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Summary 

 
The operation of wind turbines at sites prone to ice accumulation creates particular 

challenges that must be addressed through appropriate equipment selection and operating 

procedures. This report provides background information on icing, how it accumulates on 

turbine blades and the problems it causes for wind turbines. It also examines the icing 

conditions that will be encountered at Rumble Ridge, the proposed site for a 10 to 

40 MW wind farm, and provides guidance on the selection of turbines for this site. 

 

Glaze and rime are two forms of ice that accrete on turbine blades and reduce their 

aerodynamic performance significantly. Glaze is smoother than rime, tends to follow the 

contour of the blade, sheds more easily from the blade, and is therefore less problematic 

than rime, which is rough and can form large, long-lived accumulations.  

 

Past experiences with turbines operating in icing environments have revealed three 

problems: increased structural loads, reduced power production, and safety concerns 

about falling and flung ice. Operation under heavy icing loads or during periods when 

asymmetric icing of the rotor causes vibrations is not recommended. At sites with severe 

icing, power production losses of 10 to 20% of annual production have been attributed to 

aerodynamic changes in the iced blade, turbine shut down due to iced instruments, and 

vibrations caused by asymmetric accumulation.   

 

The principal forms of icing at Rumble Ridge will be: 

1) Primary importance: Glaze (due to in-cloud icing) and hard rime 

2) Secondary importance: Wet snow (due to wetting by supercooled water droplets) 

3) Tertiary importance: Soft rime  

Glaze and hard rime will accrete during a significant portion of the time that the site is 

below freezing. Wet snow and soft rime accretions will be both less frequent and occur at 

low wind speeds, and therefore have only a minor impact on energy production. Both 

glaze due to freezing rain and frost will be very rare. All types of accretions will tend to 

be short-lived due to frequent temperature excursions to levels above freezing. 

 

At Rumble Ridge, electrical production losses due to icing would be about 20% of annual 

energy production if the turbines were shut down whenever some form of ice was present 

on the instruments; this is an upper limit. In reality, production losses are more likely to 

fall in the range of 5 to 10%. Turbines are likely to be operating with some ice on them 

10 to 15% of the time, but accretions likely to cause heavy loads or serious imbalance 

would not occur more than 5% of the time. Falling or flung ice will be a safety hazard 10 

to 15% of the time. 

 

The following graph shows the fraction of each month during which measured data from 

the winter of 2001/2002 revealed that there was some ice present on one or more 

instruments at Rumble Ridge. Radiosonde data from Port Hardy was also used to 

estimate the fraction of each month during which ice would be present; for the months of 

September 2001 through January 2002, these estimates match the observed fraction very 
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closely. Based on 12 years of radiosonde data, it appears that ice was more prevalent 

during the winter of 2001/2002 than is normal. 
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Fraction of the Month when Ice is Present on the Instruments at Rumble Ridge 

 

Since a blade heating system would increase the capital cost of a turbine by a fraction 

comparable to the fraction of potential production that would be lost to ice without blade 

heating, it is difficult to justify the installation of anti-icing technology at Rumble Ridge. 

Furthermore, no turbine manufacturer currently offers a tested blade heating technology. 
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1 Introduction 
 

BC Hydro is in the process of developing a wind farm on Rumble Ridge, an 

800 m hill above Port Alice, on the west coast of Vancouver Island. In 2001 a 

meteorological tower was installed on the site in order to measure wind speeds. One of 

the findings of the wind measurement campaign was that instruments were iced during a 

significant portion of the winter. The serious nature of icing at this particular site was 

punctuated by the collapse of the 50 m meteorological tower in January 2002. 

In response to this finding, BC Hydro has launched an investigation into the 

effects of icing on wind turbines. An overview report of wind turbine icing issues has 

been prepared [Homenuke, 2002]. In addition, the utility has broadened the range of 

instruments installed on the tower: a heated ultrasonic anemometer, a barometric pressure 

sensor and a relative humidity sensor will monitor site conditions over the coming winter.  

This report is the next step in BC Hydro’s investigation. It serves two purposes. 

First, it provides guidance on the key icing-related issues that will arise in the 

procurement of equipment for the Rumble Ridge site. Second, it provides in-depth 

background information for BC Hydro’s future R&D projects in wind turbine icing. 

The report begins with a section discussing ice accretion on turbine rotors—a 

discussion central to most of the issues related to turbine operation in an icing 

environment. It then examines the problems caused by ice accretion—on both the rotor 

and other components— in terms of turbine fatigue, loss of electrical production, and 

safety hazards. 

From this more general discussion, the report turns to an examination of the site-

specific icing conditions that will be experienced at Rumble Ridge, and the implications 

of these conditions in terms of loads, losses, and safety. First a qualitative analysis based 

on the local climate, site topography, and site observations establishes the types of icing 

that will occur and, with less certainty, their probable frequency. Then, using data from 

the on-site meteorological tower and Port Hardy Radiosonde measurements, a 

quantitative analysis is used to estimate times when icing will form, times when it will 

melt off, and the severity of the ice likely to accrete. Having determined the conditions at 

the site, it is shown that few turbines are installed under comparable conditions; certain 

aspects of turbine operation in other icing environments are applicable to Rumble Ridge, 

however. 

 The latter part of the report focuses on issues related to equipment selection for 

Rumble Ridge and other icing environments. For each equipment selection issue—pitch 

versus stall regulation, instruments, operation and control, etc.—background information 

is provided and conclusions drawn for Rumble Ridge. Particular attention is paid to icing 

mitigation technologies. A checklist summarizes the points to be raised with equipment 

suppliers in order to ensure that they are responding to the conditions at the site and BC 

Hydro’s interests.  

 At the end of the report, an Appendix on types of atmospheric icing examines, in 

some depth, the mechanisms by which ice may accrete on wind turbines. Atmospheric 

icing, it turns out, is one of those “obvious” subjects that is poorly understood by many 

people; yet all discussions and decisions about turbines and icing should be informed by a 

fundamental understanding of the processes at hand. Readers new to the subject are 

strongly encouraged to start with this Appendix. 
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2 Icing of Turbine Rotors 
 

The accretion of ice on the turbine rotor is central to any discussion of the 

operation of turbines in an icing environment. Icing of the anemometers and the wind 

vanes aside, it will be ice accumulation on the rotor that will reduce turbine power 

production, lead to higher loads, and create potential safety hazards. 

While ice can accrete on stationary turbine surfaces, including the rotor when it is 

not operating, accumulations will be most severe on the rotating rotor, which intercepts 

more of the water particles in the air than would a stationary surface. The wind will 

approach the moving aerofoil at an oblique angle resulting from the sum of two vectors: 

the meteorological wind velocity (i.e., the wind speed measured by an anemometer) and 

the negative of the vector that describes the speed of the moving blade (at a section of 

interest). This is shown in Figure 1. 

 

 

Meteorological wind velocity 

Blade section 

movement 

Resultant wind 

 
Figure 1 The Resultant Wind Approaching a Section of a Moving Blade 

 

 If the wind is transporting water droplets or snowflakes, these will follow 

trajectories that will cause them either to flow around the blade or collide with the blade, 

as suggested by the sketch of Figure 2. The particle trajectories are strongly influenced by 

the wind, but are not fully determined by it: as the wind deflects around the blade, the 

particle trajectories will deviate from wind streamlines due to their inertia. More massive 

particles will have higher inertia (compared to their aerodynamic drag) and therefore 

deviate more significantly from the deflected air streamlines—they will tend to continue 

in the direction of the blade and impact its surface [Makkonen, 2000]. If the temperature 

of the air and the surface are at or below freezing, and especially if the droplets that 

impinge on the surface are supercooled, the particles will tend to freeze on the blade. 
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Figure 2 Water Droplet Trajectories (sketched from numerical simulations 

 in [Makkonen et al., 2001a]) 

 

The mass of ice that forms on the blade surface will be determined by a number of 

factors. Generally, the growth of ice on any surface can be represented by [Makkonen, 

2000]: 

Aw
dt

dM
v2 31   

where M is the mass of ice accretion, 

 t is time, 

 w is the mass concentration of water in the air, 

 v is the velocity of the particles relative to the blade, 

and  A is the cross-sectional area of the blade with respect to the direction of the 

particle velocity vector v. The product wvA is the flux density of water that would pass 

through the space occupied by the blade were it not there; the three factors , , and  

are correction terms that reflect that this maximum possible flux density does not all 

result in ice deposits. 

