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The effects of rime ice on horizontal axis wind turbine performance were estimated. 
For typzcal supercooled fog conditions found in cold northern regions, four rime ice 
accretwns on the 5809 wmd 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 
l-2 X 10 6

• These data were used in the PROPID wind turbine performance predic
tion code to predzct the effects of rime ice on a 450-kW rated-power. 28. 7-m diameter 
turbme operated under both stall-regulated and variable-speed/variable-pitch modes. 
Performance losses on the order of 20 percent were observed for the variable-speed/ 
vanable-p!tch rotor. For the stall-regulated rotor, however, a relatively small rime 
1~e profile yzelded significantly larger performance losses. For a larger 0.08c-long 
nme zce protruswn, however, the rated peak power was exceeded by /6 percent 
because_ at hzgh angles the rime ice shape acted like a leading edge flap, thereby 
mcreasmg the mrfml C1.nuu and delaying stall. 

Introduction 
For many northern regions of the world, the best locations 

for the placement of wind energy stations are along coastal 
areas or on the tops of hills and mountains. These locations. 
however. are inherently susceptible to atmospheric icing events 
during the wmter months. Performance degradation of hori
zontal axis wind turbines ( HA WTs) due to ice accretion has 
been investigated on a number of machines at different locations 
( Rong and Bose. 1990; Seifert and Schloz. 1990; Chappell and 

c.::nphn, 1985: Bose. 1992b; Ron g. et al., 1991; Seifert. 1992). 
Power output can be negligible for a wind turbine operating 
under extreme icing conditions. In fact, using noniced control 
tables the wind turbine will most likely not even start. Further
more. random shedding of ice from the rotating turbine blades 
can cause severe out-of-balance loads on the wind turbine. 
These a~ded loads increase material fatigue, reducing the opera
tional lt!e of the turbine and causing nonproductive downtimes 
for repair. 

king concern> regarding wind turbine operation are not ltm
ited to extreme t<.:tng conditions but start at the first sign of 
surface roughness on the blades. It has been shown that~ even 
the slightest amount of surface roughness has the potential to 
reduce energy output from a wind turbine by 20 percent ( Rong 
and Bose, I 'NO l As the icing process continues, aerodynamic 
performance degradation is similar to that experienced bv air
craft wings (Chappell and Templin. 1985) and helicopter ;otors 
(Bose. 1992b l. 

Methods of ice rrevention, similar to those applied to aircraft, 
have been tnvesligated for wind turbine use (Chappell and Tem
plin. 1985: Bo-;e. 1992b). As Makkonen and Autti ( 1991 ) con
clude for a 100-kW turbine. however. "anti-icing by heating 
requires ar. lea>t 25 percent of the max1mum power productio~ 
capacity of the turbme. and the energy required for efficient de
icing by sudden heatmg far exceeds this capactty.' · For smaller 
wind turbine>. the rroblem of ice prevent ton is even more severe 
because of I I I the lower potential power output as compared 
with a larger turb1ne and ( 2) the higher ice-colle<.:tion effic1ency 
or "tmpmgement dficiency." whtch represents the dtrncn-
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sionless mass flux of impinging droplets at a point on the airfoil 
surface .. Regarding the latter. for fixed-size droplets approaching 
an atrfml with a short chord on a small wind turbine, the amount 
of droplet impingement is increased because the droplets experi
ence the streamline curvature only once quite close to the airfoil. 
The streamline curvature is therefore greater than for a larger 
chord atrfml. Consequently. as the airfoil chord becomes 
shorter, the droplets approaching the airfoil leading edge deviate 
more from the local streamlines and result in a greater amount 
of direct impingement as compared with a longer chord airfoil. 

For more severe icing events, stopping the turbine may be 
the most logical solution owing to the energy required for ice 
prevention and wear on the machine. Stopping a wind turbine 
dunng the presence of every icing condition, however, would 
be nonproductive. For slight to moderate icing events, where the 
turbine continues to operate but at reduced levels of efficiency, it 
may be beneficial to continue operation with or. perhaps, with
out ant1-1cmg device' tn place. The determination of the best 
option to maxim1ze energy output from the turbine operating 
111 an tcmg environment requires a knowledge of the perfor
mance loss that can be expected during the icing event. 

To predict the degradatton in wind turbine performance due 
to icing, wind tunnel tests were conducted under clean and 
various icing conditiom. The S809 wind turbine airfoil (Tangier 
and Somers. 1995 ) ( >ee Fig. I ) was <.:hosen for this study. Lift, 
drag. and pitching moment data were taken over the Reynolds 
number range of I- 2 x I 0". The icing conditions studied in
cluded initial ice an:retions and four nme ice accretions that 
were determined using the NASA LEWlCE code (Ruff, 1990). 
The airfoil wind tunnel test data were then used in the strip
theory code PROPID ( Sdig and Tangier. 1995) to predict the 
effects of ice accretions on wind turbine performance. 

