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Role of Stall Flutter in the Double-Stall Phenomenon
of Wind-Turbine Blades

Lars E. Ericsson*
Mountain View, California 94040

A study of existing experimental and computational results for the sectional aerodynamic characteristics of
blades on wind turbines operating at full power shows that stall flutter, i.e., the blade bending response to the
separated flow environment, plays a decisive role in the observed double-stall phenomenon.

Nomenclature
Cino =0C,/00
Cm@ =acm/a(éc/U00)
c = blade section chord
f = oscillation frequency
K|, K, = proportionality constants, Egs. (2) and (4), respectively
L = lift coefficient, C; =L/(px U2 /2)S
L' sectional lift coefficient, ¢; = L'/ (pe U2 /2)c
M sectional pitching moment coefficient,
Cn =M'[(po U2 [2)c?
normal force coefficient, Cy = N/(pw U2 /2)S
sectional normal force coefficient,
¢n =N'/(ps U2 [2)c
static pressure coefficient, C,, =(p — Po )/ (Poo U2 /2)
rotor radius
= Reynolds number based on ¢ and freestream conditions
= airfoil nose radius (Fig. 9)
reference area
time
horizontal velocity
wall velocity
= resultant velocity
= axial body-fixed coordinate
spanwise coordinate
space-fixed vertical coordinate, positive downward
angle of attack
oa/ot
effective angular amplitude, Eq. (3)
= effective angle of attack, Eq. (3)
increment or amplitude
dimensionless amplitude, Az/c
dimensionless y coordinate, y/ R
angular pitch perturbation
effective angular pitch perturbation, Eq. (3)
= dimensionless x coordinate, x/c¢
air density
dimensionless flat-spin rate, ®R/ Uy,
angular frequency, 27 f
reduced frequency, wc/ U,
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Subscripts

critical
edge of boundary layer

crit =
e =
max = maximum

N = nose

o = mean, time-average value
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s = separation

w = wall

1,2 = numbering subscript
o8] = freestream conditions

Introduction

HE unique role played by the dynamic-stall phenomenon in

the operation of wind turbines was recently described by
Rasmussen et al.! Wind-turbine blades operate continuously un-
der stalled flow conditions with relatively small variations of the
angle of attack. This is in sharp contrast to a helicopter rotor, for
which much of the early dynamic-stall research was performed,
where the blade section operates over a large cyclic angle-of-attack
range including both attached and separated flow conditions? Al-
though dynamic-stall measurements under the steadily stalled flow
conditions typical for the blade section of a wind turbine have also
been performed in support of stall flutter analyses,’ not until now
has the available database been used to describe the flow physics of
the double-stall phenomenon.

Background

The phenomenon of double stall is unique to the operating envi-
ronment of wind turbines* (Fig. 1). In a certain wind speed range
15 m/s < Uy, < 18 m/s, the power output dropped roughly 150 kW
for a period of about one hour, after which the power regained its
normal value. Unsteady measurements, for a 20-s time period, of
the instantaneous ¢, values at the 70% span station of the 8.5-m
turbine blade (with a NACA 63,-2nn section) show two preferred
levels around ¢, = 1.45 and 1.2 (Fig. 2). Measurements on a full-
scale wind-turbineblade in a 4 X4 m open-jet wind tunnel, with the
4-m wide jet centered around the 70% span position, gave the ¢, (¢)
results shown in Fig. 3. At 16 deg < o < 28 deg the double-stall
phenomenon is clearly delineated, in spite of the considerable data
scatter. Two-dimensional unsteady measurements at o =15.3 deg
on a blade section of 1.9 m length, using a scan rate of 100 Hz,
gave the results shown in Fig. 4. Three different ¢; levels can be
identified: ¢; = 1.0, ¢; = 1.15, and ¢; = 1.27. Tuft-flow visualization
showed that the three ¢; levels were associated with very different
flow patterns. The three types of pressure distributions measured for
the three ¢; levelsare displayedin Fig. 5. The suction peak has almost
disappearedin the pressure distributionfor the low ¢, level, whereas
the difference between the two other pressure distributions for the
intermediate and high ¢; levels consists of more subtle changes of
the flow separation.