 The first correction factor, , is the collision efficiency, or ratio of actual flux 

density impinging on the blade to the maximum flux density. It accounts for those small 

particles that are deflected around the blade by the air streamlines. 

 The second correction factor, , is the sticking efficiency, or ratio of the mass of 

particles that actually stick to the blade to the total mass of particles that impact the blade. 

This factor accounts for those particles that impact the surface but do not reside on the 

surface long enough to bond to or exchange heat with the surface. In general, the sticking 

efficiency of liquid water droplets will be very near unity, while the sticking efficiency of 

snow particles may be significantly less than unity (snow particles bounce). 

 The third correction factor,, is the efficiency of accretion, or ratio of ice formed 

to mass of particles sticking to the surface. Some of the particles that stick to the surface 

may not freeze, but rather run off the blade as liquid water. This will be the case when the 

sensible heat deficit of the impinging supercooled droplets and the rate of heat loss to the 

environment are not sufficient to rapidly freeze the droplets—i.e., when glaze forms. This 

factor is therefore also called the freezing fraction. 

 This formulation of the problem of ice accretion is useful for illustrating the role 

of such factors as liquid water content, droplet size, temperature, and wind speed. 

Unfortunately, the determination of both the collision efficiency and the efficiency of 
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accretion is far from trivial, and for the case of a complex shape such as a wind turbine 

blade, requires complex numerical approaches. Fortunately, numerical codes for doing 

this have been developed. These include the TURBICE [Makkonen et al., 2001a], 

LEWICE [Wright, 1993], and CANICE [Patreau et al., 1998b]. Furthermore, profiles of 

actual iced blades have been measured, photographed, and even cast in plaster (e.g., see 

[Tammelin et al., 1998a], [Kimura et al., 1998], [Rong et al., 1991], [Maissan, 2001a], 

[Makkonen et al., 1991], [Bose, 1992a] and [Bose, 1992b]). These experimental and 

operational data provide at least a qualitative validation of the numerical codes.  

 The numerical codes and the observations of accretion give a picture of typical ice 

profiles on turbine blades. Rime ice, occurring under conditions of cold temperatures and 

moderate flux density of liquid water, has been the best documented. Ice grows along the 

leading edge of the blade, often forming large, complex protrusions. Figure 3 shows some 

profiles sketched on the basis of Seifert et al.; obviously these sketches are not accurate 

representations of the exact forms observed, but they do give an idea of typical profiles. 

The leftmost profile is a clean aerofoil; the second shows roughening of the leading edge, 

the third shows a more developed accretion, and the fourth shows extensive feathers of 

rime growing out from the leading edge [Seifert et al., 1998]. On small blades (e.g., chord 

length of 20 to 25 cm), ice accretions that increase the effective chord length of the blade 

by 50% are not impossible; large blades experience significant accretions of rime, but not 

necessarily as significant when considered as a proportion of the blade chord length. 

Most of the ice tends to accrete in the neighborhood of the stagnation point of the airflow 

around the blade profile [Haapanen, 1996]. 

 

 

 
Figure 3 Rime Ice on Leading Edge of Blade (sketched from Seifert et al., 1998) 

 

 Glaze ice, which tends to accrete at warm temperatures and high flux of liquid 

water onto the blade, results in a very different ice form. When the rate of heat loss from 

the impinging droplets is very low, the droplets will run back along the edge of the blade, 

forming a smooth, transparent shell of ice that follows the contour of the blade. A sketch 

of a typical profile, taken from the numerical model in [Makkonen et al., 2001a], is 

shown in Figure 4. The thickness of the glaze accretion shown here is 3 to 5 mm. For the 

simulation from which this sketch was taken, the temperature was –2.8 ºC, the chord 

length of the blade was 53 cm, the resultant wind speed was 58 m/s, the angle of attack 

was 4º, the liquid water content was 1.3 g/m
3
, the duration of icing was eight minutes, 

and the median volume diameter was 20 m. Although these conditions more closely 

represent those found in airplane icing than wind turbine icing, the profile gives a good 

idea of how a pure glaze accretion looks. 
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Smooth glaze accretion 

 
Figure 4 Typical Glaze Accretion Profile (Sketched from [Makkonen et al., 2001a]) 

 

 Between the typical profiles of pure rime and pure glaze, there are a range of ice 

shapes that may occur. Impinging droplets do not freeze instantly into a rime accretion, 

but do not flow sufficiently far to follow the contour of the blade. Like glaze, such 

accretions are considered “wet growth”. Often horn-like shapes to one side or even both 

sides of the stagnation point will appear. They may be formed from a mixture of glaze 

and rime, with glaze occupying the stagnation region, where the flux of liquid water onto 

the surface is the highest, and rime occupying positions further aft, where heat transfer is 

more rapid. Such accretions are sometimes called mixed icing [Richert, 1996]. 

 Figure 5 shows a sketch of a horn-shaped accretion modelled by Makkonen et al. 

For the simulation from which this sketch was taken, the temperature was –2.4 ºC, the 

chord length of the blade was 62 cm, the meteorological wind speed was 9.8 m/s, the 

liquid water content was 0.14 g/m
3
, the duration of icing was 30 minutes, and the median 

volume diameter was 12.1 m [Makkonen et al., 2001a].  

It is interesting that this shape is so different from the pure glaze accretion shown 

in Figure 4, above, despite the temperature of the two differing by only 0.4ºC. Much of 

the difference can be attributed to the difference in the liquid water content of the two 

simulations: in the first, there is a very high flux of liquid water onto the blade and the 

rate of heat loss is not high enough to cause freezing before the water runs back over the 

blade. In the second, the liquid water content of the air is about one-tenth as high and the 

rate of heat loss is sufficient to freeze the impinging droplets in place soon after they 

impact. This demonstrates 1) that temperature alone is only a rough indicator of the 

transition from glaze to rime and 2) that glaze accretions can have complex shapes likely 

to interfere with the aerodynamics of the blade. 
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Figure 5 Sketch of Horn-shaped Glaze Icing (from [Makkonen et., 2001a]) 

  

The simulations of Makkonen et al. also demonstrate that the shape of wet growth 

accretion is very sensitive to temperature. The hollow at the nose of the ice accretion 

shown in Figure 5 disappears when temperature falls by only 0.4 ºC, to –2.8ºC 

[Makkonen et al., 2001a]. At –2.4 ºC, the rate of heat loss at the site of the hollow may be 

insufficient to prevent droplets impinging at the hollow from flowing to either side before 

freezing; at –2.8ºC this is much reduced.  

 The above discussion gives an indication of typical ice profiles at a particular 

cross-section of the blade. The profile will change, however, along the radial dimension 

of the blade: the tip moves more quickly than the root, intercepts a larger number of 

particles, has a smaller chord length, and has higher heat losses. These factors all tend to 

favour accretion at the tip rather than the root. In fact, the thickness of leading edge ice 

accretion tends to increase linearly from the root to a maximum at the tip, as shown in 

Figure 6, below. For this reason, the ice accretion for a whole blade is often described in 

terms of the accretion at the tip, specified as a total thickness or a percentage of the chord 

length at the tip. 

 

Figure 6 Leading Edge Accretion Tends to Increase Linearly with Distance from Root 

 

 Having examined the form of ice accretion on the blades, the effect of the 

accretion on the aerodynamics—and therefore the power production—of the turbine 

remains to be investigated. Various wind tunnel and computational studies have looked at 

this, and their findings can be compared with anecdotal evidence from the field. 

