PC Is approximately 7 seconds per performance point ( i .e . , one blade
pi tch angle at a g iven t ip sp»-od rat io) . This vers ion of the code Is avai lab le d i rect ly f rom SERI
W E R C . S i m i l a r c o m p u t a t i o n a l t i m e * a r e a s s o c i a t e d w i t h t h e M i c r o s o f t B a s i c v e r s i o n , w h i c h i s
offered by JETSTREAM wind syst^-is dexljjners (10).
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3. LIFTING-SURFACE/PRESCRIBED-WAKE CODE

T h e l i f t i n g - s u r f a c e / p r e s c r i b e d - w a k e p e r f o r m a n c e p r e d i c t i o n c o d e b e i n g d e v e l o p e d b y
C o m p u t a t i o n a l M e t h o d o l o g i e s i s b a s e d o n s t a t e - o f - t h e - a r t t h e o r y ( 11 , 1 2 ) u s e d i n t h e h e l i c o p t e r
Indust ry. A sophis t ica ted des ign code as th is is su i tab le both for b lade geometry opt imizat ion and
to suppor t research e ffor ts requ i r ing a more accura te es t imat ion o f the b lade load ing in both the
spanw ise and cho rdw i se d i r ec t i ons . A no tewo r thy f ea tu re o f t h i s app roach i s t ha t l i f t i ng - su r f ace
theory p rov ides the flex ib i l i t y to accoun t fo r pe r fo rmance d i f fe rences due to t i p shape geomet ry,
due to ae rodynamic su r faces moun ted perpend icu la r to the b lade such as dynamic inducers , and
r e s u l t i n g f r o m g a p s o r d i f f e r e n t p i t c h i n t h e c a s e o f t w o p i e c e b l a d e s . I n a d d i t i o n , r e a l w a k e
induced effects on the b lade are represented that account for rad ia l and ax ia l wake expansion as
influenced by the b lade loading.

A l i f t i n g - s u r f a c e b l a d e r e p r e s e n t a t i o n a c c o u n t s f o r i n d u c e d e f f e c t s a s s o c i a t e d w i t h a s p e c t
r a t i o o r b l a d e g e o m e t r y . N o t i p l o s s c o r r e c t i o n i s a p p l i e d t o t h e b l a d e l o a d i n g . U n l i k e
l i f t i n g - l i n e t h e o r y , b o t h t h e c h o r d w i s e d i s t r i b u t i o n o f i n d u c e d v e l o c i t y a n d t h e c h o r d w i s e
var ia t ion o f f rees t ream ve loc i ty a re accounted fo r a t each b lade s ta t ion . An accura te es t imate o f
i n d u c e d d r a g i s d e p e n d e n t o n t h e s e c h o r d w i s e p r o p e r t i e s . B e i n g a t h i n s u r f a c e t h e o r y, a i r f o i l
t h i c k n e s s e f f e c t s a r e r e fl e c t e d t h r o u g h t h e a i r f o i l d a t a t a b l e s u s e d i n t h e a n a l y s i s . T h e l i f t i n g
surface blade grid can consist of up to 20 spanwise panels and S chordwise panels.

A prescr ibed-wake geometry prov ides a rat ional approach for ca lcu lat ing wake induced effects
at the ro tor b lade. A f ree wake representa t ion is impract ica l because o f the assoc ia ted numer ica l
problems, and the extensive computer t ime. Past hel icopter research studies (11) have shown that a
ro to r ' s wake geomet ry, in te rms o f con t rac t ion ra te and p i tch , i s re la ted to key ro to r parameters
such as b lade number, tw is t , and thrust coeffic ient . In a s imi lar manner, a wind turb ine 's wake is
a lso governed by these parameters . However, un l i ke a he l i cop te r wake, flow v isua l i za t ion s tud ies
suggest the geometry is dominated by f reest ream d isp lacement and that d is tor t ion due to induced
e f f ec t s a re seconda ry. Based on t hese cons ide ra t i ons , t he b l ade wake i n te r f ace and nea r wake
region can be defined. The far wake, which begins af ter the fourth t ip vortex passage beneath the
blade, Is best represented using a general ized vortex cyl inder model.

The compute r imp lementa t ion o f th i s code i s wr i t ten in For t ran 77 and was deve loped on a
fixed-disk based microcomputer system with float ing point hardware. The source code is 4600 l ines,
of which 40 percent are comments, and requires 300kb of RAM. Depending on the size of the problem
s e l e c t e d ( i . e . , n u m b e r o f s p a n w i s e a n d c h o r d w i s e s t a t i o n s ) , e x e c u t i o n t i m e v a r i e s f r o m 2 t o 7
minutes per performance point.