Experimental J\.lethods 

The experiments \H:re performed at the Universtty of Illinois 
at Urbana-Champa1gn ( UIUC) Low-Turbulence Subsontc 
Wind Tunnel. The tunnel I> a conventtonal open-return type 
w1th a contraction ratio ol 7.5.1. Test ><Xt1on dimensions are 
approximately ox~.- •. 1.~ 19 Ill. Widening approximately 1.27 
em over the 2.-n-m length of the te>t sect1on to allow for bound
~try layer growth. The tunnel 111let >ettlinl! chamber contains 
I 0.1 o-cm thick htlnev c'tHllh followed lw ~lour antiturbulence 
'creens. Te>t >eel lOll .ll<l\\ \ clocllv can l~t: vaned up to 71.52 
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Fig. 1 Comparison between the NREL S809 model coordinates and true 
coordinates 

mJ s ( 160 mph), which corresponds to a Reynolds number of 
approximately 4.9 X 106 /m. 

The two-dimensional S809 airfoil model was cantilevered 
vertically in the tunnel and spanned the test section height. The 
0.457-m chord model was constructed of a carbon-fiber skin 
surrounding a foam core. Steel pipe spars were used at the 20 
percent and 60 percent chord stations and attached to the balance 
force plate through a flange. To ensure that the model did not 
touch the tunnel walls, the model was fixtured to allow for a 
gap of approximately 0.5 mm at the balance (floor) and 0.9 
mm at the free end (ceiling). 

To determine the profile accuracy of the model, the contour 
was digitized with a Brown & Sharpe coordinate measuring 
machine. The measured coordinates at the model centerline 
were compared with the true coordinates using a two-dimen
sional least squares approach (rotation and vertical translation). 
Figure I shows the comparison of the S809 measured model 
coordinates (dot-dash line) and true coordinates (solid line). 
The figure depicts the differences between the model airfoil and 
the true airfoil upper surface (solid line) and lower surface 
(dot-dash line). A displacement above or below the axis means 
that the model surface lies above or below the true, respectively. 
Thus, the S809 was thicker than the true airfoil by approxi
mately 0.39 mm over most of the upper and lower surface airfoil 
chord. 

Airfoil lift and moment data were taken with a three-compo
nent external floor-mounted balance manufactured by Aerotech 
ATE Limited of Heathfield. UK. The normal and axial forces 
measured by the balance were used to determine the lift force. 
The pitching moment was also measured by the balance. Drag 
data over the low drag range (typically -7 to 8 deg) was 
determined by the standard wake momentum deficit method 
reported by Jones ( 1936) and described in Schlichting ( 1979). 
Three total-head pressure probes spaced 7.62 em apart were 
traversed horizontally through the wake (perpendicular to the 
model span) at 3.8-mm intervals. The center probe approxi
mately corresponded to the center of the modeL Pressures were 
acquired using a Pressure Systems, Inc. 8400 electronically 
scanned pressure system with ±6.9 kPa (±I psid) and ±34.5 
kPa ( ±5 psid) pressure scanners. For angles of attack higher 
than approximately 8 deg, drag data used later in the wind 
turbine performance prediction section were taken from balance 
measurements. 

Lift, drag, and moment data taken on the S809 model for Re 
= 1.5 x 106 are shown in Fig. 2 and compared with data taken 
at Delft (Somers, 1989) and The Ohio State University ( OSU) 
(Ramsay et aL, 1994). Although there are some differences. 
particularly at the comers of the polar. the agreement shown is 
good, and this serves to validate the current approach ( Noe. 
1996). 

Icing Conditions and Simulation 
The model was tested with simulated initial and rime ice 

accretions based on predictions that were determined using the 
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NASA-Lewis LEWICE code (Verswn 1.6) (Ruff. 1990). In 
the model. any unfrozen water runs back on top of the frozen 
water layer in a uniform wet film. This runback provides the 
mechanism for glaze ice forrnation in the code. but it is at odds 
with recent experimental studies of glaze ice accretion physics 
(Hansman. 1993: Olsen and Walker. 19X6). However. for rime 
ice for which the temperatures are so low that the freezing 
occurs quickly with little runback. LEWICE predicts ice accre
tion accurately (Bragg et al.. 1996). 