 If ice accretes as a smooth surface of glaze that follows the contour of the blade or 

even forms a triangular extension of the leading edge, the aerodynamic effects appear to 

be minimal [Kimura et al., 2000]. This is supported by the experiences of several 

manufacturers with turbines operating in locations that encounter glaze icing [Charette, 

 

X % 
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2002], [Kruse, 2002]. This has led some to conclude that glaze icing never causes 

significant aerodynamic losses.  

This conclusion would probably not apply, however, to a horned structure of 

mixed ice such as shown in Figure 5, above. Although this particular profile has not been 

investigated, “rectangular” (as opposed to triangular) shapes have been observed to 

significantly affect the power output of a turbine, even when the surface of the ice is 

smooth [Kimura et al., 2000]. The profile of Figure 5 is quite far from a simple triangular 

extension of the leading edge. 

Furthermore, glaze ice has been observed to cause total loss of turbine power. 

This has been observed on a 250 kW turbine at the University of Massachusetts [Lacroix, 

1999] and a 40 kW turbine at the Atlantic Wind Test Site on Prince Edward Island [Rong 

et al., 1991]. Glaze accretions on PEI have also caused reductions in the power output of 

the utility-scale turbines recently installed there. These reductions have been sufficiently 

large that the turbines have shut down due to discrepancies between the actual output and 

the output predicted on the basis of the measured wind speed and the clean rotor power 

curve [Brothers, 2002]. It should be noted that these are pitch-regulated turbines, so they 

should be adjusting the pitch to minimize losses due to the changed aerodynamic profile 

of the blade. It may well be that similar reductions are occurring at other wind parks, but 

because most turbines do not shut down due to discrepancies between actual and 

predicted power output, and because glaze accretions are relatively rare at most sites, 

these have not been given much attention.   

 The roughness of the accretion has been found to have a very significant impact 

on aerodynamic output. Even very thin, barely visible accretions can greatly reduce the 

output of the turbine if they increase the surface roughness and cause turbulent flow 

around the airfoil. One study shows increasing losses due to roughness at wind speeds 

above 8 m/s for a 600 kW stall regulated turbine. At 11 m/s and higher, the rough airfoil 

provides less than 50% the output of a clean airfoil [Haapanen, 1996]. This level of 

roughness could be associated with the accretion of a thin layer of rime droplets on the 

leading edge. 

 The significance of surface roughness is highlighted by its effect on the heating 

power required by blade anti-icing systems. It has been observed that once a small layer 

of rime ice has accumulated on the leading edge, the heating requirement for de-icing 

doubles or triples [Makkonen et al., 2001a], [Laakso et al., 2001]. This is caused by the 

change from laminar to turbulent flow due to an increase in surface roughness. This shift 

to turbulent flow will also negatively affect the lift and drag properties of the airfoil.  

 Given that rime accretions will be rough and often exhibit a complex, non-

triangular profile, it can be expected that they will significantly affect the aerodynamic 

properties of a turbine. This is borne out by several studies. In [Kimura et al., 2000], the 

power curve of a three bladed, 36 m diameter rotor is estimated for tip accretions of 6% 

and 15% of the tip chord length. The accumulation is rime. The analysis is done for a 

stall-regulated turbine (Figure 7) and a 500 kW pitch-regulated turbine (Figure 8) (see 

Section 7 for a discussion of these two power regulation methods). The curves show that 

ice accretion affects the output curve in several ways: 

1) The cut-in speed increases. 

2) Stall occurs at a lower wind speed. 

3) At high wind speeds output is considerably reduced. 
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Figure 7 Estimated Output of Stall Regulated Turbine (from [Kimura et al., 2000]) 

 

According to this analysis, the performance of the pitch regulated turbine is better 

than that of the stall regulated turbine, but even with pitch adjustments, stalling occurs on 

the pitch regulated turbine, diminishing output at high wind speeds.  
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Figure 8 Estimated Output of Pitch Regulated Turbine (from [Kimura et al., 2000]) 

 

 It is not clear that this analysis has taken full account of the effect of the 

roughness of rime accretion. In a similar study where the roughness of rime is taken into 

account, much more significant reductions in the power curve are predicted [Haapanen, 

1996].  
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The shape of an ice accumulation, and its longevity, will be affected not just by 

accretion conditions but also by ice losses. As discussed in Section A.6, losses occur due 

to melting, shedding and sublimation. Shedding is particularly important for glaze 

conditions such as those likely to be encountered at Rumble Ridge. A former employee 

of Enron Wind reports that the flexure in turbine blades is sufficient to cause blade de-

icing. When wind flexes the blades it cracks the ice and purportedly causes it to fall off 

[Hansen, 2001]. Bonus indicates that this mechanism of removal is quite effective at 

temperatures above –5ºC, when the adhesion of ice is poor, which will cover the majority 

of the year at Rumble Ridge [Kruse, 2002]. 

Blade flexure is not sufficient to remove accretions at lower temperatures, 

especially rime. A study conducted by Garrad Hassan and Partners Ltd. reports that “rime 

build-up is quite hard but it is also less brittle than might be expected and remains 

attached to the rotor under significant flexure of the blades. Field observations indicate 

that most ice shedding occurs as temperatures rise and the ice thaws...There is significant 

evidence that rime ice...is not shaken off by blade flexing, even though this may be the 

case for other types of ice formation” [Morgan et al., 1998]. 

 

3 Problems Associated With Operating Turbines in Icing 

Environments 
 

Past experiences with turbines operating in icing environments have revealed 

three problems: increased structural loads, reduced power production, and safety 

concerns about falling and flung ice.  

 

3.1 Structural Loads 

 

Heavy ice accumulations may cause high static and dynamic structural loads, 

possibly resulting in additional turbine fatigue. Studies of how ice loads affect turbine 

fatigue are not conclusive; rather, they indicate that “the influence of operation under the 

different icing conditions on the lifetime of the turbine’s components are not predictable 

in general terms” [Tammelin et al., 2000].  

Turbine design is generally governed by fatigue due to cyclical loading and 

unloading, and not extreme loads. As one text pointed out, “the rotor of a 600 kW 

machine will rotate some 200 million times during a 20 year life, with each revolution 

causing a complete gravity stress reversal in the low speed shaft and in each blade, 

together with a cycle of blade out-of-plane loading due to the combined effects of wind 

shear, yaw error, shaft tilt, tower shadow and turbulence” [Burton et al., 2001, p. 212]. 

Just as extreme wind loads are less a determinant of turbine aging than the much more 

frequently encountered normal cyclical loads, icing of the rotor is more likely to reduce 

turbine lifetime by cyclical fatigue processes than high instantaneous loads. There are no 

reports of utility-scale turbines suffering catastrophic failure due to high ice loads.  

One study identified the following mechanisms by which icing increases fatigue 

loads [Tammelin et al., 2000]: 

1) Additional ice masses cause higher deterministic ice loads. 

2) Asymmetric masses cause unbalance 
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3) Increased excitation of edgewise vibrations has been observed due to icing as well 

as higher tower vibrations. 

4) Ice accretion affects the control system. Resulting vibrations have been observed. 

5) Yaw error due to frozen wind vane may lead to higher load amplitudes. 

6) Pitch turbines operating under stall conditions due to changed aerodynamics. 

7) Resonance may occur due to changed natural frequencies of components such as 

rotor blades. This is especially problematic for smaller turbines and lightweight 

rotor blades. 

 

 The same study then went on to identify mechanisms by which icing may 

decrease fatigue loads, including increased aerodynamic damping that diminishes the 

vibration of components [Tammelin et al., 2000]. A different study of a 1 MW turbine 

under light icing conditions in Denmark, however, suggested reduced aerodynamic 

damping leading to increased risk of stall-induced vibrations, concluded that no loads 

were found to be significantly changed due to the icing—some were reduced, some 

slightly increased—and found power production to be much more stable with the iced 

rotor [Vølund, 1998]. This demonstrates the complicated nature of this topic.  