The results are summarized as follows in Ref. 4: “The conclusion
forthe measurementsdescribedaboveis that C; canchangebetween
three different levels without any measured changes in the external
average conditions.” Calculations for a NACA 63-215 airfoil sec-
tion showed the maximum lift to be very sensitive to boundary-layer
transition. Three computed pressure distributionsfor oo =15 deg are
shownin Fig. 6, 1.e., for transitionat the leadingedge (fully turbulent
flow), for free transitionfluctuatingbetween 1 and 3% chord; and for



ERICSSON 105

600 kW TURBINE
700 T . ;
10 min. average val, ——
— 600 F i
B
=2
~ 500 F 4
5
O 400 t 1
[«9}
3
3 300 1
o
5 200t 1
i3]
|
Hoo00 ]
0 : : :

0 5 10 15 20
NACELLE WIND SPEED [mv/s]

Fig. 1 Measured 10-min average values of the electrical power for a

600 kW wind turbine.?

FIELD ROTOR MEASUREMENTS, 70% RADIUS

18 b quasy steady ¢
' instantaneous —-
16+ Jaay

Cy 4t } 1
127 .t TR 1

/ 22N, ]
L 3_7/"

08 r . _
06 . 1
04 r. 1
02 ¢ 1

0 A . . .
20 25

10 15
ANGLE OF ATTACK [DEG.]

Fig. 2 Measurement at Re~ 1.7 X 10° of instantaneous c, at 70%
span of a full-scale rotating blade.*

WIND TUNNEL MEASUREMENTS, FULL SCALE BLADE
2

instantanepus CN »

0.5 . . . .
0 5 10 s 20 25 30
ANGLE OF ATTACK [DEG.]

Fig. 3 Instantaneous wind-tunnel measurements at « = 15.3 deg and
Re =1.3 X 10° on a section of a full-scale rotor blade in a 4 X 4 m open-
jet wind tunnel.

fixed transition at 5% chord. Thus, the computations demonstrated
thatthe source of the differentlift levels for the NACA 63-215 airfoil
section was likely to be the formation of a laminar separationbubble
at the leading edge. Based upon the agreement between computa-
tions at a =15 deg (Fig. 6) and the measurements at « =15.3 deg
(Fig. 5), the conclusionwas made that the laminar separation bubble
played a decisive role in the double-stall phenomenon occurring in
two-dimensional flow. Oil-flow visualization results indicated that
the laminar separation bubble also was present near the leading
edge of the rotating turbine blade. The observed higher than two-
dimensional lift level on the full-scale rotor blade was assumed to
be the result of turbulence and three-dimensional flow effects. Stall
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Fig. 4 Two-dimensional measurements of ¢; = f(¢) for a total of 180 s
on a NACA 63-215 blade section of 1.9-m chord at « = 15.3 deg and
Re = 1.3 X10° (Ref. 4).
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Fig. 5 Measured time-average pressure distributions for the three dis-
tinct ¢; levels in Fig. 4 (Ref. 4).
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Fig. 6 Computed pressure distributions for the NACA 63-215 airfoil
section for three different flow conditions at & = 15.3 deg and Re =
1.15 X 10° (Ref. 4).

flutter was recognized as a structural problem: “More seriously,
stall induced vibrations seem to be influenced by the quite different
flow conditions and correspondingdynamic airfoil forces related to
double stall.”* However, it appeared not to have been consideredto
play animportantrole in creating the double-stallphenomenon. The
present analysis shows it to be a key flow mechanism in generating
the necessary conditions for double stall.

Analysis
The double-stall phenomenon, as it occurs in two-dimensional
flow, is described in Ref. 4, as well as the extension to three-
dimensional steady flow. What is needed in addition is an unsteady
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flow treatment that can define the flow physics causing the unusual
experimentalresultsin Figs. 1-3. Comparing the measured sectional
normal-force levels at 70% span on the rotor blade (Figs. 2 and 3)
with the sectional lift in the two-dimensional test (Fig. 4), one finds
that ¢; pmax (R €, max cOs @) at @ =15.3 degin Figs. 2 and 3 is in agree-
ment with ¢; .y in Fig. 4, indicating that the blade-bending oscilla-
tions generated by stall flutter® have not yet started at « = 15.3 deg.
The data scatter for the rotor blade at o <15.3 deg in Fig. 3 is in
basic agreement with the data scatter for the two-dimensional, sta-
tionary airfoil in Fig. 4, being caused in both cases by the general
flow unsteadinessof the freestreamrather than by the lateral motion
of the airfoil section, e.g., in response to stall flutter. However, when
the static stall angle is exceeded, a > 15.3 deg in Figs. 2 and 3, the
sectional lift maximum is increased significantly above the (static)
value existing at @ =15.3 deg. How this is caused by the stall flutter
phenomenonassociated with dynamic airfoil stall® will be described
in what follows.