The particular icing conditions considered are listed in Table 
I. In the table. L WC refers to the liquid water content. These 
ground icing conditions are representative of those experienced 
by the primary airfoil ( 75 percent blade-radius station) of a 
typical 450-kW wind turbine in operation during supercooled 
fog/cloud conditions (hereafter simply referred to as super
cooled fog). Supercooled fog conditions, which give rise to 
rime ice accretions, mainly occur along coastal regions and/or 
mountain peaks in the northwestern U.S., Alaska, Greenland. 
and valleys in western Europe. Rime ice accretions on wind 
turbines are particularly problematic in some regions of Finland 
where conditions for rime ice can last 20-25 consecutive days 
(Tammelin and Santti, 1992). (Such long icing conditions can
not be modeled using LEWICE.) In the current study. the princi
pal parameters varied included the accretion time and droplet 
size. The resulting ice profiles shown in Fig. 3 are typical of 
rime ice profiles seen on wind turbines under such conditions. 
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Fig. 2 Comparison of the NREL S809 measured drag polars from the 
UIUC, Delft (Somers, 1989) and Ohio State (Ramsey et al., 1994) wind 
tunnel facilities 
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Table I: Icing conditions corresponding to the four rime 
ice profiles (Rl, R2, RJ, and R4). 

Droplet Dia. (J.Lm) 
15 
35 

Icing event duration (hr) 
3 7 
Rl R2 
R3 R4 

Conditions for supercooled fog 
o = 5 deg c = 0.75 m V = 65.2 m/s 

T = -10 deg C LWC= 0 I g/m3 

Fig. 3 Illustration of the four leading-edge rime ice profiles tested (only 
20 percent of chord shown) 

The onset of ice accretion (light rime ice) was simulated by 
applying aluminum oxide grit over the model leading edge, 
referred to as leading-edge grit roughness ( LEGR). The limits 

c, 

"' Clean o LEGR o R2 c R4 
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1.5 43 
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Fig. 4 S809 performance for Re = 1 ' 10° and 2 · 10° under clean and 
icing conditions for klc = 0.0019 
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of simulated accretion were x/ c = 0.005 on the upper surface 
and x/ c = 0.05 on the lower. Two different degrees of roughness 
were simulated by using 46 and 16-grit aluminum oxide, which 
corresponded to klc values of0.0009 and 0.0019, respectively, 
where k is the nominal grit diameter. The approximate grit 
densities for the initial ice accretions were 62/ em" for k/ c = 
0.0009 and 2.3/cm2 for klc = 0.0019. These grit densities and 
sizes were selected on the basis that they approximately simu
lated the trends observed for initial ice accretion, in particular, 
the trend that as accretion times increase the roughness size is 
increased while the density is decreased. 

Simulated rime ice accretions for the profiles shown in Fig. 
3 were manufactured from foam-cores covered with carbon
fiber skins. These ice profiles were secured to the model leading 
edge with tape along the span and screws at the end cap ribs. 
Again, 46 and 16-grit aluminum oxide was used to simulate 
the rime ice roughness; however, due to the more lengthy ice 
accretion times, the grit densities were increased to approxi
mately 155/cm2 for k/c = 0.0009 and 13/cm2 for klc = 0.0019. 
The grit in this case was only applied to the rime ice profile. 

Test Results 
In this section, highlights of the airfoil performance data are 

presented and discussed. Figure 4 shows the C, - a, C1 -

C.n.ct4 - a and C, - Cd curves for Re = I x I 0 6 and 2 x I 0 6
• 

Data are shown for the airfoil under clean conditions. with 
leading-edge grit roughness ( LEGR) and with ice profiles R2 
and R4 fork/ c = 0.0019. It should be noted that the coefficients 
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Fig. 4 (cont'd) 
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Fig. 5 The effects of roughness on the 5809 for Re = 1 x 10° and 1.5 
x 10° ice profile R1 

are normalized by the nominal airfoil chord, that is, the chord 
length of the original clean section. If the data for the ice profiles 
were normalized by the airfoil chord including the rime ice 
hom, the corresponding coefficients would be reduced by 2.5 
percent and 7.2 percent 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 gener
ate the ice profiles, that is, a = 5 deg ( Ct :::: 0.5 for case R4 at 
Re = I X 106

) -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. First, Fig. 
4 illustrates important Reynolds number effects. As expected, 
the drag was reduced with increasing Reynolds number for the 
clean case. For the icing cases, however, the Reynolds number 
effects were minimal because transition to turbulent flow was 
promoted artificially by the grit roughness-a process that is 
known to be rather insensitive to Reynolds number for large 
roughness. Second, the rather dramatic increase in C1.max and 
stall delay for ice profile R4 as compared with the clean case 
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and the other icing cases is surprising. It is. however, similar 
to the effects produced by leading-edge flaps (McCormick. 
1995) and by ice shapes that mimic the effect (Bragg ct al.. 
1982). Third. 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 angle of attack is increased. 
the pttching 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 extre111e with increasing angle of 
attack. 

