
Copyright ©1997, American Institute of Aeronautics and Astronautics, Inc.

AIAA Meeting Papers on Disc, January 1997
A9715950, AIAA Paper 97-0977

Wind turbine performance under icing conditions
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The effects of rime ice on horizontal axis wind turbine performance were estimated. For typical supercooled fog conditions
found in cold northern regions, four rime ice accretions on the S809 wind turbine airfoil were predicted using the NASA
LEWICE code. The resulting airfoil/ice profile combinations were wind-tunnel tested to obtain the lift, drag, and pitching
moment characteristics over the Reynolds number range 1-2 x 10 exp 6. These data were used in the PROPID wind-turbine
performance prediction code to predict the effects of rime ice on a 450-kW rated-power, 28.7-m diameter turbine operated
under both stall-regulated and variable-speed modes. Performance losses on the order of 20 percent were observed for the
variable-speed rotor. For the stall-regulated rotor, however, a relatively small rime ice profile yielded significantly larger
performance losses. For a larger 0.08-c long rime ice protrusion, the rated peak power was exceeded by 16 percent because at
high angles the rime ice shape acted like a leading edge flap, thereby increasing the airfoil Cl(max) and delaying stall.
(Author)
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Fig. 4 S809 performance for Re = 1 x 10s and 2 X 106 under clean and icing conditions for k/c = 0.0019.

horn, the corresponding coefficients would be reduced
by 2.5% and 7.2% for cases R2 and R4, respectively.

The two most obvious features of the polars are the
large loss in lift and the increase in drag as the degree
of icing increases. It is particularly noticeable that the
lowest drag for the icing cases corresponds to the angle
of attack used to generate the ice profiles, that is a =
5 deg — a result that is typical of other tests on iced
airfoils. Above and below this angle of attack, significant
flow separation occurs on the upper and lower surfaces,
respectively. The result is an increase in drag above
and below the 5 deg angle of attack. The sharp rise in
drag above 5 deg is caused by the rapid growth of upper
surface separation, which is also reflected in the change
in the lift curve slope.

Several other interesting features can be identified.
Firstly, Fig. 4 illustrates important Reynolds number
effects. As expected, the drag was reduced with in-
creasing Reynolds number for the clean case. For the
icing cases, however, the Reynolds number effects were
minimal because transition to turbulent flow was pro-
moted artificially by the grit roughness—a process that
is known to be rather insensitive to Reynolds number
for large roughness. Secondly, the rather dramatic in-
crease in Citmax and stall delay for ice profile R4 as
compared with the clean case and the other icing cases
is surprising. It is, however, similar to the effects pro-
duced by leading-edge flaps.19'20 Thirdly, as the icing
becomes more extreme, the separation pocket on the
lower surface at zero lift grows, thereby producing a



slight increase in the zero-lift angle of attack. Finally,
the pitching moment curves change rather dramatically
as compared with the clean case. This trend is most
easily explained by considering the R4 case. As the an-
gle of attack is increased, the pitching moment becomes
more positive, which is indicative of a center of pressure
that moves forward. This movement is attributable to
the large upper-surface leading-edge suction peak, which
becomes more extreme with increasing angle of attack.

Additional tests were performed to determine the ef-
fect of roughness on the ice shapes. The results shown
in Fig. 5 for case Rl at Re = I x 106 and 1.5 x 106

are quite typical of the other cases. When the rough-
ness is reduced from k/c = 0.0019 to 0.0009, there is
a small drag reduction. When no roughness is used,
however, drag is substantially reduced and the low drag
range is extended to both higher and lower lift coeffi-
cients. These changes result from less separated flow as
can be deduced from the increase in lift over the entire
positive lift range. Clearly, these results underscore the
importance of simulating the roughness of the rime ice.

Effects of Rime Ice on HAWT Performance
The experimental data was used in the strip-theory

code, PROPID,10 to estimate the effects of the rime
ice on the power production of a 28.7-m diameter
three-blade rotor operated in both stall-regulated and
variable-speed modes. For both cases, the rotor blade
depicted in Fig. 6 was designed for a rated power of
450 kW under clean conditions. For the stall-regulated
case, a rotor speed of 48 rpm was used with a blade
pitch of 1.36 deg. A tip speed ratio of 7 was used for the
variable-speed case, and the pitch was again 1.36 deg.