There is some consensus that vibrations due to unbalanced loads are especially 

damaging. Unbalanced loads occur when the mass or profile of ice is not identical on 

each of the three blades. Such unbalance loads may arise when ice accumulates, melts, or 

sheds in an asymmetric fashion. 

Figure 9 Example of Symmetric Ice Accumulation 

 

Such unbalanced loads have been investigated for a 200 kW machine operating on 

a fell in Finnish Lapland in relatively high winds (10 to 15 m/s) and turbulence (11% 

when measured with a Hydro-Tech anemometer) [Antikainen et al., 2000]. Three cases 

were examined. In the first case, even when no asymmetry could be detected visually, 

measurements of tower root loads revealed that operation under moderate icing (blade tip 

leading edge accumulation equal to 14% of the chord length, as shown if Figure 9), 

fatigued the iced blades twice as fast as clean blades would have fatigued. This fatigue 

may have been due to aerodynamic, rather than mass imbalance. In the second case, with 

more severe, asymmetrical icing (Figure 10), measured tower root loads indicated aging 3 

to 10 times faster than for a clean rotor. 

This study then examined a case where icing had happened in the past, and 

conditions then turned sunny. There was not much ice left on the blades except for some 

residual chunks. Figure 11 shows blade 2; the other blades were similar but had an 

accretion at the tip only about 4% of the chord length. Measured tower root loads 

indicated fatigue occurring at 5 to 10 times the rate for a clean rotor. Thus, the most 
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severe loads were recorded when mass imbalance was relatively insignificant, leaving 

aerodynamic imbalance as the main culprit. 

 

Figure 10 Asymmetric Ice Loading Case 1 

 

This study concludes that if icing occurs for periods of hours or longer, mass and 

aerodynamic balance will always arise: ice accretion and shedding eventually leads to 

asymmetry. (One contradictory observation is found in [Morgan et al., 1998]: “rime ice 

formation appears to occur with remarkable symmetry on all turbine blades with the 

result that no imbalance occurs.”) Furthermore, while operation with the accelerated 

aging recorded here would not seriously reduce the turbine lifetime if it only occurred 

occasionally, it could result in a significant reduction in power lifetime if vibrations due 

to imbalance persisted over days or weeks. It also points out that the turbine studied here 

did not have a vibration sensor, and thus continued to operate during these vibrations; a 

turbine with a vibration sensor would have shut down, and thus reduced power output. 

 

Figure 11 Asymmetric Ice Loading Case 2 
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These results may not be entirely applicable to larger turbines. Blade mass 

increases roughly in proportion to the cube of the rotor radius, so imbalances may have to 

be more severe in order to cause loads that are significant compared to the weighting and 

unweighting of the blade. Larger blades may flex more, promoting shedding of ice. And 

the chord length of larger blades is longer, so proportionally larger accretions may be 

required to have the same effect. 

 Other reports provide circumstantial evidence in support of the above study. 

Vølund posited that while icing stabilized the power output of a 1 MW turbine, this 

would not have been the case if the icing of the rotor had been asymmetric [Vølund, 

1998]. Looking at a much smaller, four bladed machine of 5 kW, Siefert found that 

removing ice mass equal to 2.5% of the mass of the blade from the tip of one blade, while 

leaving the other blades heavily iced, caused vibrations so severe that the turbine had to 

be stopped manually. Surprisingly, in spite of the high tower oscillations the vibration 

sensor of the control system did not stop the turbine. The amplitude of the edgewise blade 

root bending moment (i.e., along the major axis of the blade, between leading and trailing 

edge), increased about 40% above that of nominal operation; this and other studies also 

find higher flapwise bending moments (i.e., along the minor axis of the blade, between 

high pressure and suction surfaces) [Siefert, 1996].  

 To the turbine owner and operator, this discussion of possible mechanisms and 

probable effects may seem far from the hard fact and solid analysis requisite for the 

investment of millions of dollars in equipment. Fortunately, there is some solid ground to 

be found in the following three observations: 

1) The turbine warranty shifts some responsibility for fatigue due to icing loads to 

the manufacturer. As Vestas, a leading turbine manufacturer stated, “No ice 

conditions would void our warranty” [Wong, 2002]. This also moves the onus of 

determining fatigue due to icing—evidently a very difficult technical problem—

to the turbine manufacturer. The manufacturer should know their equipment 

better than anyone else, and also have the most expertise in estimating fatigue in 

their turbine. It is heartening that Vestas, who has turbines installed in severe 

rime environments such as Haeckel Hill in the Yukon, added, “We have not 

experienced any level of ice accumulation thus far to cause a reduction in turbine 

lifetime” [Wong, 2002]. 

2) The warranty notwithstanding, “operation under heavy icing is not recommended, 

so in these situations shut down of the turbine or using a blade heating system is 

recommended” [Tammelin et al., 2000].  

3) Even when ice loads are not heavy, vibrations due to unbalanced loads may be so 

damaging that the turbine should be able to detect these and shut itself down. 

These vibrations can also be minimized by an active ice removal system such as 

blade heating. 

  

This report will return to these considerations in Section 7, Equipment Procurement. 
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3.2 Power Production 

 

At sites experiencing severe icing, the reduction in turbine output due to icing can 

represent 10 to 20% of potential annual energy production [Botta et al., 1998]. These are 

typically mountainous sites where rime accumulation is problematic (e.g., fells in 

Lapland [Aarnio and Kaas, 1998], the Acqua Spruzza site in the Italian Apennines [Botta 

et al., 1998], and hilltop sites in the Yukon [Craig and Craig, 1995], [Maissan, 2001a]). 

 Losses due to ice occur in several ways: 

1) Ice accumulation on the blade alters its aerodynamic profile, reducing the power 

output at a given wind speed (see Section 2, above). 

2) Nacelle-mounted instruments accumulate ice and give inaccurate readings. The 

turbine control system may detect a fault condition due to turbine output being 

much greater than expected based on the wind speed; the turbine will be shut 

down until the ice is removed from the instruments (by natural processes such as 

melting or by human intervention) and an operator visits the site to manually reset 

the turbine.  

3) Asymmetric icing causes mass or aerodynamic imbalance leading to vibrations. 

Control systems that sense vibrations will normally shut down when these 

vibrations occur. The turbine will typically not go back on line until the ice has 

been removed and an operator has inspected the turbine and performed a manual 

reset. 

 

3.3 Safety 

 

 When large chunks of ice are shed from rotor blades, they may be hazardous to 

people in the vicinity of the turbines. The ice may fall or be flung considerable distance. 

The two studies ([Morgan et al., 1998] and [Morgan et al., 1996]) cited in B.C. Hydro’s 

overview report ([Homenuke, 2002]) are to-date the authoritative investigations in this 

area.  The findings of these studies are largely encapsulated by Figure 12, which shows 

the expected number of falling ice impacts per m
2
 per year as a function of distance from 

a 50 m rotor. The left-hand limit of the graph corresponds to an expectation of 1 x 10
-6

 

impacts per m
2
 per year, equivalent to the typical probability of a lightning strike in the 

United Kingdom. It is encouraging that most ice fragments found on the ground are less 

than 1 kg. Another significant finding is that ice fragments tend to fall predominantly 

downwind of the turbine [Morgan et al., 1998].  

 The findings of Morgan et al. are supported by observations made by Carl 

Brothers at the Atlantic Wind Test Site in North Cape, PEI. Following glaze storms, 

Brothers found sizeable chunks of ice up to 300 m from the Vestas V47 turbines 

[Brothers, 2002]. 
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Figure 12. Safety Distance for Different Icing Levels (50 m Rotor)  

(from [Morgan et al., 1998]) 

 

 The analysis in [Morgan et al., 1998] is presumably based on a flat site. It can be 

speculated that ice falling from a ridge top may strike further than suggested in Figure 12. 

For Rumble Ridge, risks at a given distance from the turbine may be slightly higher 

downhill of the turbine.  