Dynamic Airfoil Stall

When and where flow separation occurs on an airfoil is deter-
mined by the boundary-layerprofile shape and the adversity of the
pressure gradient. The accelerated flow effecton the latter can be de-
terminedby applyingthe unsteady Bernoulliequation. For a pitching
airfoil one obtaing’
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The corresponding dynamic overshoot of static stall can be written
as

(2a)

A 1CImax = Cl(anxl

A(ZSI = K](Ca/ Uoo) (2b)

Adding the pitch-rate-induced camber effect and the Karman-
Sears wake lag gave satisfactoryprediction® of the experimentalre-
sults for the VERTOL 23010-1.58 airfoil ® The satisfactionwith this
successlasted until applying the same analytic method to predictthe
experimental results’ in Fig. 7. The accelerated flow effect, Egs. (1)
and (2), can only delay the occurrence of flow separation, whereas
predictionof the experimentalresultsin Fig. 7 required a flow mech-
anism that could reattach fully separated flow. At o, =22 deg the
airfoilis in the deep-stallregion, and the 6-deg amplitude oscillation
can only reach down to o =16 deg, still far above the static-stall
angle o, = 10 deg. As the data points in Fig. 7 represent the time-
average values, it is clear that dynamic lift values more than 100%
above static lift maximum must have been generated during the up-
stroke. A powerful flow mechanism that could produce this is the
moving-wall effect®® (Fig. 8). As the wing is pitching or plunging
upward during the upstroke, the generated flow velocity Uy, at the
leading-edgesurface has to be equal to the tangential surface veloc-
ity of the airfoil in order to satisfy the no-slip condition. When the
airflow comes around the corner to the upper surface of the airfoil,
the tangential wall velocity has decreased drastically, causing the
near-wall boundary layer to be left with an excess velocity. This
moving-wall-induced wall-jet effect during the upstroke improves
the boundary-layer profile (Fig. 8a), delaying flow separation. On
the downstroke the wall-jet effect generates a separation-pronepro-
file, promoting flow separation (Fig. 8b). The effect is crudely il-
lustrated in Fig. 8 by the roller-bearing effect created by a rotating
leading-edgecylinder of radius ry .

Experiments'®!! have shown that wall jets that were too small
to be traceable in the measured boundary-layerprofiles could elim-
inate the leading-edge separation bubble. Thus, one could expect
that the wall-jet-like moving-wall effect (Fig. 8) may be of suffi-
cient magnitude to cause the large overshootof static lift maximum
required to produce the experimental results in Fig. 7. It has been
demonstrated that oscillatory wall jets of miniscule strength can
cause reattachment of fully separated flow.!

) =

/

Fig. 8 Time average c;(o) curves at Re = 1.0 X 10° for thin wing describing 6.08-deg amplitude pitch oscillations of varying frequency.’
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Figure 8 shows that the moving-wall effect will influence pitching
and plunging airfoils in opposite ways. This explains the failure of
the concept of the equivalentangle of attack,'® Egs. (3), to account
for the difference in dynamic-stall characteristics for pitching and
plunging airfoils.

Aefr = Q, + 9* (33.)
0* =& sin ot (3b)
a=10l =2/ Us| (3c)

where 2/ U is the equivalent pitch. The accelerated flow effects,
Egs. (1) and (2), are the same for pitching and plunging airfoils,
depending only on the effective angle of attack, Egs. (3).

The undamping moving-wall effect for the plunging degree of
freedom (Fig. 8) generatedthe negative aerodynamicdamping mea-
sured by Liivaetal.,'* for plunging oscillations (of the NACA-0012
and VERTOL 23010-1.58 airfoils) in the alpha region of beginning
airfoil stall (Fig. 9). The leading-edge-jeteffect (Fig. 8) generates
an overshoot of the static-stall angle that in a first approximation
can be expressed as’

Aayy = —Ky(21/ U ) 4)
resulting in
AZCI max — CI(ZA(ZXZ (5)

The leading-edge-jeteffect, Eq. (4) and Fig. 8, provides the neg-
ative damping-in-plunge measured when the mean (time-average)
angle of attack exceeds the static-stall angle (o, > «; in Fig. 9).

