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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

Introduction.

Aerodynamic calculatibns on wind-turbine rotors to deter-
mine performance and structural locading now have been
carried out for a number of years, and for different WECS
configurations.

Also experimental results now are avaiable from a number
of installations so that verification of theoretical
predictions can be made to some extent.

This has made it appropriate to arrange an experf meeting
under the LS-WECS‘agreeﬁent where the state of the art
and the needs for further development is discussed, and
wherealso the impact of experiments on theoretical model-
ling can be illustrated.

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 verticalAaxis 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 2
Can thisfthree-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
FX 84-W-127
FX 84-W-140
FX 84-W-175
FX 84-W-218

D.Althaus

Die Windkanalmodelle mit einer Profiltiefe t = 0,5 m wurden im
Laminarwindkanal mit den iiblichen MeBverfahren vermessen. Der
Profilwiderstand wurde durch Integration lings 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 Umschlags-
punkte mit dem Stethoskop bestimmt. Zusdtzlich wurden bei dieser
Reynoldszahl Messungen mit einem Stolperdraht vom Durchmesser

d =2mm (d4/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 Geschwindigkeitsverteilungen fiir 4 verschiedene
Anstellwinkel sind in den Diagrammen 6 bis 10 enthalten. Die
Diagramme 11 bis 15 zeigen die ca-cw—Polaren und Umschlagslagen, die
Diagramme 16 bis 20 die Momentenbeiwerte um den t/4-Punkt.

Stuttgart, Februar 1984



NR X/T Yo/T YU/T
1 1,00000 0,00000 0.,00000
2 0.,99893 0,00006 0,00003
3 0.99572 0,00028 0.,00012
4 0.99039 0,00069 0.00021
S5 0.98296 0,00137  0.00029
6 0.97347 0,00230 0,00025
7 0.96194 0,00343 0.00014
8 0.94844 0.00527 -0.00009
9 0.93301 0,00730 =-0,00048
10 0.91573 0.00975 =0.000%9
11 0.89668 0.01255 =-0,00148
12 0.87592 0.01581 =-0,00250
13 0.85355 0.01939 -0.00343
14 0.82967 0.02331 -0.00448
15 0.80438 0.02753 -0.00560
16 0.77779 0.03198 =-0.00679
17 0.75000 0.034660 -0.,00801
18 0.,72114 0,04131 -0,00924
19 0,69134 0,04609 ~0,01047
20 0,66072 0,05071 -0.01164
21 0.62941 0,05525 -0,01279
22 0,59755 0.05957 -0,01389 oo
23 0.56526 0,04348 -0,01490
24 0,53270 0.,06715 -0,01587 C
25 0.50000 0,07022 =0.,01677
26 0,46730 0.07278 =-0.01759 LT
27 0.43474 0,07496 -0.01837
28 0.40245 0,07619 -0.01909 o
0.37059 0.07695 -0.01974
30 0.33928 0,07715 -0.02034 T
31 0.,30846 0,07640 -0,02089
32 0.,27886 0,07521 -0,02137
33 0.25000 0,07333 -0.02178
34 0.22221 0,07071 -0.02208
35 0.19562 0.06774 =-0,02232
36 0.17033 0,06405 =-0,02240
37 0.14645 0,06012 =-0,02232
38 0,12408 0,05544 =-0,02206
39 0,10332 0,05082 -0.,02158
40 0.,08427 0.04575 =-0.,02087
41 0.06699 0.04050 =-0.,01987
42 0.05156 0,03516 -0,01857
43 0.03804 0,02978 -0.01694
44 0,02653 0.,02444 -0.01495
45 0.01704 0,01922 -0,01260
46 0.,00961 0.01418 -0,00987
47 0.00428 0,00936 -0.00673
48 0.,00107 0,00480 -0,00323
49 -0.00000 0,00083 0.00083

FX 84-W-97

19

DICKE/T+e+= 0,098 RUECKLAGE/T= 0.339
WOELBUNG/T= 0.029 RUECKLAGE/T= 0,371
PROFILTIEFE, .= T

Tabelle 1 -



FX 84-U-127

(5}

NR X/T Yo/T YU/7
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
& 0.97347 0,00385 0.00096
7 0.96194 0.00594 0.00106
8 0.94844 0,00847 0.00095
? 0.,93301 0.,01159 0,00065
10 0.21573 0.,01525 0.0001¢9
11 0.89648 0.01939 -0.00058
12 0.87592 0.02410 -0.00153
13 0.85355 0.02923 -0.00249
14 0.82967 0,03477 .-0.00407
15 0.80438 0.04063 -0.,00559
16 0.77779 0.04675 -0,00725
17 0,75000 0.05297 -0.00899
18 0.72114 0.05923 -0.01077
19 0.69134 0,06550 -0.01258
20 0.,66072 0.07143 -0.01434
21 0.,42941 0,07719 -0,01605
‘22 0,59755 0.,08254 -0,01770
23 0.56526 0.08726 -0.01920
24 0.,33270 0,09159 -0.02062
25 0.50000 0.,09509 -0.02191
26 0.,446730 0.09785 -0,02305
27 0.,43474 0.,10007 -0.02411
28 0.40245 0.10111 -0,02503 .
29 0.37059 0.101446 -0,02582
30 0,33928 0.,10117 -0,02453
31 0.30866 0.09962 -0,02711
32 0,27886 0,09753 -0,02758
33 0.25000 0.09468 -0,02797
34 0.22221 0.09086 -0,02816
35 0.19542 0,086465 =-0,02829
36 0.17033 0.08165 -0,02822
37 0.14645 0.07635 -0.,02795
38 0.,12408 0.07043 -0,02747
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 -0,022648
43 0.,03806 0.03735 -0,02059
44 0,02653 0.03047 =-0.01810
45 0.01704 0.024168 -0,01514
46 0.,00961 0.01791 -0.01176
47 0,00428 0,01193 -0,007%91
48 0.,00107 0.00632 -0,00356
49 -0,00000 0.00097 0.00097