4. CURRENT PERFORMANCE PREDICTION RESEARCH

A w e a k n e s s o f p e r f o r m a n c e p r e d i c t i o n c o d e s i s t h e i r i n a b i l i t y t o c o n s i s t e n t l y p r e d i c t p e a k
power and blade loads on which the machine structural design and cost are strongly dependent. In
many cases t hese quan t i t i e s a re much h i ghe r t han can be p red i c t ed us i ng cu r ren t pe r f o rmance
analyses. In any per formance code, peak power and assoc ia ted b lade loads are dependent on an
a c c u r a t e a s s e s s m e n t o f t h e a i r f o i l ' s s t a t i c a n d d y n a m i c s t a l l c h a r a c t e r i s t i c s . T h e r e l a t i v e
impor tance of each of these has yet to be fu l ly quant ified. In an at tempt to resolve the influence
of each, two s tud ies were under taken. One o f these e f fo r ts was to fu r ther va l ida te the pos t -s ta l l
( s t a t i c ) s yn thes l za t i on r ou t i ne o f ( 2 ) aga ins t a comprehens i ve a i r f o i l da ta base acqu i r ed i n t he
Texas A&M University wind tunnel. The second effort was to develop a version of the PROPSH code
wi th a t ime var ian t dynamic s ta l l rou t ine .

The post -s ta l l syn thes iza t ion rout ine o f (2 ) i s based la rge ly on empi r ica l re la t ionsh ips shown
to p rov i de good co r re l a t i on f o r t he l a rge r NASA mach ines . Th i s r ou t i ne was chosen f o r use i n
PROPSH because i t accoun ts fo r pos t -s ta l l aspec t ra t io e f fec ts and because o f i t s user f r i end ly
na tu re . Wi thou t any requ i red user i n te rac t ion , the rou t ine au tomat i ca l l y p rov ides a smooth cu rve
fit f rom where the air foi l 2-D data leave off up through the highest angle of at tack experienced by
the b lade. A compar ison o f th is synthes izat ion rout ine to w ind tunne l tes t resu l ts is presented in
(13) . For th is compar ison , nonro ta t ing w ing sec t ions were tes ted in the Texas A&M wind tunne l .
P o s t - s t a l l p e r f o r m a n c e c h a r a c t e r i s t i c s w e r e e s t a b l i s h e d a s a f u n c t i o n o f a s p e c t r a t i o , a i r f o i l
thickness, and Reynolds number. The test models had a 0.30-ra chord and were of the NACA 44XX
fa m i l y o f a i r f o i l s . B l a d e a s p e c t r a t i o s o f 6 , 9 , 1 2 , a n d - w e r e t e s te d f o r a i r f o i l t h i c k n e s s e s o f
9, 12, 15, and 18 percent at Reynolds numbers of 230,000, 500,000, 750,000 and 1,000,000.

Resu l t s o f t he w ind t unne l t es t s ( 14 ) showed t ha t i n t he l i gh t s t a l l r eg ion , f r om 15 t o 30
d e g r e e s , t h e t h i n n e r a i r f o i l s a c t e d m o r e a s fl a t p l a t e s a n d p r o d u c e d h i g h e r d r a g , w h i l e a s p e c t
r a t i o e f f e c t s c o u l d n o t b e d i s c e r n e d . I n t h i s r e g i o n , t h e h i g h e r i n d u c e d d r a g a s s o c i a t e d w i t h
lower aspec t ra t io i s neut ra l i zed by the lower p ressure d rag ' assoc ia ted w i th lower aspec t ra t io .

Aspect rat io effects are not seen tc have a net effect on CD unt i l the angle of at tack exceeds 27
d e g r e e s . A b o v e t h i s a n g l e , t h e p o s t - s t a l l a i r f o i l c h a r a c t e r i s t i c s o f C , a n d C _ a r e a s t r o n g
func t ion o f aspec t ra t io (as expec ted) and a weak func t ion o f a i r fo i l t h i ckness . In the pos t -s ta l l
reg ion , the influence o f Reyno lds number was neg l ig ib le fo r the range tes ted . Compar ison o f the
equa t ions o f (2 ) showed tha t they p rov ided subs tan t ia l l y h igher L /D ra t ios a f te r s ta l l t han cou ld
be substant iated by the C^ and CQ test data of Figures 1 and 2. Because of the more opt imist ic
post-stal l L/D rat io, when used in blade-element/momentum type analyses, these equations provide a
bet ter peak power pred ic t ion than is ach ieved By us ing equat ions based on the wind tunnel test .
Potent ia l causes o f the d i f fe rences are the inab i l i t y o f nonro ta t ing w ind tunne l tes ts to represent
the i nfluence o f rad ia l flow e f feccs , wh ich a re though t t o de lay s ta l l , and poss ib le e las t i c tw i s t
e f fec ts resu l t ing f rom the d ivergence o f the posr -sc i l l moment coefficent .
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The purpose oc developing a dynamic stall version of the PROPSH code was to provide a useful
t o o l t h a t w o u l d a l l o w d y n a m i c s t a l l t o b e s t u d i e d i n g r e a t e r d e p t h t h a n i n p r e v i o u s
invest igat ions. The new code, be ing developed under contract by AeroVlronment Inc. , inc ludes the
four causes of dynamic stal l : wind shear, tower shadow, yawed flow, and unsteady winds. This code
i s be ing exe rc i sed fo r bo th two - and th ree -b laded w ind tu rb ines to de te rm ine the magn i tude o f
dynamic s ta l l e f fec ts in terms of ro tor b lade loads, tors iona l loads, and power output . Resul ts o f
the dynamic s ta l l e ffor t to date show a very smal l loss in peak power. Dynamic s ta l l for HAWT's
appears to per ta in more to fa t igue through i ts cont r ibut ion o f cyc l ic loads.