At several sites located near roads or buildings, the danger of flung ice has been 

the impetus for icing mitigation technologies (e.g., at Pori in Finland [Marjaniemi et al., 

2001a] and at Tauernwindpark in Austria [Winkelmeier et al., 2000]). At these sites, the 

icing mitigation technology permits the removal of ice under controlled conditions that 

are expected to decrease the size of ice fragments being shed from the turbine, lower the 

uncertainty about when ice will be shed, and reduce the probability of ice being flung by 

the rotating blades.  

 Although ice falling from the blade is the main safety hazard associated with iced 

turbines, ice falling from the tower and nacelle itself should not be ignored. For example, 

in order to service the turbines, personnel will need to access the door at the base of the 

tower. When ice accumulates on the tower above this door, a very significant ice hazard 

is created. On a 220 kW turbine on an arctic fell in Finland, a 20 cm thick rime accretion 

immediately above the door, and presumably extending further up the tower, has been 

documented [Peltola et al., 1996]. In addition to the serious safety hazard that it poses, 

such an accretion may translate into lower turbine availability due to those periods when 

service personnel cannot access the turbine.  

 

4 Qualitative Assessment of Icing Conditions at Rumble Ridge 
 

 An examination of the climate and topography of the Rumble Ridge site, 

informed by a good understanding of the conditions under which icing occurs, can reveal 

a great deal about the type and severity of icing to be expected. This analysis can be 

further supported by anecdotal evidence of icing in the area. While this seems much less 

“rigorous” and “scientific” than a quantitative analysis based on models, it must be 
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remembered that icing is a complex phenomenon and predicting icing from 

meteorological conditions is notoriously difficult, requires a good set of observations of a 

number of meteorological variables (which is not available for this site), and can be 

misleading. Thus, a qualitative analysis provides a basis for interpreting the quantitative 

analysis and determining whether it seems realistic. 

  

4.1 Climate and Topography of the Site: Implications for Icing 

 

 The Rumble Ridge site is in a mild maritime climate. The dominant characteristic 

of the site is not low temperature but rather high humidity. As a BC Hydro meteorologist 

put it, the relatively warm Pacific Ocean, from which the local weather systems come, 

can be considered a nearly infinite source of humidity [McColler, 2002]. 

 During the winter, frequent low-pressure systems move in from the Ocean and 

pass over the Rumble Ridge site. These revolve in a counterclockwise fashion, viewed 

from above. As the system approaches, the synoptic winds are from the southwest or 

southeast and be very wet. On the departure of the system, strong winds blow from the 

northwest or west; these winds tend to be cold and dry [McColler, 2002].  

 When the water-laden winds reach the Island, they encounter hills and rise. The 

air cools as it rises, with an average rate of cooling being about 6ºC per thousand-meter 

rise, a typical value for moist air in temperate climates. Thus, at the height of the turbines, 

800 to 900 m above sea level, air that was at sea level and has been forced upwards by 

the hills will have cooled 5 to 5.5 ºC. If the relative humidity was reasonably high at sea 

level, this will have caused condensation of liquid water droplets. If the air temperature at 

the turbines is below 0ºC, the droplets will either have nucleated, and precipitated as 

snow, or have supercooled. The latter situation is very probable. 

 The Rumble Ridge site is located about 30 km inland from the west coast; 

between the two are ridges and mountains, some higher than Rumble Ridge itself, 

penetrated by various branches of the Quatsino Sound. Furthermore, when winds are not 

from the west, they will blow over hilly and mountainous terrain to the east and south 

before reaching the turbines. This poses the question of whether moisture removed by 

snowfall and rain over these areas prior its arrival at Rumble Ridge will have 

significantly dried the air. This, for example, is the case to the east of the Coast 

Mountains and again to the east of the Rockies.  

 In fact, it is unlikely that the majority of the hills of Vancouver Island are high 

enough to remove more than a small fraction of the humidity contained in the air coming 

off the Pacific Ocean [McColler, 2002]. This conclusion is supported by the very high 

levels of wintertime precipitation around Bute and Knight Inlets, on the mainland to the 

east of Rumble Ridge; there is no evidence that these are in a “rain shadow”. This 

notwithstanding, there is a slight west-to-east negative gradient in humidity levels across 

the Island: Port Hardy is generally slightly drier than the west coast. 

 Furthermore, the Neroutsos Inlet and Quatsino Sound probably serve to transport 

moisture to the vicinity of Rumble Ridge. Moist air can reach the base of Rumble Ridge 

without ever having to pass over elevated terrain. If it is then driven up and over the 

Ridge, it will tend to condense. 

Given the high humidity level of the air coming off the ocean, there is a high 

probability that below freezing temperatures will be accompanied by in-cloud icing. This 
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will be especially true for regional winds from the southeast and southwest, and less true 

for regional winds from the north, when the air will tend to be drier. 

 What will be the nature of this in-cloud accretion? At the outset of this 

investigation, BC Hydro suggested that rime icing was the problem at the site. In fact, an 

analysis of the conditions suggests that both glaze and hard rime will accrete at the site. 

This can be reasoned on the basis of the following observations:  

1) The site is windy, so in-cloud icing events are likely to occur when wind speeds 

are above 5 m/s; 

2) Temperatures are not especially low, so the temperature during an icing event is 

likely to be near 0 ºC; and  

3) Sea level humidity levels are high and the air mass will have recently been 

elevated about 800 m, so the liquid water content of the air is likely to be high. 

These conditions of high flux of liquid water (due to strong wind and high liquid water 

content) and temperatures near freezing suggest that hard rime and glaze will be the 

principal forms of in-cloud icing for the turbines (see Figure A.1). Soft rime will be less 

frequent.  

What will be the frequency of this in-cloud icing? This is more difficult to 

establish through a qualitative analysis, but given the high humidity of the site, it can be 

hypothesized that most of the time when temperatures are below freezing in-cloud icing 

will be occurring. The exception to this will be when a high-pressure system brings cold, 

dry weather following a storm; this will be associated with northerly winds.   

 It is also likely that there will be some wet snow accretion. Supercooled water 

droplets will often wet any snow falling in the area. If temperatures are not too far below 

the freezing point, this snow will be wet when it reaches the turbine and will accrete, 

especially when wind speeds are low. Thus, low wind speeds and the conditions 

necessary for the existence of supercooled water droplets will lead either to soft rime 

accretion or wet snow accretion, or both.  

Since Rumble Ridge is higher than its surroundings, it is unlikely that a layer of 

above-freezing air will reside over the site when temperatures at the turbine level are 

below freezing (i.e., temperature inversions near the freezing point will be uncommon). 

This leads to two conclusions. First, freezing rain (glaze caused by non-supercooled 

water droplets) will be rare. Second, snow particles are unlikely to be wetted by 

convective heat gain while passing through a warm layer, eliminating this as an important 

mechanism for wet snow accretion.  

Freezing rain does occur in coastal British Columbia, but principally in valleys on 

the mainland, where a warm, wet front can push eastward over a layer of cold air spilling 

into the valley from the interior. The ridge-top location, as well as the Strait of Georgia, 

protects Rumble Ridge from this situation [Anderson, 2002]. The conclusion that 

freezing rain will be rare is especially pertinent, because it reduces the likelihood of the 

very high loads possible through freezing rainstorms. 

 Hoarfrost will also be quite rare. The strong winds at the site, the high probability 

of cloud above the turbines (which will minimize radiative heat losses from the turbine 

surface to the sky) as well as the relatively high air temperatures are not conducive to 

frost formation. Only during clear, cold weather with low wind speeds will hoarfrost 

accrete. This does not describe the profile of this site. 
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 The high average temperatures at the site during the winter months and the 

instability of the weather at this coastal site suggest that following an icing event, 

temperatures will soon rise above freezing and the accretion will melt off. Because 1) the 

accretion will often be glaze or hard rime and 2) temperatures near 0ºC will result in 

decreased adhesion, shedding will be a significant mode of ice removal. Due to high 

humidity levels, ice removal by sublimation will be minor. The site is thus characterized 

by frequent, short-lived accretion events. This will limit the long-term growth of very 

heavy ice accumulations that sometimes occur in colder climates—in a sense, the 

situation is “reset” with every temperature excursion above 0ºC. 