DICKE/T+se= 0,128 RUECKLAGE/T= 0.339
WOELBUNG/T= 0.038 RUECKLAGE/T= 0.402
PROFILTIEFE...= T

Tabelle 2



NR X/7T Yo/t YU/T
1 1.,00000 0.,00000 0.,00000
2 0.99893 0.,00014 0.,000190
3 0.99572 0.00061 0.00035
4 0.9903%9 0.00147 0,00072
9 0.98296 0.00281 0.00106
4 0.97347 0.00462 0.00135
7 0,96194 0,00708 0,00157
8 0.94844 0.01006 0.,00152
? 0,93301 0.,01371 0.,00133
10 0.91573 0.,01795 0.00085
11 0.89648 0,02275 0.00010
12 0.87592 0.02817 -0,00084
13 0.85355 0.03405 -=0,00212
14 0.82967 0.04037 -0,00341
15 0.80438 0.04700 -0.00528
16 0.77779 0.05392 -0,00714
17 0.75000 0.046088 -0.00909
18 0.,72114 0.04787 -0.01112
19 0.69134 0.07483 -0.01315
20 0.66072 0.08134 -0,0151¢4
21 0.42941 0.08764 -0.01713
22 0.59755  0.09344 -0,01895
23 0.56526 0,09851 -0.02067
24 0.,33270 0,10311 -0,02227
23 0.50000 0,10478 -0.02348
26 0.46730 0.,10959 -0.02494
27 0.,43474 0.11179 -0.02610
28 0.,40245 0.1127% -0.02705
29 0.37059 0.,11284 -0,02789
30 0.33928 0.11230 -0,02843
31 0,30866 0.11035 -0,02919
32 0,27886 0.,10782 -0,02945
33 0,25000 0.,10450 -0,03000
34 0,22221 0,10011 -0,03017
35 0.19562 0,09531 -0,0302¢4
36 0.,17033 0.08969 -0.03014
37 0414645 0.08375 -0.02982
38 0.,12408 0.07716 -0.02928
39 0.10332 0.07021 -0,02847
40 0.08427 0.06299 -0.02737
41 0.04699 0.05561 =-0,02592
42 0,05156 0.04817 -0.02410
43 0.,038056 0.04074 -0.02187
44 0,02653 0.033446 -0.01920
45 0.01704 0.0263% -0,01406
46 0.,00961 0.,01958 -0,01242
47 0.00428 0.,01312 -0,00830
48 0.,00107 0.00708 =0,00343
49 -0.00000 0.00102 0.,00102

FX 84-uW-1490

WOELBUNG/T= 0.043 RUECKLAGE/T= 0.435
PROFILTIEFE..o= T

Tabelle 3



FX B4-UW-175

NR X/7 YO/T YU/T
1 1,00000 0.00000 0.00000
2 0.99893 0.00014 0.00011
3 0.99572 0.00049 0.00038
4 0.,99039 0.00170 0.00077
3 0.98296 0,00326 0.00107
6 0.97347 0,00539 0.00134
7 0.96194 0,00828 0.00136
8 0.94844 0,01179 0.00115
? 0.93301 0.014612 0.,00069
10 0.91573 0.02114 -0,00023
11 0.89668 0.,02485 -0.,00143
12 0.87592 0,03328 -0,00303
13 0.,85355 0.04025 -0,00503
14 0.82967 0,04776 -0.00729
15 0.80438 0.05542 -0,00989
16 0.,77779 0.06383 -0.01270
17 0.73000 0,07204 -0,01548
18 0.72114 0,08029 -0,01875
19 0.69134 0,08848 -0,02183
20 0.66072 0.,09612 -0.02488
21  0.,62941 0.10347 -0,02783
22 0,5975% 0.11027 -0.03057
23 0.,546526 0.11614 -0.03316
24 0.,53270 0.12145 -0,03553
25 0,50000 0.12575 -0,037564
26 0.46730 0.128984 -0,03939
27 0.43474 0,13146 -0,04099
28 0.,40245 0,13260 -0.,04222
29 0.,37059 0.,13272 -0,04327
30 0,33928 0,13213 -0.04408
31 0,308646 0.,12995 -0.04457
32 0.,27886 0,12703 -0.04489
33 0,25000 0.12333 -0,04495
34 0.,22221 0.11831 -0,04472
35 0.19562 0.11283 -0,04437
36 0.,17033 0.10448 -0,04344
37 0414645 0.09968 -0.04266
38 0.,12408 0.09214 -0,04133
39 0.10332 0.08417 -0,03946
40 0,08427 0.07585 -0,03741
41 0.,06699 0.04730 -0,03515
42 0,05156 0.05865 -0,03223
43 0,03804 0.04995 -0,02884
44 0.02653 0.,04135 -0,02495
43 0.01704 0,03293 -0,02053
46 0.,00961 0,0247F -0.01560
47 0.,00428 0,01689 -0.01010
48 0,00107 0.,00942 -0.00412
49 -0.00000 0,00309 0.00309