Additional tests were performed to determine the effect of 
roughness on the ice shapes. The results shown in Fig. 5 for 
case R I at Re = I X 10° and 1.5 X 10 6 are quite typical of 
the other cases. When the roughness is reduced from kl 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 higher lift coefficients. 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 HA WT Performance 
The experimental data were used in the strip-theory code, 

PROPID (Selig and Tangier, 1995), 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/ variable-pitch 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 toward 
feather. A tip-speed ratio of 7 was used for the variable-speed/ 
variable-pitch case, and the pitch was again 1.36 deg. 

Figure 7 (a) 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 are shown in Fig. 
7 (b) for the variable-speed/variable-pitch rotor. It is known 
that for the variable-speed/variable-pitch rotors in operation at 
constant tip-speed ratio. the C1-distribution along the blade span 
remains the same for wind speeds below that for rated power. 
Thus, the percentage loss in performance due to icing is nearly 
constant at all wind speeds- 14.5 percent for rime ice profile 
R2 and 20 percent for R4. It is worth noting that above the 
rated wind speed, the power output is unaffected. Thus. for a 
site with average wind speeds near the rated wind speed, the 
energy loss from icing becomes less important. 

For the stall-regulated rotor. the lift coefficient along the 
blade span changes with wind speed, and this leads to substan
tially different effects as compared with the variable-speed/ 

-5 L-....L..-L-....l....-'----'-.......J'----'-.-.J'----'-_.... 

0.0 0.2 0.4 06 0.8 1.0 
r!R 

Fig. 6 Rotor geometry used to study the effects of rime ice accretion 
on wind turbine performance 
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Fig. 7 Rotor performance under clean and icing conditions for operation 
in the (a) stall-regulated and (b) variable-speed/variable-pitch modes 

variable-pitch case. For wind speeds above approximately 13 
mls. the power curves are dictated largely by the airfoil charac
teristics in the vicinity of stall. In particular, a higher C,_m .. 
produces a higher peak rotor power. For rime ice profile R2, 
the C,_m .. is below that for the clean airfoil (see Fig. 4). Conse
quently. the power curve falls below that for the clean case. 
Both the loss in lift and increase in drag lead to the substantial 
loss in peak rotor power. For rime ice profile R4, however, the 
airfoil C m .. 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 buildup has been responsible for 
stall delay and associated peak power excursions on wind tur
bines in icing environments ( Ronsten. 1993). It should be 
added, however. that such events are rare, and they may be 
caused not by increased lift but rather increased air density at 
the low temperatures. Below 13 m/s where the blade is largely 
unstalled, the performance degradation is similar to that for the 
variable-speed/variable-pitch rotor. An interesting difference, 
however. is the undesirable increased cut-in speed. which is 
caused by the stall-regulated blade suffering a greater loss in the 
blade L/ D distribution at startup as compared with the variable-
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speed/variable-pitch case that operates at a higher lift coeffi. 
cient distribution at startup. 

It should be noted that the estimated performance under icing 
conditions is based on using the measured iced airfoil perfor
mance data along the entire span. The icing condition corre
sponds approximately to that experienced by the blade at the 
75 percent station. Toward the blade tip, the ice accretion would 
be higher than that tested and likewise lower than tested toward 
the root, as has been observed (Bose, 1992a). 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 
percent station appropriate. 

Conclusions 
Horizontal axis wind turbines located in northern regions 

along coastlines and atop high mountains where winds are gen
erally 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 experimental data acquired on the S809 wind 
turbine airfoil under typical rime icing conditions. Based on the 
results for variable-speed/variable-pitch rotors, the performance 
degraded uniformly by as much as 20 percent at wind speeds 
below rated power, while above the rated wind speed no loss 
occurred. For the stall-regulated rotors that rely on airfoil stall 
to regulate power, the effects of rime ice can be more pro
nounced and unexpected. As shown, a small rime hom that 
protruded 0.025 c ahead of the clean airfoil leading edge led to 
a loss in performance over the entire operating range, especially 
at wind speeds near peak power. In contrast, a larger 0.08c-long 
rime ice hom behaved like a leading-edge flap and produced an 
increase in C1.max and a delay in stall to a higher angle of attack. 
These changes in the airfoil performance led to a 16 percent 
increase in the peak rotor power-an undesirable result that 
can lead to generator burnout and high blade loads. Finally, 
these estimates are conservative since the ice accretion studied 
here did not attempt to model the extreme icing events some
times observed on real rotors under more prolonged rime ice 
conditions. 
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