The ana lys is o f the s ta t i c and dynamic s ta l l e f fec ts on b lade loads and per fo rmance ra ises
many new ques t ions tha t can on ly be answered th rough in tens ive exper imen ta l s tud ies to be t te r
quant i fy the character is t ics of the wind as seen by the rotor (15,16) and the causual re la t ionship
to both steady and unsteady blade loads. Anemometer arrays are needed to 'establish the spatial and
temporal distr ibut ion of the wind inflow whi le aerodynamic blade loads need to be acquired through
the use of pressure t ransducers encirc l ing the air fo i l at one or more blade stat ions. The response
to these loads can then be acqu i red w i th s t ra in gages loca ted to measure tend ing , inp lane, and
to rs iona l l oads . The resu l t i ng s teady and cyc l i c l oads p rov ide the c r i t i ca l Inpu ts fo r de te rmin ing
r o t o r f a t i g u e l i f e a n d r e l i a b i l i t y ( 1 7 ) ; t h e y a l s o p r o v i d e t h e b a s i s f o r t h e n e x t l e v e l o f
ana ly t i ca l refinements to the theory.

5. PERFORMANCE ENHANCEMENT

t n t h e c o n t i n u i n g e f f o r t t o r e d u c e t h e c o s t o f e n e r g y, v a r i o u s m e a n s o f e n h a n c i n g t h e
a e r o d y n a m i c p e r f o r m a n c e o f h o r i z o n t a l a x i s w i n d t u r b i n e s h a v e b e e n p r o p o s e d a n d t e s t e d .
P e r f o r m a n c e a u g m e n t a t i o n d e v i c e s a t t a c h e d t o t h e b l a d e s s u c h a s d y n a m i c i n d u c e r s ( 1 8 ) a n d
s t a t i o n a r y o n e s s u c h a s c o n c e n t r a t o r s a n d d i f f u s e r s ( 1 9 ) h a v e s h o w n s u b s t a n t i a l p o w e r o u p u t
ga ins . Howeve r, when compared t o conven t i ona l r o to r s o f i nc reased s i ze f o r comparab le power
ou tpu t , the i r re la t i ve cos t and re l iab i l i t y i s ques t ionab le . A t WERC, per fo rmance enhancement i s
being pursued through the development of special purpose air foi ls, in which performance gains and
increased machine re l iabi l i ty are bel ieved possib le wi thout impact ing machine cost .

A i r f o i l s c u r r e n t l y u s e d o n h o r i z o n t a l a x i s w i n d t u r b i n e s v a r y f r o m c a m b e r e d p l a t e s , t o
we l l - known a i r f o i l s o f t he NACA 44XX and 23XXX se r ies , t o recen t l y des igned , spec ia l pu rpose
genera l av iat ion a i r fo i ls such as the LS(1)-0417 Mod. Ear ly a i r fo i l des ign, dur ing the 1930s, used
an empirical design approach to develop the NACA 44XX and 23XXX series airfoi ls. Over the years,
airfoi l design theory has progressed to where new airfoi ls can be designed analytically as was done
f o r t h e L S ( 1 ) - 0 4 1 7 M o d . a i r f o i l c u r r e n t l y u s e d o n s u c h w i n d m a c h i n e s a s t h e C a r t e r 2 5 0 a n d
EST 80/200. Val idated analyt ical design codes such as the low Reynolds number Eppler code (20)
a l l o w a i r f o i l s t o b e t a i l o r e d - f o r s p e c i fi c a p p l i c a t i o n s .