DICKE/Teose=

0.176 RUECKLAGE/T= 0.339
WOELBUNG/T= 0.045 RUECKLAGE/T= 0,435
PROFILTIEFE.se= T

Tabelle 4



NR X/7T YO/T YU/T
1 1.,00000 0.00000 0.00000
2 0.99893 0.00012 0.,00006
3 0.99572 0.00053 0.00017
4 0.99039 0,00135 0.,00028
3 0.98296 0.,00248 0.00014
6 0.97347 0.00454 -0,00011
7 0.96194 0.00718 -0.00078
8 0.94844 0.01043 -0.00184
9 0.+923301 0.01456 -0,00327
10 0.,91573 0,01942 -0.00533
11 0.89668 0,02504 -0.00780
12 0.87592 0.03149 -0.01076
13 0.83355 0.03855 -0.01425
14 0.829487 0.04628 -0.01811
15 0.80438 0.05448 -0.02235
16 0.77779 0.06309 -0.,02487
17 0.735000 0.,07189 -0.03158
18 0.72114 0.08078 -0,03643
19 0.6%9134 0.08973 -0,04124
20 0.66072 0.09819 -0.04400
21 0.,42941 0,10639 -0.05067
22 0.99755 0.11421 -0.,05498
23 0.956526 0.12102 -0,05906
24 0.53270 0.12726 -0.06289
25 0.,50000 0.,13270 -0.06614
26 0.,46730 0.13683 =0.06904
27 0.,43474 0,14022 -0,07164S
28 0.,40245 0.14247 -0.07356
29 0.,37059 0.14339 -0,07511
30 0,33928 0.,14356 -0,07428
31 0.30864 0.14231 -0.07673
32 0,27886 0.13999 -0.07485
33 0.25000 0.13702 -0.07647
34 0,22221 0.,13241 -0.07543
35 0419562 0.12722 -0,0741¢
36 0,17033 0.12124 -0,07219
37 0.14645 0.11449 -0,06948
38 0,12408 0.10886 -0,06661
39 0.10332 0.09863 -0.,06299
40 0.08427 0,08988 -0,05881
41 0.0669%9 0.,08069 -0,05405
42 0.,05156 0.07118 -0.,04874
43 0,03804 0.06145 -0.04283
44 0,02653 0.05158 -0,03639
43 0.01704 0.04149 -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

FX 84-W-218

DICKE/Tsse= 0,220 RUECKLAGE/T= 0.339
WOELBUNG/T= 0.034 RUECKLABE/T= 0,402
PROFILTIEFE000= T

Tabelle 5. e ..
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Diagramm 10
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"DEVELOPMENT IN AERODYNAMIC CALCULATION METHODS'

M.B. ANDERSON
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UNSTEADY AERODYNAMICS

The model includes :-

3)

. b)

d)

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

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

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

trailing edge stall is incorporated via Kirchoffs law and two first
order lags.
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LEADING. EDGE STALL
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Fig. 1

Delimits the region of attached flow determined by the break in
pitching moment;

Generation of leading edge vortex;
Pitching moment divergence;

Leading vortex traverses chord;

Leading vortex shed from trailing edge;
Lift decays to fully separated conditions;

Re-attachment



TRAILING EDGE STALL

Fig. 2

Kirchof f Flow Approximation

C. o2
/-
5 = 1 (T, 4 :g z.;)
¢ &
(-9
(f = flow reversal point)
10
[ ]
h os > INCREASING ©C
0

Fig. 3



33

- o
T T T T T T T (] o
PN
i
- {8u : 18
-0
W
. o0 L J e
- - V -t
h'4
Q
L i E B 16
|-
i o
L 47 % - 1
8y 8
o 19090 o he I |
Z
o & o
1 ] 1 1 1 1 1 ?' 1 1 1 1 1 1 ?
o "] w (1]
“ “ o - 9 v T
N = « "o ' 7T TN N 4 - o ' 7T 7§
IN3IJ144300 1417 IN3IJ144300 1411
T T 1 1T 711 8 T 1 1T T T 1 T 8
"
"
: {8 : {8
o
1]
o0 i d o
-3 - - V -d
h'4
&)
2 4o E R 4o
]-
o c g
- 417 % i 11
83 _ |8
o - l(D l
' &
1 ] 1 [ 1 [] 1 ‘?l’ 1 L L [l [1 (1 1 8'
n w q q 1] n q q
W s e T w 4w e N T T
IN3TJ144307 1417 : IN3TJ144300 1411

Fig. 4 NACA 0015, chord 1.25m oscillating about it 1/4 point at a reduced
frequency of 0.05.

ANGLE OF ATTACK <DEGREES)>

ANGLE OF RATTACK <DEGREES>



TURBULENCE : TIME DOMAIN SIMULATION

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

£9y< Z Z 1M @3] (186)* cos (gt Si00) )

ms=y {30

where the matrix H(w) satisfies the equation

S¢wy = HewyHaoy

where S(w) is the target cross-spectral density matrix and is Hermitian. L
is the number of discrete frequencies W and 615w1 represents the phase
CT} ’45«v fﬁmL are a set of random numbers taken from a uniform
distribution between 0 and 29y . 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 1is 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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AN ANALYTICAL THEORY FOR ROTOR-
TIPVANE PERFORMANCE AND COMPARISON
WITH EXPERIMENTAL RESULTS

Th. van Holten

Summarx

A theoretical method for the performance estimation of tipvane wind turbines

is outlined in the paper, and compared with some full-scale experimental
results recently obtained. The performance estimates are based on a flowmodel
where an infinite number of turbine blades is assumed. Agreement between theory
and experiments is shown to be satisfactory.

1. Introdyction

At the Delft University of Technology research is done on tipvane windturbines.