The problem of stall flutter in the pitching or torsional degree of
freedomwas analyzedas it applied to the straight-wingspace shuttle
configuration? In the presentcase stall flutter in the bending degree
of freedom is probably of more relevance. For the full-scale rotor
blade (Figs. 2 and 3) the torsional stiffnes is likely to be large com-
pared to that for the bending degree of freedom. The moving-wall
effect, Eqs. (4) and (5), will drive the bending oscillations as long
as the mean angle of attack stays in the initial stall region (corre-
spondingto 10 deg < o < 20 deg in Fig. 9). That would explain the
¢, excursionsin Figs. 2 and 3. Note that the negative damping-in-
plunge implies that ¢, increases during the upstroke and decreases
during the downstroke. Three-dimensional flow effects and differ-
ences in airfoil shapes explain the larger stall angles in Figs. 2 and 3
compared to Fig. 9. The fact that the double-stall phenomenon is
much better defined in Fig. 3 than in Fig. 2 is probably a result of
the differencein freestream conditions, being constant in Fig. 3 but
varyingin Fig. 2 with the blade position in the Earth boundary layer
as a function of blade rotation.

The experimentalresults forthe (nominally) stationaryrotor blade
in Fig. 3 show, as expected, that the plunging-induced moving-wall
effect!” is more effective in promoting flow separation during the
downstrokethan in delaying separationduring the upstroke (Fig. 8),
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Fig. 9 Stall-induced loss of damping of airfoils oscillating in plunge.'4
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Fig. 10 Nonrepeating backstroke portion of consecutive c,, () loops
of the Vertol 23010-1.58 airfoil in the dynamic-stall region.'s

producing a low ¢, level that is below the prestall value and a high
¢, level that is only slightly above it. The results in Fig. 2 for the
rotating rotor blade are different, with the upstroke motion having
a stronger effect than the downstroke motion, producing the eye-
catching result that the time-average (quasi-steady) deep stall ¢, ()
deviates upward from the prestall data trend, with the mean ¢, val-
ues approaching the maximum instantaneous measurements. The
rotation-inducedspan-wise flow component could possibly explain
some of the difference between the instantaneous ¢, for a station-
ary (Fig. 3) and a rotating blade (Fig. 2). However, that would not
explain the fact that the time-average ¢, lies close to the maximum,
instantaneousc, values. This requires its own explanation.

In the case of leading-edge stall, as for the NACA-0012 airfoil,
the travel down the chord of the spilled leading-edge vortex'®17 is
generating lift after that stall has occurred. During the backstroke
part of the oscillation, this spilled vortex continues to generate lift
if @ > 1, so that vortex-inducedlift is still present during part of the
backstroke. This could be responsible for the observed high time
averaged ¢, in Fig. 2. The same spilled vortex phenomenon was
probably responsible for the nonrepeating nature of the backstroke
¢,, loops for the Vertol 23010-1.58 airfoil, pitching at @ =1.4 > 1
(Ref. 18 and Fig. 10). In the absence of stall flutter, there would be
no moving-wall effects that could increase the lift in the deep-stall
alpharegion to exceed the prestall lift maximum.

Transition in Unsteady Flow

An examination of the double-stall phenomenon (Fig. 1) requires
a study of how the moving-wall effect influences boundary-layer
transition.!”” The influence of the moving wall effect on flow separa-
tion changes dramatically when it occurs viaits actionon transition.
The Magnus lift results for a rotating circular cylinder®® (Fig. 11)
are instructive. In the case of laminar, incipient flow separation, the
Magnus lift is generated mainly by the power of the downstream
moving-wall effect to delay separation on the top side, shifting sep-
aration from the subcritical toward the supercritical position. On
the bottom side the separationis already of the subcritical type, and
there is little room for the moving-wall effect to promote separa-
tion. In the case of turbulent, initial flow separation, the situation is
reversed. The main influence is the upstream moving-wall effect on
the bottom side, promoting separation, moving it from the supercrit-
ical toward the subcritical position. On the top side the separation
is already supercritical,and the downstream moving-wall effect has
limited possibility of delaying the separation further. In both cases
positive Magnus lift is generated.