For hor izonta l ax is w ind tu rb ines, be t te r per formance can be ach ieved wi th a i r fo i l s des igned
to be more machine specific in terms of Reynolds number, rotor solidity, mean annual windspeed, and
mach ine ope ra t i ona l mode . Fo r l ow so l i d i t y r o to r s , be t t e r pe r fo rmance i s ach ieved when L /D
o c c u r s a t m e d i u m - t o - h i g h v a l u e s o f C ^ , w h i l e f o r h i g h s o l i d i t y r o t o r s l o w e r v a l u e s o f C L a r e
desired for L/D^^, in a simi lar -manner, the higher the mean annual windspeed for which the rotor
i s b e i n g d e s i g n e d , t h e m o r e d e s i r a b l e i t i s t o s h i f t L / D t o h i g h e r v a l u e s o f C ^ . M a c h i n e
operat ional modes such as fixed b lade p i tch versus var iab le o lade p i tch and constant rpnr versus
v a r i a b l e r p m a l s o g o v e r n t h e a i r f o i l d e s i g n . F o r fi x e d p i t c h m a c h i n e o p e r a t i o n , d e s i g n e r s h a v e
e x p r e s s e d t h e n e e d f o r a i r f o i l s h a v i n g a p r e d i c t a b l e C . i n s e n s i t i v e t o a i r f o i l r o u g h n e s s
e f fec t s . Th i s qua l i t y p rov ides fo r more cons i s ten t power ou tpu t and he lps e l im ina te unexpec ted
opera t ing charac te r i s t i cs tha t may be de t r imen ta l to ro to r l i f e . For va r iab le p i t ch mach ines , th i s
requi rement can be re laxed s ince the b lades can be feathered co. avo id s ta l l dur ing h igh winds.
Howeve r, f o r va r i ab le rpm mach ines , t he a i r f o i l mus t be des igned to ope ra te e f f ec t i ve l y ove r a
wider Reynolds number range.

Acknowledging the general air foi l design dependency on rotor sol idi ty, mean annual windspeed,
and mach ine opera t iona l mode, the fi rs t fami ly o f spec ia l purpose a i r fo i l s was d i rec ted toward a
c lass of wind turb ines having the fo l lowing proper t ies:

o Fixed pi tch 10-m diameter rotor
o Low so l id i t y ro to r w i th tw is t and taper
o Mean annual windspeed of 5 to 7 m/sec.

The a i r fo i l f am i l y was to cons is t o f th ree a i r fo i l s . The p r imary a i r fo i l was to be des igned fo r a
r a d i a l s t a t i o n o f ( r / R » 0 : 7 5 ) , w h i l e s e c o n d a r y a i r f o i l s w o u l d b e d e s i g n e d f o r r / R - 0 . 4 0 a n d
0 .90 . The th i ckness o f the a i r fo i l f o r r /R - 0 .40 and 0 .90 wou ld be expec ted to be th i cker and
t h i n n e r t h a n t h e p r i m a r y a i r f o i l , r e s p e c t i v e l y . To a c h i e v e t h e d e s i g n e d r o t o r o p e r a t i n g
c h a r a c t e r i s t i c s , s u b s t a n t i a l l y d i f f e r e n t d e s i g n c r i t e r i a m i g h t b e r e q u i r e d f o r t h e i n b o a r d a i r f o i l
ve rsus the ou tboard a i r fo i l .

Spec ific des ign c r i t e r ia es tab l i shed fo r the p r imary a i r fo i l ( r /R - 0 .75 ) were tha t i t have :

o High L/D through laminar flow
TLmaxA i r r o

insensi t ive to surface roughness
rro i l th ickness of 12 to 15 percent .

With respect to the high L/D, the question arises as to whether i t should occur at low, medium, or
h i g h l i f t c o e f fi c i e n t . To a n s w e r t h i s q u e s t i o n , a C . v e r s u s C a i r f o i l p o l a r w a s m o d i fi e d t o