Tipvanes are relatively small auxiliary wings mounted on the tips of turbine-

blades (fig. 1). The vane lift is in the direction of the rotorcentre so that

by reaction the oncoming flow is deflected radially outwards. The resulting

diffuser effect causes an increase of massflow through the turbine (fig. 2).

Compared with conventional turbines, higher powercoefficients are possible, even

surpassing the socalled Betz-limit for windturbines.

The laboratory research has covered windtunnel- and towing tank model experiments

(ref. 1). Full-scale performance testing has started recently on a 8,5 m diameter

rotor. In view of the lack of experience with rotors of such an unconventional

configuration, careful theoretical and experimental aero-elastic investigations

on the full-scale rotor have preceded the aerodynamic experiments (ref. 2 and 3).

The aerodynamic investigations were likewise accompanied by the development of

theory:

a) computer programs were developed for the detailed analysis of loaddistribu-
tions (ref. 4),

b) a flowmodel based on the assumption of an infinite number of blades was
developed for the purpose of performance estimates.

It is the latter analysis which will be briefly outlined in the present paper,

and the results of which will be compared with some preliminary full-scale

test-results now available.

2. Analytical model of the flow

The model described below was developed with the purpose to analyze the overall
forces, total power, and average velocities. It assumes an infinite number of
turbineblades and tipvanes. Such a model of the flow is equivalent to a time-
averaged analysis. The model is based on the assumption of small disturbances,
which means that free vorticity convects along trajectories parallel to the
undisturbed velocity.

2.1 Tipvane-model

The functioning of the tipvanes is represented by a circular band of vortici-

ty as sketched in fig. 3. The way to arrive at such a simplified flow model

will be explained with the help of fig. 4, which shows socalled "undersynchronous
operation”, i.e. a flowcondition where no direct vortex interaction occurs.

We assume for a moment that the 1lift on the tipvanes is constant along the span,
so that the trailing vorticity is concentrated in two discrete tipvortices. In
linearized theory these vortices lie on a straight cylindrical surface with
radius R and trace out helical paths. The flow associated with this vortex con-
figuration is unsteady in an inertial frame of reference. The time 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 limit 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 liftdistributions along the tipvanes.

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

iy T

Sv-a.R (1)
where I' stands for the total circulation of the circumferential band of vorticity.
The proportionality constant o 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 elliptic distribution it is given by:

{ln () + 4} (2)

b/R
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(1-x)
v L ER=m - r - v e (3)
where
b /R b /R
2TR _ 4 __e _ e

A I e A T ¥ 1n (=3 (4)

1
A =32 + -2—5 1 - 4C (5)

T - &v(l) 21;11

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

dw=28 .2 (7)

T
R
This selfinduction velocity 6w corresponds to the convectionvelocity of a free
vortex ring in still air. The proportionality constant B is, again according
to the analysis of ref. 6, given by:

1 32
B=qr- {l(b/R -—} (8)

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 in a downwash region loses its 1lift. 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 ' may now be reTated to the lift of the vane by considering
the bound part of the saw-tooth:

N\

=14 Cy © 1943 (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 bv where b (the socalled "vortex span") is
the lateral distance between the frée branchés 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:

b
C, =C_ . b (10)

and by combining egs. (9) and (1) it is thus found:

g; o] ¢ b
U —2.C Eb—-.}\ (11)
where A = tipspeed - ratio QR/U

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 egs (1) to (10) may be used. The "vortex-span ratio" is from fig. 8:

b

v 27 R 1 W
b-—N.gx.-ﬁ- (12)
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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”
kbe (see fig. 8) which for a rectangular vane planform typically has a value

of the order 0,1 . be’

2.2 Turbinemodel

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—c%linder itself have hal% this value. Thus, the powerturbine
induces exactly at its entrance-lip an axial velocity kv, which must be taken
into account when the local flow environment experienced by the tipvanes is
analyzed.

2.3 Model for wake mixing

Turbulent 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
with fig. 2.

In the flows without mixing (fig. 2), a certain minimum value of the final wake
velocity is needed in order to ensure a positive mass flow through the system andé
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
simple 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 simulation 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 additional velocity induced by the vortex ring at "infinity" by
GVe, application of Bernoulli's theory to the flow outside the wake yields

thé pressure P, in the far wake:

= - (2 + =9 (13)
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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-dimensionif form as

D
ax, Lou” ™R
b. An axial force of the magnitude N.L es 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 Yiq (= ideal tiltangle of the vane-span) the vane lift gives
rise to the above given axial force, or in non-dimensional form: CD =
N.S ax2

2 vane '
cL - 0, - A Yiq where o, = ——— is the vane-solidity.

2
TR
c. It is also shown in fig. 8 that for an arbitrary tiltangle <y # Yia 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
this addition to the turbine-function is Cy =C O, - lz(Y-Yid).
ax
The volume of air Q entering the control-volume %hrough the sides is per unit

time:

= 2
Q=2a. dve - 2vi Mie (15)
with A = frontal area of the control surface, and x, =radius of final wake.
It is found that this volume of air must be assumed to have an average axial
velocity U + &% . 6V_, in order to make the final results independent from A,
. as they should be. she momentum conservation law applied to the whole of the
control volume then yields:

v,

v -
- 1 S )/
CDax + CDax '+ CDax =4 , U (1 0] + U) +
1 2 3 v _
T, 6% 1-—4+80
+2 ., =& LY __  (1¢)
U U vy GV;
_ 1—2—U+'—U-
Both the forces CD and CD change the total pressure of the flow, in con-
ax ax
1 3
trast to the force CD . Application of Bernoulli's law along a streamline from
ax
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:

7T,
cD +CD =4.—U-(1--‘-J'+—6) (17)
ax, ax,

Subtracting (17) from (16):
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v, Sv
i &v e
CD =4 . —ﬁ'(_ﬁ'——n)"'
ax
2 ot —
A 1-—3+5—:§
+2.—U. U. — —— (18)
vi Gve
1—2—U+—U-

The quantities v, and 6V_ occurring in (17) denote average velocities. We can
by analogy with %he usuaf 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:

a (x) (19)

ax

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 CDa due to the tipvanes is "transmitted" via such pressure forces to the
individudlZannuli with the result that the correct momentum balance is restored
per annulus.
According to the velocity diagram of fig. 10:

v
—%'(x) =% {1+ 6&v /um) -4 .//{1 + Gve/U(x)}2 -c

2 2

Cd (x) = CE (x) . o(x) . A" x" =
ax v
1'%"‘) +§%"‘) 2 2
= { - G(x)} . O(x) A" x (20)
Ax
Nc
with x = ¥r/R and 0 = 21
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 given by
é
cg ) =11+ Ve/uem} ? (21)
ax

max

By means of (21) the strength of the ejector-effect may be estimated empirically
from experiments.

wWhen 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 consideXations do, however, provide us with
the flow-angles experienced by the tipvanes, since Y'd is known from (18) and the
local velocity w of fig. 8 is given by *

v -
- Sy 1,8 &
w=U.{t-4—=+5. (22)
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4. Tipvane performance
Simple geometry gives the mean angle of attack a of the effective part of the

vane:

v

i
W 1 vane
o =60 - siny sinA - T y (Y- Yid)- R (23)

The first term 6 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 )R, 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 (n,9) is fixed, defined by:

x =k be coshn . cos @

(24)
y=15% be sinh n . sin @

The two-dimensional velocity potential in the Trefftz plane due to an ellip-
tical liftdistribution along the effective span be is given by:
CLe -
¢ = be . R . T © siny (25)
e
where the quantities CL and the aspect ratio A are both referred to the
effective span b (see e for the value of be f?g. 8) . The induced velocity
caused by the enfire formation of wings and wakes is then found to be:
CLe -no
Vi =QR.:r-r-A—-(1-COS(p°.e ) (26)
vane e

where the point (n_,® ) 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 vj since ¢ =0

and n_ = 0. On the other hand, when there is a large gap Petieen B and c

(n° +pw), the classical result of a single wing is obtained. 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 Cl and

substituting (26) into it, we find: o
cza w1
C = . - - —— -
L, c, - {8 - siny sinA o x Yid)}
o o
- —_—
1 A (1 cos “B . € ) (27)



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

L -n
(o] W 1
c = (1 - cos ¢ e ) - CL -0 X'(Y-Yid) (28)
i 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 Cp on the horizontal axis and the total
velocity through the simulated turbine aXy 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
partially succesfull, the general level of vane liftcoefficients 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 1lift 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 Full-scale tipvane 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, weré first reported some 40 years ago. The studies
ylelded high 1ift 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 1lift 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
aerofoil characteristics, particularly at angles of attack above the stalling
incidence measured in two dimensional flow. These conclusions were derived from
tests on axial flow fan blades and it was found that the maximum 1lift
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 Tangler (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, respectively, the non-intrusive properties 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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Doppler system, used to measure the radial distribution of axial velocity, 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
plane” values to be measured, but sufficiently distant to minimise errors due to
periodicity or bound vorticity on the rotor blades. This point is discussed
later. The pressure probes were of the standard venturi type, with a wide range
of acceptance angle, and were linked by tubing to a micromanometer. The
reference pressure was taken from a total pressure tube in the undisturbed flow,
upstream of the rotor.

Measurements of velocity and pressure were recorded at radii between
30% and 97% of the rotor radius, over a range of tip speed/wind speed ratios
between 4 and 11. Measurements of the electrical power generated were recorded
and corrections made for mechanical and electrical losses up to the measuring
point. Direct measurements of rotor thrust were also made, using strain gauges
mounted at the base of the support tower.

4. RESULTS AND ANALYSIS

4.1 Rotor Power and Thrust

Singe chord-baseg Reynolds Numbers for the rotor blades were in the
range 2 x 10" to 1.2 x 10, performance data for the rotor were critically
dependent on rotor speed. Reynolds Number variations have been taken into
account in preparing the comparisons between theoretical and experimental values
of power and thrust shown in Figure 2 and 3. The agreement between the thrust
curves is reasonable, which indicates that 1lift values are in fair agreement
with predictions. The agreement between the power curves is less good, the
discrepancy at low tip speed ratios probably being due to the aerofoil drag
being higher than predicted.

More detailed comparisons of velocity ratio, as a function of radius
are made in Figure 4. These comparisons show reasonable agreement, especially
in the mid-span region, but there are discrepancies, near the blade root, where
the measured velocity ratio was consistently lower than predicted. This
indicated that the 1ift was higher than predicted.