 

 In summary, a qualitative analysis of the site suggests that the principal forms of 

icing at the site will be: 

1) Primary importance: Glaze (due to in-cloud icing) and hard rime 

2) Secondary importance: Wet snow (due to wetting by supercooled water droplets) 

3) Tertiary importance: Soft rime  

Glaze and hard rime will accrete during a significant portion of the time that the site is 

below freezing. Wet snow and soft rime accretions will be both less frequent and occur at 

low wind speeds, and therefore have only a minor impact on energy production. 

Furthermore, their low density suggests that they will not be responsible for loads as 

significant as those caused by more frequent glaze and hard rime events. Both glaze due 

to freezing rain and frost will be very rare. All types of accretions will tend to be short-

lived due to frequent temperature excursions to levels above freezing.  

 

4.2 Site Observations 

 

 How well does this qualitative analysis stack up to the few observations we have 

of conditions at the site and in the area?  In fact, quite well.  

Glenn Erho, who has spent much time on the site over the past winter, confirms 

that he has observed both glaze and rime. For example, he indicates that he saw 4 to 5 cm 

opaque feathers of rime ice on a grounding cable on the tower [Erho, 2002]. Figure 13 

below is a photo of glaze on the instrument cables of the tower. The figure clearly shows 

that the glaze is on only one side of the cable (the right hand side in this photo). While 

this may be due to melting by solar gains on the left hand side, it is much more probable 

that the accretion was by supercooled droplets blowing from the right and accreting on 

this side of the cable only. Freezing rain would probably have had time to run over all 

sides of the cable and form icicles at the bottom. 
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Figure 13 Glaze Accretions on Instrument Cables at Rumble Ridge  

(photo: Glenn Erho, BC Hydro) 

 

 Designers and operators of electrical transmission lines in the area indicate that 

the “icing line”, or altitude above which ice accumulation merits serious attention, lies in 

the range of 700 to 1100 m. They tend to discount the severity of rime at 800 m, and 

associate that with higher elevations, roughly 900 m to 1200 m at minimum [Anderson, 

2002]. This is very consistent with the above qualitative analysis, which finds glaze and 

hard rime to be the principal concerns.  

There have been no reports of ice damage to power lines in the Port Alice area, 

and transmission line operators do not consider it an especially problematic region for 

icing [Anderson, 2002], [Jacobs, 2002]. They do concede that the peaks above Neroutsos 

inlet, including Rumble Ridge, are more prone to icing than transmission lines at lower 

altitudes [Anderson, 2002] or further inland [Jacobs, 2002]. There are no transmission 

lines in this area that are at a similar or higher altitude, cross a ridge (where accretion by 

supercooled water droplets will be most severe), and are close to the coast or an inlet.  

 BC Hydro does operate a transmission line, 1L131, near the entrance to Nootka 

Sound. The line connects to Tahsis substation. This line reaches an altitude of 450 m at 

two points, one to the north of and another to the east of Perry Lake. The design ice load 

is a 2.5 cm glaze accumulation (or equivalent mass per unit length accretion of wet snow 

or rime) on a 2.5 cm diameter conductor with a return period of 50 years (i.e., the total 

diameter of the glazed conductor would be 7.5 cm) [Anderson, 2002].  



 

 

Rumble Ridge Turbine Icing  19 

This moderate design icing load, as well as the relative lack of concern about 

icing in this area, is circumstantial evidence for the hypothesis that icing events will be 

short-lived. Ice that persists for a long time permits further ice to build on an existing 

accumulation, heightening the probability of a dangerously massive accretion. This 

interpretation fit with one line operator’s knowledge of icing conditions in the area 

[Jacobs, 2002]. 

The 1L131 line has not suffered from serious ice accretion, but a 5 to 7.5 cm 

radial wet snow accumulation did occur in the mid 1980’s. The accretion occurred near 

the 450 m high points in the line [Anderson, 2002]. This supports the conclusion that wet 

snow may be a factor at Rumble Ridge. 

 While the icing at this elevation may be of relatively minor concern for 

transmission lines, it is significant for the operation of wind turbines. Figure 14 shows 

instrument icing at the site; this level of instrument icing would impact turbine control 

and be accompanied by deteriorating power production as the airfoil roughened. Based 

on the whiteness of the guy wires and the jagged profile of the ice on the anemometer 

boom, this is a rime accretion. Glenn Erho also reports visiting the site and seeing the 

instruments in a rounded, opaque sheath of ice, probably rime [Erho, 2002]. 

 

 

 
Figure 14 Instrument and Guy Wire Icing at Rumble Ridge  

(photo: Glenn Erho, BC Hydro) 

 

 Further evidence that icing loads at Rumble Ridge should not be ignored is seen 

in Figure 15. This NRG 50 m tower partially collapsed in January 2002, following an 

icing event. The exact nature of the event is unknown. Following installation of the tower 

the previous autumn, access to the site was impeded by poor weather and it was not 

possible to properly tension all the tower’s guy wires. This probably contributed to the 

tower failure [Erho, 2002]. 



 

 

Rumble Ridge Turbine Icing  20 

 Figure 15 is also interesting for two other details. First, the right hand side of the 

tower appears to have some form of accretion, probably wet snow. While the white 

patches visible there could be rime, a rime event causing that much accumulation on the 

tower, which has a relatively large diameter, would probably result in icing of the guy 

wires much more prominent than seen here. Second, the ice and snow accumulation seen 

in the trees is not especially significant: the trees are not encased in a solid block as is 

typical of sites where rime occurs and temperatures stay low. This is evidence that 

maximum ice loads may not be especially high.  

 Finally, the hypothesis that high humidity levels will lead to icing during a high 

percentage of the time that site temperatures are below freezing can be given a 

preliminary test by simply comparing the BC Hydro’s figures for sensor down-time on 

the site and “freezing fraction”, the average percentage of the time Port Hardy radiosonde 

measurements are below freezing at 800 m (see Table 1). With the exception of 

November and April, this data suggests that whenever site temperatures drop below 

freezing, some form of icing will have accreted on the instruments. Evidently, this is a 

very crude verification of the hypothesis—it does not differentiate between times when 

icing is occurring and times when icing is not occurring but previous accretion has not 

been melted off—and it will be investigated with more precision in the Quantitative 

Analysis. 

 

 

 
Figure 15 Ice Accretion Causing Significant Loads to a Meteorological  

Tower on Rumble Ridge (photo: BC Hydro) 
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 Port Hardy, 800 m % Missing Data % of below freezing 

time that ice is on 

instruments 
 Tair<0 50 m 

October 2% 0% 0% 

November 17 11 65 

December 39 43 >100 

January 37 51 >100 

February 40 N/A N/A 

March 34 34 100 

April 14 12 86 

May 3 0.6 20 

Table 1 Crude Estimate of % of Time that Site Temperatures Below Freezing  

Coincide with Ice on Instruments 

 

5 Quantitative Assessment of Icing Conditions at Rumble Ridge 
 

In addition to the qualitative analysis presented in the previous section, the icing 

conditions likely to be encountered at Rumble Ridge have been investigated using 

meteorological data. First, the data measured at the site over the winter of 2001 to 2002 

were used to determine how often icing occurred during this period. Then temperature 

data from Rumble Ridge was compared with 800 m radiosonde data from Port Hardy to 

determine the validity of using the radiosonde data to estimate conditions at Rumble 

Ridge. This comparison was also conducted for ground station data from Tofino, 

transformed to account for changes in elevation. The validity of using the radiosonde data 

was further investigated by comparing observed icing events during October 2001 

through February 2002 with events predicted on the basis of the radiosonde data. Then 

the radiosonde data was used to predict icing events over the twelve-year period of 1990 

through 2002. Finally, the impact that these icing events would have on power production 

is estimated. 