Imu la te t hese hypo the t i ca l cases as shown i n F i gu re J . I n cases 1 , 2 , and 3 , a l am ina r flow
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bucket was assumed to exist between the C^ values of 0.0 to 0.4, 0.4 to 0.8, and to 0.8 to 1.2,
r e s p e c t i v e l y. R o t o r p e r f o r m a n c e w a s c a l c u l a t e d u s i n g t h e s e t h r e e c a s e s . T h e i n fl u e n c e o n c h e
power coeffic ient versus t ip speed ra t io curve is shown in F igure 4 . For case 1, the laminar flow
bucket at low C. resulted in some performance improvement at high tip speed ratios (low windspeeds)
bu t con t r ibu tes l i t t l e to annua l energy ou tpu t . For case 2 , a subs tan t ia l i nc rease in pe r fo rmance
is achieved ac medium to high t ip speed rat ios. Whereas case 3 resul ts in substant ia l performance
improvement ac low t ip speed rat ios (high windspeed). Based on this comparison, a laminar bucket
cove r i ng t he C . r ange o f 0 .4 t o 0 .8 showed the g rea tes t po ten t i a l f o r enhanc ing annua l ene rgy
oucpuc. The midpo in t o f the bucket (C^ - 0 .6) was chosen as the po in t fo r wh ich L /D was to be
m a x i m i z e d . A s s o c i a t e d w i t h t h i s b u c k e t p l a c e m e n t , i t w a s a l s o d i s c o v e r e d t h a t C . o v e r t h e
outboard port ion of che blade had to be restrained so that power output at high win<8?peeds would
n o t b e e x c e s s i v e . T h i s r e s t r a i n a l s o h e l p s h o l d d o w n t h e a i r f o i l m o m e n t c o e f fi c i e n t , w h i c h c a n
c o n t r i b u t e t o h i g h c o n t r o l l o a d s o r e l a s t i c t w i s t d u r i n g s t a l l .

Us ing th is des ign phi losophy, Dan Somen of A i r fo i ls Incorporated is in the final des ign phase
o f t h e fi r s t f a m i l y o f s p e c i a l p u . r p o s e a i r f o i l s . U p o n c o m p l e t i o n o f t h i s t a s k t h e p r i m a r y a i r f o i l
o f t h e f a m i l y i s s c h e d u l e d t o b e w i n d t u n n e l t e s t e d t o v e r i f y i t s p e r f o r m a n c e c h a r a c t e r i s t i c s —
p a r t i c u l a r l y l e s C L n ^ r o u g h n e s s s e n s i t i v i t y. A d i a g r a m o f t h e p r i m a . r y a i r f o i l ( r / R - 0 . 7 5 ) i s
shown in F igure 5. The a i r fo i l geometry is character ized by a rather sharp leading edge wi th very
l i t t l e f o r w a r d c a m b e r. A m o d e r a t e a m o u n t o f l a m i n a r fl o w i s p r e s e n t o n t h e u p p e r s u r f a c e a n d
extensive laminar flow is present on the lower surface. Trai l ing edge camber is held to a minimum
i n a n e f f o r t t o r e s t r a i n C , a n d m i n i m i z e t h e a i r f o i l ' s p i t c h i n g m o m e n t c o e f fi c i e n t . A l s o
i l lust rated In F igure 6 is an approximat ion of one of the secondary a i r fo i ls designed for the b lade
r o o t . T h i s t h i c k e r , a i r f o i l I s d e s i g n e d t o h a v e i c s L / D a c a s l i g h t l y h i g h e r v a l u e o f C _ . T h e
a i r fo i l i s des igned for a C_ as h igh as poss ib le w i thout any res t ra in put on the p i tch ing moment
coeffic ient . The combinat ion o f these two a i r fo i ls des igned to the same camber fami ly is expected
to improve the performance ac low windspeeds and Unit peak power at high windspeeds, independent
o f roughness e f fec ts .

6. CONCLUDING REMARKS

P e r f o r m a n c e p r e d i c t i o n m e t h o d s a t W E R C h a v e e v o l v e d f r o m t h e r e l a t i v e l y s i m p l e
blade-elemenc/momencum approach (PROPSH), which is ideal for rapid parametric type analyses, to che
m o r e r i g o r o u s l i f t i n g - s u r f a c e / p r e s c r i b e d - v a k e a p p r o a c h u s e d f o r d e t a i l e d b l a d e o p t i m i z a t i o n .
Cur ren t and fu tu re embel l i shments o f these codes inc lude refinements to the pos t -s ta l l 3 -D a i r fo i l
da ta syn thes iza t ion rou t ine , the inco rpo ra t ion o f dynamic s ta l l uns teady e f fec ts , and inc lus ion o f
soph is t i ca ted tu rbu len t w ind inpu t mode ls . Comp le t ion o f these e f fo r t s w i l l , es tab l i sh the need fo r
a more r igorous level of val idat ion character ized by detai led t ime dependent measurements of wind
inpuc , b l ade a i r f o i l p ressu re d i s t r i bu t i ons , and s t ra in gauge measu remen ts o f cyc l i c l oads . F rom
these data cur rent theory can then, be eva luated and refined to prov ide des ign codes that bet ter
charac ter ize the aerodynamic loads upon wh ich dynamic and fa t igue ana lyses are based. In tu rn ,
m a c h i n e r e l i a b i l i t y s h o u l d i m p r o v e a n d h e l p p r o v i d e t h e n e e d e d e n e r g y c o s t r e d u c t i o n t h a t w i l l
insure the surv iva l o f th is v iab le energy source.