4.2 Derivation of Aerofoil Data

4.,2,1 Angle of Attack

The laser was used to measure mean axial velocity as close to the rotor
as possible, as described above. This yielded a mean value, f, say. Since
tip loss correction factors express the ratio of the mean reduced velocity to
the reduced velocity sensed at the blade (Wilson and Lissaman, 1974)
we have:-

K(F - g) = (F - £) ceerees (1)

where K is the tip loss correction, g the velocity “seen” by the blade

section, and F the free stream velocity. Given K, F and f, it was possible

to determine g. At radius r, with rotational speed, it was then possible to
determine the relative flow angle, ¢(=tan'1 g/2r) and the angle of attack

(A= ¢ -f;, where is the blade angle). The tip loss correction factor is, in
fact, a function of and hence of g rather than f and it was therefore
necessary to iterate to find the solution to equation (1).
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4,2.2 Lift Coefficients

The 1lift coefficient was also derived from the velocity measurements.
The measured velocity ratios were used to derive thrust coefficients, using
the standard momentum relationship:-

Cr = 4a(l - a), where a =1 - £/F

Lift coefficients were then derived from the thrust coefficients using
the standard relationship:

Cp = o°Cy/sin’ B

where © is the local solidity and B the flow inlet angle, (= tan~! Flar).
Lift coefficients are plotted against angle of attack in Fig. 5.

4.2.3 Drag Coefficients

The total pressure drop recorded by the probe was due partly to the
momentum loss associated with the lift and partly to aerofoil drag. It may
easily be shown that the pressure drop due to drag is given by:-

App/s p F? = e cp/sin?

This quantity could not be measured directly but could be inferred by
subtracting the pressure drop due to lift:-

2 _ 2
A/pL/k ©F* = o Cy/sin
from the overall pressure drop

Below stall the contribution due to drag was quite small and so the
pressure measurements provided a check on the 1ift values derived from the
momentum equation. The agreement was very good. Above stall there were
insufficient data points to establish the drag curve with certainty but the
indications are that higher values prevail than measured in two dimensional
flow (Fig. 6). This may however be due to the scale of the experiment. It
is interesting to note that the values of (lift + drag), also plotted in Fig. 6,
reach levels comparable with the 1ift coefficients quoted by
Himmelskamp (1945).

4.3 Blade setting angle

Although the blade angle was set at 3° there was a little uncertainty
over the exact value, partly due to the accuracy of the jig, partly to the need
to determine the angle between the true chord line and the undersurface (used
for setting purposes). When the aerofoil data were originally evaluated the
lift-incidence curve was displaced by 1° from the anticipated position in the
linear region and it was reasonable to assume that this was due to an error in
establishing the blade setting angle. The setting angle was therefore taken as
2° for further analysis and theoretical estimates.

An alternative method of estimating the drag coefficient was devised
by examining the proposition that drag appears as increased turbulence. If
this assumption is made it may readily be shown that the drag coefficient is

given by:- ~Cop = [U//F?)2 5?w2¢
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However, this procedure cannot be regarded as highly accurate, partly
due to the difficulties associated with measuring the turbulence, partly due
to the conversion of the drag loss into energy forms other than turbulence.
The values calculated were, in fact, quite low, which supports this latter
hypothesis. On the other hand, the fact that low values of drag coefficient
were derived indicates that the turbulence measurements were not affected by
bound vorticity on the rotor blades. It may then be inferred that the pressure
measurements, made at the same time, were also unaffected and represent true
mean values.

5. DISCUSSION OF RESULTS

When the lift curve inferred from the measured velocity ratios was
compared with the 2-dimensional dataset for the aerofoil section, extremely
close agreement was found below stalling incidence. Above stalling incidence
(around 12°) the experimental values of 1lift coefficient were consistently
higher than the 2-D values. The maximum discrepancy was around 0.4, falling
again as the angle of attack increased towards 30°. The generally good
agreement between measured and predicted values of overall thrust coefficient
confirmed that modifications to lift were not large. The measured trends are in
line with the findings of Viterna and Janetzke (1982) and, in practice, the
values of 1ift coefficient derived in this study were quite close to their
values. This agreement is encouraging, since aerofoil data tend to be
independent of Reynolds Number and section profile beyond the stall.

It is more difficult to infer whether the drag coefficients are also
subject to modification but the discrepancy between the predicted and measured
values of performance coefficient at low tip speed ratios implies that drag
coefficients may be higher than measured in the 2-dimensional case. The
detailed measurements supported this deduction, with quite high values of drag
coefficient being derived, rising to 2 at an angle of attack around 30°.
Viterna and Janetzke (1982) found lower drag below stall, but above stall they
predicted lower drag coefficients than in the 2-D case.

It is interesting to note that the values of (lift + drag) measured by
the pressure probe, i.e. up to 3, are in line with the values of 1ift
coefficient derived by Himmelskamp (1945). However, a study of his analytical
procedure indicates.that he was able to discriminate between lift and drag, but
the point requires further study.

Finally it may be noted that the good agreement between measured and
predicted velocity ratios at 39 Hz rotational speed (covering a range of angles
of attack below stall) points to the accuracy of the measuring techniques and
the aerodynamic theory and indicates that small rotors can be used for basic
aerodynamic studies, despite the low blade Reynolds Numbers.

6. CONCLUSIONS

‘ The flow pattern shown in Fig. 1, showing radial migration of the
boundary layer, would seem to indicate that some modifications to aerofoil data
may be expected on rotating 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
operating conditions it has been possible to obtain estimates of the 1lift
coefficient of a rotating blade over a range of angles of attack up to 30°.
At angles of attack below stall, these estimates were very close to values
obtained from 2-dimensional tests. Approaching and beyond stall the derived

galues were higher than the 2-D values and the maximum discrepancy was around
.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 1lift values. However, the present tests did yield values
of (1ift + drag) similar to those of Himmelskamp. A study of his experimental
and analytical techniques indicates that they were able to discriminate between
1ift 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 1lift
coefficients may therefore be expected.
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Fig, 1 Flow visualisation on a rotating fan blade
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Bjérn Montgomerie

UNSTEADY AERODYNAMICS APPLIED TO THE HORIZONTAL AXIS WIND TURBINE DISK
L T L T T T T e T e

1. INTRODUCTICN

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 turbines. 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 (simulation) and force calculation.