A 50 m meteorological mast installed on Rumble Ridge in the autumn of 2001 

provided temperature, wind speed, and wind direction information. The data acquisition 

system recorded ten-minute averages and standard deviations for 30 m and 50 m wind 

speed and direction and near ground-level temperature until early February, when the 

tower, having partially collapsed in January, was lowered. A new tower was erected in 

late February, this time with wind speed measurements at 30, 40, and 50 m. 

Unfortunately, following late February, temperature measurements were no longer 

available.  

The original 30 and 50 m measurements were from unheated NRG Maximum 40 

three-cup anemometers and unheated NRG 200P wind vanes. The additional 30 and 50 m 

measurements were from heated Gill ultrasonic anemometers. These appeared to have 

some interface problems or calibration errors, however, and frequently gave spurious 

readings. The 40 m measurements were from an unheated RM Young propeller 

anemometer/vane (4 bladed drag device).  

Ice accretion on the NRG instruments was easy to detect from the monitored data. 

Typically, the first sign of icing would be a reduction in the standard deviation of one of 

the wind vanes, as it became stuck in place. Soon after that, a similar reduction in the 
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standard deviation of the anemometer readings would be observed; this would be 

accompanied by an abrupt drop in the measured wind speed, often to zero. In theory, 

these could be attributed to a decline in wind speed. In reality, one set of instruments 

would typically ice up before the other and the serious discrepancy between the measured 

wind speeds or directions at the two different levels served as a clear indication of icing. 

It is also possible that some icing occurred that was not detected, although the sensitivity 

of the NRG instruments to icing makes this improbable.  

Based on these observations, icing events were divided into three classes. In the 

first class, one of the instruments (typically a wind vane) shows some indication of icing. 

In the second class, both a wind vane and an anemometer show indications of icing. In 

the third class, both wind vanes and both anemometers were completely seized due to 

icing. 

The occurrence of these three icing classes is superimposed on a graph of 

measured site temperature in Figure 16 (the gap in the data series in February is due to 

the tower failure). Several very important aspects of the icing conditions at this site are 

revealed in this graph: 

1) The presence of ice on the instruments is nearly perfectly correlated with 

temperatures below 0ºC; that is, whenever temperatures drop below freezing at 

the site, there appears to be sufficient humidity (or more properly, supercooled 

water droplets) to cause ice accumulation. This is more easily seen in Figure 17, 

which shows data for November and December only. 

2) Temperatures rarely drop much below 0ºC, with most periods when ice is present 

being above –3ºC. 

3) Ice accretion appears to occur very frequently. If it is assumed that all transitions 

from a lower to a higher class of icing are associated with an ice accretion event, 

then it can be seen that accretion occurs very frequently during sub-freezing 

periods.  

 

In Figure 16, periods when there is ice on the instruments at temperatures below  

–3 ºC are indicated as possible rime icing events. The use of –3ºC as the transition from 

glaze to rime is quite arbitrary (e.g., Kimura et al. use –8ºC in [Kimura et al. , 2000]) but 

not unrealistic. These “rime” periods can be considered periods of more serious impact: 

more complex and rough profiles are likely to accrete at these temperatures, and 

accretions are likely to persist on the blade much longer. 
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Figure 16 Presence of Ice on Instruments at Rumble Ridge  

(October 2001 through February 2002) 
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Figure 17 Presence of Ice on Instruments at Rumble Ridge  

(November and December 2001) 

 

 Figure 18 shows the same analysis for the period of March through May 2002. 

Temperature data is not available for this period, but the output of the RM Young 

anemometer and one of the Gill anemometers are included. It can be seen that only on 

several occasions does the RM Young anemometer show a significant reduction in wind 

speed that can be attributed to icing of the anemometer. This supports the observation, 
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made elsewhere, that the RM Young device is less sensitive to ice than 3 cup designs, but 

it also calls into question the severity of the icing at Rumble Ridge: if the RM Young is 

not brought to a complete standstill, would the ice that has accreted much affect a wind 

turbine? This question cannot be readily answered. 
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Figure 18 Presence of Ice on Instruments at Rumble Ridge (March through May, 2002) 

 

 The occurrence of these three classes of icing is summarized in Table 2, below. In 

December and January, the fraction of the month when there was some ice present on the 

instruments is within 2.1 percentage points of the fraction of the month when 

temperatures were below 0ºC. During the autumn the correspondence between icing and 

temperature appears less strong. It should also be noted that all NRG instruments are 

fully seized about half the time that there is some form of ice present on the instruments. 

 

 % of time 

with 

T<=0ºC 

Ice 

Present 

Ice on at 

least a vane 

and an 

anemometer 

All NRG 

instruments 

completely 

seized 

RM Young 

anemometer 

seized 

September ‘01 0 0 0 0 n/a 

October ‘01 3.5% 2.1% 0 0 n/a 

November ‘01 27.8% 19.0% 16.7% 9.3% n/a 

December ‘01 53.8% 51.7% 46.1% 27.4% n/a 

January ‘02 55.5% 54.3% 49.2% 21.6% n/a 

February ‘02* n/a 43.0% 19.5% 1.3% n/a 

March ‘02 n/a 46.0% 33.0% 19.4% 3.5% 

April ‘02 n/a 22.6% 12.5% 7.4% 1.2% 

May ‘02 n/a 2.4% 0.8% 0.4% 0 

*Little data available for February; results are therefore less representative 

Table 2 Measured Occurrence of Icing during Winter 2001-2002 
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 The monitored data from the winter of 2001 through 2002 is a relatively short 

record on which to base conclusions about the occurrence of icing at the site. While 

radiosonde data at a height of 800 m is available for Port Hardy, the applicability of this 

data to Rumble Ridge must be investigated. Since temperature appears to be the most 

important determinant of icing at the site, the Rumble Ridge monitored temperature is 

compared with the radiosonde data for the autumn and winter of 2001 and 2002 in Figure 

19. It is clear that the two are very strongly correlated. The site data, recorded on a ten-

minute time basis, clearly shows more high frequency variability than the radiosonde 

data, recorded once at midnight and once at noon, but the trend of the two is very close. 
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Figure 19 Temperature: Rumble Ridge versus 800 m Radiosonde from Port Hardy 

 

 Since the duration of icing events is often on the order of minutes to hours [Craig 

et al., 1995], the use of radiosonde data recorded once every 12 hours is somewhat less 

than ideal. It would be preferable to use hourly observations, such as are available from 

the Tofino and Port Hardy ground stations. In Figure 20, temperature and humidity data 

from Tofino has been used to estimate the temperature at Rumble Ridge. The temperature 

has been lowered according to the dry adiabatic lapse rate until the lifting condensation 

level is reached; then the pseudoadiabatic lapse rate has been calculated and used to 

estimate the temperature at 800 m. Clearly the correlation between this transformed 

Tofino data and site measurements is not as good as that for the radiosonde data. This 

transformation was also tried for Port Hardy data, with similar unsatisfactory results. 

 One interesting outcome of this exercise was that it confirmed that the lifting 

condensation level is generally well below the elevation of the site. This means that as the 

air rises to get over Rumble Ridge, it will start condensing at a level well below that of 

the site. This is a necessary condition for the presence of supercooled water droplets at 

the site, and supports the conclusion that temperature, and not humidity, is the critical 

parameter governing ice accretion at the site. 
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Figure 20 Temperature: Rumble Ridge versus Transformed Tofino Data 

 

 Since the radiosonde data appeared to be the most closely correlated to the site 

measurements, the next step was to see whether it could be used to estimate ice accretion 

at the site. For the purposes of this estimation, an imaginary icing scale was used; “units” 

of accumulation were added or subtracted from the existing accumulation based on the 

conditions every 12 hours. On this scale, zero corresponds to no ice. The following 

criteria for ice accretion were established: 

1) If the dry bulb temperature is greater than 0.5ºC, all accumulation melts off. 