Performance enhancements of HAWT's is being pursued through the development of special purpose
a i r f o i l f am i l i e s . I t i s r ecogn i zed t ha t r o t o r a i r f o i l r equ i r emen ts a re un ique i n t e rms o f Reyno lds
number, rotor sol id i ty, mean annual windspeed, and operat ional mode. Account ing for these factors,
n e w a i r f o i l f a m i l i e s a r e b e i n g d e v e l o p e d f o r fi x e d a n d v a r i a b l e p i t c h w i n d t u r b i n e s . w i t h
cons idera t ion o f bo th the cons tan t and var iab le rpm opera t iona l modes . The fi rs t o f these a i r fo i l
f a m i l i e s i s f o r t h e 1 0 - m , c o n s t a n t r p m , fi x e d p i t c h c l a s s o f m a c h i n e s . D e s i r e d p e r f o r m a n c e
characterist ics being sought are enhanced performance ac low-co-medium windspeeds through laminar
fl o w a n d p r e d i c t a b l e C . i n d e p e n d e n t o f r o u g h n e s s e f f e c t s a t h i g h w i n d s p e e d s . P r o p e r l y
i n c o r p o r a t i n g t h e s e c h a r a c t e r i s t i c s i n t o n e w ' m a c h i n e s s h o u l d a l s o r e d u c e e n e r g y c o s t t h r o u g h
Improved annual energy output and machine rel iabi l i ty.
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Aerodynamic Calculational Methods for Curved-Blade
Darrieus VAWT WECS

R.J. Templin
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Summary

This informal discussion paper describes recent Canadian experience
in the development of methods of calculation of aerodynamic performance and
load distributions for the curved-blade Darrieus type wind turbine. Particular
attention is paid to the so-called double multiple stream tube (DMST) theory,
and to the uncertainties that remain in further developing adequate methods.
These include the lack of relevant airfoil data at high Reynolds numbers and
high angles of attack, and doubts concerning the accuracy of current models of
dynamic stall. A brief summary of wind tunnel tests of several blade
aerobrake configurations is also given.

Introduction

For a few years after results of the first wind tunnel tests of the
Darrieus turbine had been published, no aerodynamic theory existed that was
adequate for engineering design purposes. It seems that Ref. 1, which was
published in 197*, was the first of a steadily increasing number of papers onthe subject. It is not the purpose of this paper to give a complete survey, but
a few references are listed to show some of the main trends. Reference 1
described what has since become known (at least in North America) as the
single streamtube (SST) model. It was a simple adaptation of the Betz-Glauert
momentum theory, in which the rotor was assumed to be a single actuator disc
with uniform distribution of induced velocity parallel to the wind direction.
The induced velocity was related to overall rotor drag, and blade element
forces were calculated assuming quasi-static two-dimensional airfoil
characteristics. The theory was simple, inexpensive of computer time and
showed good agreement with overall rotor performance measurements in the
unstalled flow regime, and fair agreement in stalled conditions. However, it
was probably not accurate for detailed calculation of blade load distribution.
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It was followed in 1975 by the development by the Sandia
Laboratories of the multiple stream tube theory (MST), (Ref. 2), and still later
by NRC and the Institut de Recherche de l'Hydro-Quebec (IREQ) of the so-
called double-multiple stream tube theory (DM5T) (Ref. 3 and 4). Further
refinements have recently been made at Queen Mary College, University of
London (Ref. 5). All of these theories are based on momentum considerations
and effectively assume that there is no interaction between individual
streamtubes, although in reference 4 and 5 the expansion and lateral
displacement of the streamtubes is allowed for as the flow decelerates through
the rotor. The main difference between the MST and the DMST models is that
the latter separates the rotor into two actuator discs representing the
upstream and downstream surfaces with the assumption that the flow in the
streamtubes reaches equilibrium, with static pressure returning to the ambient
value, within the rotor. The remainder of this note will be concerned mainly
with results obtained with the NRC version of the DMS Theory with dynamic
stall effects included, but without some of the other refinements developed in
the references.

For completeness, however, it should be pointed out that the last few
years have seen developments in rotor vortex theories, which are perhaps to be
preferred from the point of view of basic fluid mechanics. Probably the firstsuch theory, for lightly loaded, two-dimensional cross-flow turbines was that
described by O. Holme in Reference 6. A general result obtained by Holme
was that one-half of the velocity decrement from far upstream to far
downstream takes place between the upstream and downstream faces of the
rotor, a result which is also automatically satisfied with the DMST theory.
The most complete vortex model is that of Reference 7. Although this
computer model is not limited to lightly loaded rotors, or to two-dimensional
flow with infinitely many blades, it is very expensive to run. A possible
compromise which combines some of the best features of vortex and
streamtube approaches is the so-called fixed wake theory developed at Oregon
State University (Ref. 8).