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
addition and inclusion of the unsteady effects to an already existing
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. Usually iteration will have to be applied 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 1lift on the blade elements. For the final force
calculation they are included, however.

The neglect of wake rotation 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 comparing results from another
program at FFA (including both wake rotation and profile drag effects,
the latter for calculation of the induction) it was found that the two
methods produced nearly identical results even far from the design
point.

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 literature. 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 FLOW THEORY

Those elements of potential flow theory that are relevant to the problem
are first presented in this paragraph. The ideas utilizing the potential
flow theory are laid out in 4.

B T TSV S B
A central part of the develop- RN QN &KI/”\ Qs
ment of the induction theory is s ® gv. TS ~ -~
the concept of the vortex fila- ' . /?‘o
ment. The filament is assigned L
the capacity to be able to pro- \ B o
duce induced velocity in the P T
ambient air. The direction and /
the size of the induced velocity
is governed by the Biot-Sawartz' Aoirece of verlex
law originally developed for lirme
the magnetizing field around an
electric conductor. In this con- Fig. 1

text, however, the law relates the vorticity strength of the vortex
filament to the induced velocity. The induced velocity is

av; =(I" sinpds)/ (471%) . (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

-3
a=v_ /V= (T / (2*R*V) ) * (1+ (X/R)* ) 2 (2)

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 Fig. 2
of contributions from all rings

present. Whence, from several rings

PISK
PLANE

-3
a=Y (T /(2RN*(1+(xi/R°) 2 (3)

1 .
Eq. (3) immediately lends itself to
computer implementation including X, '
any amount of rings. x

Fig 3 X3 -

CENTER
LiNE
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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-

sists of four parts. The part r

on the blade itself C (the bound

vortex) generates the blade -
forces together with the ro- V r !
tational speed and the wind —_— 2

speed. The part that is shed
from the tip will form a helix . T
pattern. Since the induction r
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 . 4
cause a rotation of the wake Fig.

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 closed loop vortex filament is the radial part that joins the tip
helix with the central vortex line. Since it will effect the induction
on the blade only initially its influence will be ignored altogether.
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Because of expediency it is desirable to further simplify the vortex
model. This 1is 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 known 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- 7he sy delern change
ticity will be constructed. /s nitiated

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.

.sle,oi

/80° o/ azimylh
In the adjacent figure, at later
step number 1., the sudden
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 A/ "\ another /80°
step change. For an very ! ,
small change the strength stepd Tl T afer
of the incremental vorticity '
L/

sle/oz

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 <?€P 4 | \
but only to an ignorable extent. _ r ¢
Therefore the actual strength : } / ’
of the vortex rings is im- N

material. It can be set to N

a value=1l. The accumulated .
induction on the disk from Fig 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.

Cne difficulty that must be overcome is the complication 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-
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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 ring dia-
meters. Also a densification of the rings down stream would occur. It
seems that a densification would tend to increase the induction whereas
the accompaning widening would reduce it. The effects are counteractive.
Although no attempt was made to veryfy the relative size of their inf-
luence they were left outside this analysis. For future improvements of
this theory they should be included.

A simple replacement for the variation of the downstream drift of the
rings is therefore some sort of weighted average constant velocity. In
general the notion that the induction far down stream is twice that at
the disk can serve this need. Therefore the average velocity in the wake
was assumed to be .5%(V(1-a) +V(1-2a))=.5*V*(1-1.5a) . This is the veloci-
ty that was used to produce the time constant curves, see explanations
below. The distance between the rings is this velocity multiplied by the
time it takes to complete an azimuthal sweep of 180 degrees in the case
of a'two-bladed rotor. If the distance is measured in rotor radii rather
than meters or feet the expression for the distance becomes

Rel. Dist.=7% (1-1.5*a)/ ) (4)

The distances in Fig. 3 are obtained by summation of the relative dis-
tances according to (4). This together with Eq. (3) explains why the
'time' constant C becomes a function of both a and 2.

Of all part results calculated the induction at the disk is the more
interesting. Although only calculated at the center of the disk, the
value cbtained was used to represent the whole disk.

The induction at the disk, using the center line value across the disk,
will, if plotted, appear as a dotted function, each dot representing the
result of compound induction from all rings at every time step that cor-
responds to the birth of a new ring. These dots were united with a curve
faired through the dots in an induction vs time diagram. Several such
diagrams were produced for different combinations of initial induction
and tip speed to wind speed ratios. All of these curves look like simple
time lag functions responding to a step. One example is included here in
Fig. 6. By fitting an exponential function to each one of these curves
it was possible to plot the corresponding 'time’' constant as a function
of initial induction and speed ratio. This function, called C, has been
plotted as a carpet in Fig. 7 . More exactly the response function has
been 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 number of chords downstream on the X axis rather
than genuine time. The vorticity strength on the Y axis is not impor=-
tant as explained above.