The moving-wall effects on laminar and turbulent flow separa-
tions are rather straightforward and explain the positive Magnus-
lift-slope d¢;/0(Uw/ U ) >0 in Fig. 11. The negative slope, the
so-called Magnus-lift-reversal,is caused by the moving-wall effect
on transition. At critical flow conditions (curves j and k in Fig. 11)
the downstream moving wall effect on the top side delays transition
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Fig. 11 Magnuslift on a rotating circular cylinder at critical flow conditions.?’

in the laminar separation bubble, causing a loss of lift. On the bot-
tom side the upstream moving-wall effect promotes transition in
the bubble, producing increased suction, thereby also generating a
negative lift component. Thus, both top and bottom sides contribute
to the measured negative Magnus-lift-slopedc; /0 (Uy / Uy ) < 0 for
Uw/ Uy <0.11in Fig. 11. This explains why the lift loss is twice as
large at critical flow conditions as for initially laminar or turbulent
flow separation.! In the case of flat spin,?! a damping yawing mo-
ment is measured at rotationrates where the critical flow conditions
at Uy/Us < 0.1 in Fig. 11 are established? (22< 0.5 in Fig. 12).
Likewise, the negative lift generated at critical flow conditions will
produce damping for plunging oscillations of the circular cylinder.
Accordingly, the moving-wall effect on the laminar separation bub-
ble on the top of an airfoil will at critical flow conditions generate
damping for plunging oscillations.

Because “The critical Reynolds and the operating Reynolds
number are of the same order of magnitude” (1.2 X 10% < Re <
2.3 X 10%) (Ref. 4), one can assume that the power bucket in Fig.
1 is generated at critical flow conditions. Thus, one can construct
the following scenario: A sudden large-amplitude downstroke ex-
cursion of the plunging oscillations, caused by a wind gust, for
example, could produce the large moving-wall effect needed to pro-
mote transition to occur upstream of the laminar separation bubble,
thereby eliminating it. This would result in the turbulent low-lift
pressure profile shown in Figs. 5 and 6, generating the low-lift level
of the double-stall phenomenon, with associated low power level
(Fig. 1). When the gust has passed and the associated turbulent flow
conditions have disappeared, the critical flow conditions generating
the laminar separation bubble are reestablished. However, as was
discussedearlierfor therange Uy / U, < 0.11inFig. 11, themoving-
wall effect will have a damping effect on the plunging oscillations?
As a consequence, the low-lift level and associated low power level
(Fig. 1) will persist as long as the wind speed remains in the crit-
ical flow region. If U, is changed such that laminar or turbulent
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flow separation occurs on the turbine blade, the moving-wall effect
becomes undamping’ (Figs. 8 and 9), and the blade section will de-
scribe plunging oscillations with increasing amplitude, generating
high-lift levels. According to this scenario, a transfer from the low-
to the high-lift level could only occur outside of the critical flow
region, defined as 15 m/s < U, < 17 m/s by the results in Fig. 1.

Conclusions

Based uponan analysisof experimentaland computationalresults
for the stalled flow that occurs on the rotor blades of wind turbines
operating at full power, the necessary conditions for the observed
double-stall phenomenon to be generated are as follows:

1) The airfoil shape is such that at the Reynolds numbers of
interest a laminar separation bubble can be formed near the leading
edge.

2) At steady-state freestream flow conditions two different high-
lift levels can be established in the (early) deep-stall region de-
pending upon where boundary-layertransition occurs on the airfoil
section.

3) At the unsteady separated flow conditionsexistingon the blade
of a wind turbine operating at full power, the blade’s bending re-
sponse to stall flutter produces moving wall effects on the plung-
ing blade sections. At wind velocities generating critical crossflow
conditions for the blade sections, these moving-wall effects con-
trol where boundary-layer transition occurs, thereby determining
whether or not the double-stall phenomenon will occur.

4) Outside the critical crossflow region the moving-wall effects
generated by stall flutter cause the deep-stall time-averagelift of the
blade section to exceed the static lift maximum.
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