Comparison of DMST Theory with Experiment

Several comparisons have been made between the predictions of the
double multiple streamtube momentum theory, and performance of Darrieus
turbines in field tests. Only one such comparison is shown here, in Figure 1,
for the 24 m diameter VAWT on the Magdalen Islands in the Gulf of St.
Lawrence. Each of the data points shown was a 75-second average of 2000
samples of power and wind speed. The VAWT AERO computer code was the
first DMST program in use at NRC and was developed for the Apple II personal
computer. The Magdalen Islands turbine normally operates at a constant 36.6
rpm and has a rated power of about 230 kW. However, in order to allow more
opportunity to make measurements at wind speeds that would lie in the regionof full rotor stall, the turbine was operated at 26A rpm for the measurements
shown in Figure 1, and the levelling of the power output at high wind speeds is,
of course, the result of rotor stall. Note that, when no allowance is made for
the effects of dynamic stall, the theory under-estimates maximum power by a
substantial margin (25 percent or more).
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Dynamic Stall Effects

The failure to predict the maximum power output of stall-controlled
Darrieus wind turbines, when quasi-steady aerodynamic assumptions are made,
has been realized for a number of years, and the Sandia Laboratories were
perhaps the first to incorporate a model of dynamic stall into their computer
codes. The model was based on one developed for helicopter rotor
computation by R.E. Gormont of the Boeing-Vertol Corp. (Ref. 9). Modified
versions of this model are now in use in the DMST computer codes in Canada.
The upper theoretical curve in Figure 1 includes one such model, but the
agreement with measurements in this case can not be taken as a confirmation
of the model. It was in fact this particular set of measurements that was used
in revising the NRC version of the stall model, mainly by tapering out the
dynamic stall effects so that they become zero for airfoil angles of attack
beyond about 45°.

About two years ago a series of experiments was begun in the NRC
2m x 3m low speed wind tunnel to measure dynamic stall effects on a thick
(NACA 0018) airfoil of 0.6m chord, cut from a section of the same aluminum
extrusion that was used in the manufacture of the Magdalen Islands turbine
blades. The airfoil was oscillated sinusoidally, and in some cases non-
sinusoidally to more closely simulate the time history of the non-dimensional
rate of change of angle of attack at the rotor equator. These experiments
differed from most of those that have previously been carried out on airfoils
of interest in helicopter design in that the angle-of-attack range used was
much higher, and of course the NACA 0018 airfoil is considerably thicker than
those used in helicopter rotors. The results of one such run are shown in
Figure 2 and 3, where the amplitude of the oscillation in angle of attack
extended ±30°. A comparison with three dynamic stall models is shown: the
original Gormont model (Ref. 9), a model based on Gormont, modified by B.
Masse (Ref. 3) and the NRC model. The latter two are in fair agreement with
the measured lift-curve loops in Fig. 2, but fail to predict accurately the
dynamic effects on airfoil drag. Generally, the oscillating airfoil tests have
shown little dynamic effect on drag, as suggested by Fig. 3, and hence no
dynamic connections are applied to airfoil drag data in the NRC model. It is
understood that the same practice is followed by D.J. Sharpe at Queen Mary
College (Ref. 5).

It is obvious that the somewhat "doctored" dynamic stall models we
are presently using are grossly empirical in nature. Unfortunately
experimental measurements for comparison are difficult to make on a
Darrieus turbine during field tests. One such investigation was carried out by
the Sandia Laboratories, by means of pressure measurements on the airfoil
section near the equator of a 17m turbine, (Ref. 10). Figure 4 is reproduced
from Ref. 10, and should serve as a warning that the effects of dynamic stall
remain difficult to predict. The curves in Fig. 4 suggest that the apparent
hysteresis loops, typical of dynamic effects, are occurring only over the
upwind face of the turbine, where blade angles of attack are defined as being
positive, whereas current models built into DMST computer codes predict
dynamic stall on both upwind and downwind faces.
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It must be concluded that more research, and more collaboration
among groups concerned with VAWT design, is to be encouraged in future.
This has been a brief summary of limited Canadian experience, and may not
have taken into account adequately recent advances made elsewhere in airfoil
dynamic effects.