Figure 7a shows the predicted performance for the
stall-regulated rotor for the clean case and for rime ice
cases R2 and R4 with k/c = 0.0019. Corresponding
data is shown in Fig. 7b for the variable-speed rotor. It
is known that for the variable-speed rotors in operation
at constant tip speed ratio, the (^-distribution along
the blade span remains the same for wind speeds be-
low that for rated power. Thus, the percentage loss in
performance due to icing is nearly constant at all wind
speeds—14.5% for rime ice profile R2 and 20% for R4.

For the stall-regulated rotor, the lift coefficient along
the blade span changes with wind speed, and this leads
to substantially different effects as compared with the
variable-speed case. For wind speeds above approxi-
mately 13 m/s, the power curves are dictated largely
by the airfoil characteristics in the vicinity of stall. In
particular, a higher Cltmax produces a higher peak rotor
power. For rime ice profile R2, the Ci>max is below that
for the clean airfoil (see Fig. 4). Consequently, the power
curve falls below that for the clean case. Both the loss
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Pig. 5 The effects of roughness on the S809 for Re —
I X 106 and 1.5 X 10s ice profile Rl.

in lift and increase in drag lead to the substantial loss
in peak rotor power. For rime ice profile R4, however,
the airfoil Ci,max is increased over the clean case and
the stall is delayed to a higher angle of attack—effects
that are produced by the streamlined rime ice profile
that acts similar to a leading-edge flap. Thus, for rime
ice profile R4, there is a rather large increase in peak
power, which unfortunately leads to greater generator
and blade loads. This result provides supporting evi-
dence to speculation that ice build-up has been respon-
sible for stall delay and associated peak power excursions
on wind turbines in icing environments.21 Below 13 m/s



Fig. 6 Rotor geometry used to study the effects of
rime ice accretion on wind turbine performance.

where the blade is largely unstalled, the performance
degradation is similar to that for the variable-speed ro-
tor. A particularly important difference, however, is the
undesirable increased cut-in speed.

It should be noted that the estimated performance
under icing conditions is based on using the measured
iced airfoil performance data along the entire span. The
icing condition corresponds approximately to that ex-
perienced by the blade at the 75% station. Toward the
blade tip the ice accretion would be higher than that
tested and likewise lower than tested toward the root.22

Thus, these two competing effects will tend to offset each
other, making the use of a single data set representative
of the conditions at the 75% station appropriate.

Conclusions
Horizontal axis wind turbines in northern regions

along coastlines and atop high mountains where winds
are generally favorable for wind energy production are
susceptible to rime ice accretion under supercooled fog
and cloud conditions. The resulting adverse effects on
wind turbine performance were estimated by using ex-
perimental data acquired on the S809 wind turbine air-
foil under typical rime icing conditions. Based on the
results for variable-speed rotors, the performance de-
graded uniformly by as much as 20% at wind speeds be-
low rated power. For the stall-regulated rotors that rely
on airfoil stall to regulate power, the effects of rime ice
can be more pronounced and unexpected. As shown, a
small rime horn that protruded 0.025c ahead of the clean
airfoil leading edge lead to a loss in performance over the
entire operating range, especially at wind speeds near
peak power. In contrast, a larger O.OSolong rime ice
horn behaved like a leading-edge flap and produced an
increase in Giimax and a delay in stall to a higher angle
of attack. These changes in the airfoil performance lead
to a 16% increase in the peak rotor power—an undesir-
able result that can lead to generator burn-out and high
blade loads. Finally, these estimates are conservative
since the ice accretion studied here did not attempt to
model the extreme icing events sometimes observed on
real rotors under more prolonged rime ice conditions.
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Fig. 7 Rotor performance under clean and icing con-
ditions for operation in the (a) stall-regulated and
(b) variable-speed modes.
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