5. USING THE RESULTS OF THE ANALYSIS

In order to use Fig. 7 the parameter a must first be calculated. Since a
is the very parameter to be calculated a time integration method can
either use the value of a at the beginning of the time step or use more
accurate time integration schemes such as Runge-Kutta in order to impro-
ve the numerics of the calculation. The induction at the disk can be
obtained using
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a(t) =a°LD+(1"e ) (agfgi;ao._p) (5)

(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) indicates the interesting possibility to fully utilize steady met-
hods in addition to the unsteady effects thus making full 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
time integration of the differential equation whose solution is the
‘exponential function. The main advantage seemed to be the ease of hand-
ling because of much reduced code and its administration.

the differential equation, whose solution is the exponential function,
is

Y+¥XCtime=f (t) (6)

Y is the response function and £(t) is the 'driving' function whose
value will be approached with delay by Y. In this particular application
£(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/ (N1 * (1-'2*2*a) ) (7)

C is seen plotted in Fig. 6. By rewriting Eq (6)
. /
Y=Ctime* (£ (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 Egs. (7) and
(8) 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

The most basic numerical experiment that could be devised consists of
a straight forward performance calculation. The performance program (as
opposed to the program that calculated C, once for all) was run using
the 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 change
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 incre-
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 4.3E5 to 3.45ES.
This is equivalent to a 23% decrease from a non-induction situation. The
particular parameter combination 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-
tion calculation. A real life case that has several similarities with
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* (Torg-Torgref) +Kz* (Tower acceleration) (9)

This represents an extreme simplification of the Karlkronavarvet/Hamil-
ton Standard WrS-3 (3MW) machine control system at above rated speed.
The first term corresponds to the primary regulating function. The
second term is a compensation for tower motion. If it were not present
the control system would not be able to tell 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 option several runs were made using different
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 damping is not as
'good as expected if steady methods were used only. In this respect the
difference is not as spectacular 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 pitch angle is artificially let to oscillate sinusoidally. The prog-
ram options including unlocked tower and nominal wind speed = 8 m/s were
used. Since 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 results, the pitch 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 example of all plots that were analyzed is
seen below.
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Before the cnset 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 slight 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 1line 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 experierice slightly
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 ratios in the table slightly but
not much.
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TABLE FOR RESPONSE AMPLITUDES

Method Tower Torque Thrust Tower  Tower
displmt acc. vel.

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

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

S —— 302 405 2.4 2.25 2-2
Steady

It should be emphasized that the table values are changes in parameters
not absolute values. The values were obtained as the amplitudes of
oscillation for each quantity listed in the table.

7. EXPLANATION OF THE DIFFERENCE BETWEEN STEADY AND UNSTEADY METHODS

The torque is more sensitive to changes in circumstances than the
thrust. The reason is that a change of blade element lift force size is
accompanied by a tilt of same vector the effects going in different
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 eliminate 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, full dividend initially. This is experienced as larger forces. It
is hoped that the figure below will lend furthcr support to the unders-
tanding of the differences.

DIFFERENTIAL

THRUST

AFTER A |

WHILE

IMMEPIRTE.
DIFFERENTIAL

o
L? &1\ L; y THRUST, UNSTERD‘/- Fig. 11

\

\TT L& __
A K >
a2/ Voo

NE
o L! M —
cHOE R Bl =
RAF g oRE

E BEF
ThoRD LiNE B e
S ~

P‘lch




Fig. 11 depicts the hypothetical, but instructive, case where a blade
element 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.

wind velocity.
Angle of attack.
Local pitch angle.
Relative induction.
Lift force on the blade element.
The rotor rotational velocity.
The radial location of the (mid-point of) blade element.
Subscript, cn:cumstances for ambient conditions.
at rest before sudden pJ.tch change.

o after - ————————-———— < ————————
=== % —— t0 indicate resulting velocity.
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 this value after a
while.
u = Superscript to indicate unsteady circumstances immediately after
the sudden change.

WWRORRPEEPRL
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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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AERODYNAMIC THEORY IN THE CALCULATION OF THE GROWIAN ROTOR
COMPARED WITH SOME EXPERIMENTAL DATA

BY

R, PERNPEINTNER, G. Huss, E. HAu
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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, Hiitter 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 erargy
converter GROWIAN.

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

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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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 293).

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 (1ift-drag relation ¢, =f (CD))

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

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

- T1ift 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.
PRotor _ PRotor

P Puind $72 - v2. ARotor
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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.
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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-.X -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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Fig. 5: Measured and calculated power coefficient of the GROWIAN-model
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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.

5
;:fE;ZEBr;jE

Cp

rotor power coefficient
w

2.2 \\: \\<\¢ .
_-l \s \9
-.2
] S 10 1S 29 es

tip speed ratio

Fig. 5a: Calculated rotor performance characteristic of GROWIAN

=

. o

| ] \i' \
2. N : >\‘.)§2?1+2> 2y 4 —t
. | | Xn\\\\s \X \\ \\\ \\¥ 3

e S 10 15 20 25
tip speed ratio

rotor power coefficient Cp
w
:::;;7

Fig. 5b: Calculated rotor performance characteristic of the
4 m-model-rotor



- MW

Electric power output P

90

ey Y e e e e e e —— e

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 :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.

B measured
10 min averages
- calculated -——

%] , 4 8 12 16
Wind speed at hub height V. - m/s

Fig. 7: Correlation of measured and calculated power output of GROWIAN



3. Rotor Behaviour at Low Tip Speeds and in Instationary'operation modes

As the validity of the strip theory was presumed to fail at the
parked turbines and at very low tip spéed ratios (A ¢ 1), a simple
aerodynamic modelling of the rotor was devéloped (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.
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Fig. 8: Rotor torque coefficient for low tip speed ratios for the
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3.2 Application of_ the Calculation Methods_in Rotor Start-up_and

Shut-down Procedures

Some essential problems are jnvolved 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
1ift coefficients. But above all for start-up and shut-down proce-
dures, 1ift 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 var<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>