Airfoil Data

The design of straight and curved blade VAWT's has been hampered
by a general lack of suitable airfoil data over the very wide range of angles of
attack that occur in constant-speed stall-controlled turbines. Uncertainties
also exist concerning the effects of Reynolds number, especially in view of
recent trends toward large-scale prototypes, such as Projet £OLE, the
Canadian 4 MW turbine now under development as a co-operative project
between the federal government and the power company, Hydro Quebec. Its
blade chord is 2.4m, and the nominal Reynolds number at the equator is about
8 million. In order to fill part of this gap in data, a special series of 2-
dimensional airfoil tests was carried out in 1983 in the NRC pressurized
blowdown 1.5 m tunnel, on an NACA 0018 airfoil over an angle of attack range
up to 180° and, at least for part of this range, at Reynolds numbers up to 9
million. (Ref. 11). A summary of some of the lift coefficient measurements is
shown in Figure 5. Also shown for comparison are some data taken from Ref.
13, and a curve labelled NRC dataset No. 12. The latter was a set of static
measurements made at NRC on the same airfoil used for the oscillatory tests
described above, at a Reynolds number of about 3 million. The figure shows
the differences that are possible near and beyond stall, among different sets of
data, all nominally for the same airfoil. This is, of course, important in the
design of stall-controlled VAWT's. Also of interest is the rather large effectof Reynolds number that is apparent over the entire range shown here, up to 9
million. Since the driving component of the airfoil force coefficient for most
Darrieus turbines (with no blade toe-in or toe-out) is the chordwise component,
and since its maximum value is roughly proportional to the product of Cl max
and the stalling angle, the NRC blowdown tunnel results indicate a large
increment as the Reynolds number is varied from 2 to 9 million.

Drag Brake Aerodynamics

Some of the Darrieus wind turbines that have been built
commercially in Canada have used drag-type aerobrakes for control of rotor
overspeed. For example, the Magdalen Islands turbine was fitted withaerobrakes near the equator that consisted of a flap on each blade, hinged at
the airfoil trailing edge and extending both fore and aft of the trailing edge so
that when open it presented a flat plate normal to the airfoil chord extending
roughly an equal distance on either side of the hinge line. It was known thatthis type of brake tended to lose much of its effectiveness when stalling
occurred on the local portion of the blade airfoil, thus leaving about half of
the flap immersed in a separated wake.
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For the large £OLE rotor it was decided to investigate aerobrakes of
other configurations, and wind tunnel results for some of these are shown in
Figure 6. Since some of these may offer mechanical simplicity in comparison
with blade tip pitch changes, they may be of some interest to designers of
fixed-pitch, stall-controlled HAWT's, as well as to those primarily interestedin various versions of Darrieus VAWT's; At an early stage in the rotor design
for EOLE, the aircraft company Canadair Ltd.. suggested a split flap, which
opened from the airfoil surface, leaving a gap through the airfoil ahead of the
hinged flaps. These are referred to as Canadair aerobrakes in the figure.
Perhaps the main point of interest in the graph is that the Canadair type of
aerobrake maintains a more uniform rearward chordwise component of force
up to much higher angles of attack than the "spoiler" type, although the latter
are more effective (per unit of exposed area) at angles of attack below airfoil
stall. Not shown are the results of tests with the gap closed ahead of the
Canadair flaps; these showed, as in the case of the Magdalen Island flap, that
effectiveness falls off drastically at angles of attack beyond airfoil stall.

The full results of the tests summarized in Figure 6 are currently
being prepared in report form at NRC.
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AERODYNAMIC CALCULATIONAL METHODS FOR WECS

IEA MEETING OF EXPERTS
COPENHAGEN, 29/30 OCTOBER 1984

SUMMARY
prepared by

D.J. Milborrow

The overall impression gained from the meeting was that all
the participating countries were looking at broadly similar
problems.12 presentations were made and the concluding discussion
identified three major areas of research which were possibly
su i tab le fo r co l labora t i ve e f fo r t :

1. Aerofoi l character is t ics appropr iate for wind turbine
blades, i.e. as modified by three-dimensional effects.

2. Unsteady aerodynamics.
3. Development of aerofoil sections for specific wind

turb ine app l ica t ions, e .g . s ta l l regu la t ion.
The priority for item 3 was uncertain, partly because it
could not be tackled in isolation - the cost implications of
new profiles also needed to be considered. Germany was mainly
involved in this activity, which would continue.
The priority for item 2 was reckoned to be lower than that for
item 1, simply because it is necessary to understand 2-D to
3-D modifications before one tackles unsteady effects. There
is some uncertainty as to the precise implications for design.
It was therefore agreed that an investigation of the differen
ces between two- and three-dimensional aerofoil characteristics
might form the basis of a collaborative investigation underIEA auspices. The topic has implications for blade loads,
energy yields, and design of stall-regulated machines.
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IEA - Implementing Agreement LS-WECS
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1. Seminar on Structural Dynamics, Munich, October 12, 1978

2. Control of LS-WECS and Adaptation of Wind Electricity to the
Network, Copenhagen, April 4, 1979

3. Data Acquisition and Analysis for LS-WECS, Blowing Rock, North
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