2) If the dry bulb temperature is less than 0.5ºC and within 3ºC of the dew point 

temperature, one unit of accumulation is added to what existed at the beginning of 

the period, to a maximum of 5 units. 

3) If the dry bulb temperature is less than 0.5ºC but not within 3ºC of the dew point 

temperature, one-half unit of accumulation is subtracted from what existed at the 

beginning of the period, to account for losses by sublimation and shedding. 

While such criteria appear very rudimentary and somewhat artificial, it is not possible to 

do more given the data available for the site. In any case, the use of such criteria is 

common practice (e.g., see [Kimura et al., 2000] and [Kolomeychuk et al., 1988]). The 

use of 0.5ºC as the temperature at which accretion begins reflects the 12 hour time base 

of the radiosonde data: if the temperature is measured at 0.5ºC, it is highly probable that 

during the past 12 hours it dropped below 0ºC, permitting icing to occur. It was observed 

that this fit the measured occurrence of icing better than a strict 0ºC criterion. 

 For the winter of 2001-2002, the icing predicted from the application of the above 

criteria to the radiosonde data is compared with that observed at the site in Figure 21. The 

method predicts all but three of the icing events with no serious false positive predictions. 

In general, this reflects the good correlation between the temperature data for the site and 

the temperature data from the radiosonde. 
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Figure 21 Presence of Ice on Instruments: Radiosonde predictions 

versus site observations 

 

 The fraction of each month during which some form of ice will be present on the 

instruments can be estimated using the above criteria. This is compared with the observed 

fraction for the winter of 2001 and 2002 in Figure 22. Although there is insufficient data 

(only October through January) for a proper comparison, it appears that the above criteria 

used with the radiosonde data are quite accurate in their predictions of icing. Only in the 

month of December (when it underestimates the iced fraction of the month by about 6 

percentage points) is the radiosonde data off by more than one percentage point.  
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Figure 22 Fraction of the Month when Ice is Present on the Instruments 
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 The criteria have been applied to the radiosonde data from January 1990 through 

January 2002 to get an estimate of the long-term average fraction of each month when ice 

would be present on the instruments. This is also shown in Figure 22. According to this 

analysis, the winter of 2001/2002 was especially bad for icing: on average, ice would be 

present only about three-quarters of the time it was present in 2001/2002. 

 The radiosonde data can also be used to estimate the fraction of the month during 

which ice will be actively accreting (as opposed to merely present). There is yet more 

uncertainty associated with this estimate, since to predict this, humidity levels must be 1) 

predicted accurately, and 2) be very strongly correlated to the presence of liquid water 

droplets. Nevertheless, the estimate of the fraction of the month during which ice is 

accreting (based on 1990 to 2002 radiosonde data) is shown in Figure 23. For comparison 

purposes, the long-term average fraction of the month during which ice is present is also 

shown.  
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Figure 23 Fraction of the Month during Which Ice is Accreting 

 

 The presence of rime ice can also be estimated by adding a further criterion: if 

accretion occurs at temperatures below –3ºC, it is assumed to be rime; above this, it is 

assumed to be glaze. The results of applying this additional criterion to the 1990-2002 

radiosonde data are shown in Figure 24; once again, for comparison purposes, the long-

term average fraction of the month during which ice is present is also shown.  

 Section 2 of this report suggested that a single temperature criterion cannot be 

used to differentiate between rime and glaze accretion, making the results of Figure 24 

somewhat suspect. What can be said with more certainty, however, is that the problems 

associated with accretions at temperatures below –3ºC are likely to be more severe. The 

ice will adhere better, the profile of the accretion is more likely to incur aerodynamic 

penalties, and fraction of the impinging water that actual freezes onto the blade will be 
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higher. Thus, even if the accretion is not rime, Figure 24 shows the fraction of the time 

when accretions are most likely to be problematic. 
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Figure 24 Fraction of the Month when Rime is Present 

 

 To translate the above estimates of icing into estimates of turbine production 

losses, information about the wind resource at the site is also required. In order to 

investigate whether radiosonde measurements of the wind speed can be used to estimate 

the wind speed at Rumble Ridge, the two are compared for the autumn and winter of 

2001/2002 in Figure 25. In order to eliminate bias caused by the presence of ice on the 

instruments, measurements during icing periods have been eliminated; similarly, wind 

measurements during predicted periods of icing in the radiosonde data have also been 

eliminated. In general, the two estimates of wind speed are quite close, except during 

September and February. It must be noted, however, that the data for both these months 

are very incomplete. To the extent that a mere four months can be used to establish a 

representative long-term correlation between monthly average wind speed measured at 

the site and by the radiosonde, the radiosonde data can be used to estimate the site wind 

speed.  
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Figure 25 Average Monthly Wind Speed 

 

 Another question that must be posed is whether wind speed is strongly correlated 

with icing. If, for example, icing occurs during low wind periods only, then it is not 

especially troubling. In order to determine whether icing and wind speed are correlated, 

the average monthly wind speed, taken from 1990-2002 radiosonde data, both with and 

without icing, are shown in Figure 26. During the winter months, the ice-free 

measurements show slightly higher wind speeds, but not to the point that one would 

suspect low wind speeds during periods of icing. It should be noted that the winter 

months, when icing may occur, are very clearly the months when the potential for power 

production will be the greatest.  

 A secondary, but nevertheless very interesting conclusion that can be drawn from 

Figure 26 is that the wind speed during the monitored period of September through 

February is considerably above average for those months. The validity of this conclusion 

is contingent upon the hypothesized correlation between radiosonde and site wind speeds 

being representative, and furthermore on the radiosonde data from period 1990 through 

2002 being good.  
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Figure 26 Average Monthly Wind Speed 

 

 These radiosonde estimates of the average monthly wind speed can be combined 

with various estimates of the average icing losses during each month to arrive at 

estimates of the power production losses, as summarized in Table 3. Assuming a 

Rayleigh distribution and the power curve for a commercially available 1 MW turbine, 

the average annual electrical production per m
2
 of swept area has been estimated using 

the RETScreen software tool. The average annual wind speed has been estimated at 7.0 

m/s based on the radiosonde data; this translates into an average annual electrical 

production of 1060 kWh/m
2
—assuming there are no icing losses. Icing losses can be 

accounted for by lowering the average wind speed such that when ice is present the 

“utilisable” wind speed is zero. 

 If we look at the worst-case scenario of any icing causing turbine shut down, 

electrical production losses will be about 20% of the annual production. This is clearly an 

upper limit. If we instead assume that ice sheds from the turbine soon after accretion, 

such that only during accretion would losses occur, an estimate of 14% of annual 

production results. If we assume that only the “rime” ice accretions (i.e., with the 

criterion of temperature less than –3ºC), the estimate of losses is reduced to 6%.   

 

Scenario Utilisable 

Average 

Annual 

Wind Speed 

(m/s) 

Average 

Annual 

Electrical 

Production 

(kWh/m
2
) 

Time 

Turbine 

not 

Operating 

(%) 

Electrical 

Production 

Losses 

(%) 

No Icing losses 7.0 1060 0 0 

Any Icing causes 100% Losses 5.7 850 15 20 

100% losses whenever accreting 6.1 910 11 14 

Rime causes 100% losses 6.6 990 5 6 

Table 3 Estimate of Electrical Production Losses 
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 Because these estimates all assume 100% losses when ice is on the turbine, they 

are probably quite unrealistic unless vibrations, warranty, or power curve discrepancies 

force the turbine to shut down. If, for example, rime causes 50% losses and other forms 

of icing cause 25% losses, the total production losses will be around 6.5% of annual 

energy production. 

 It is possible to apply power curves modified for aerodynamic losses caused by 

icing, such as the curves in Section 2, to estimate actual production losses (e.g., in 

[Kimura et al., 2000]). Unfortunately, there is sufficient uncertainty about the exact 

nature of the accretion that will be occurring at Rumble Ridge that this analysis would 

not rest on a sound theoretical foundation. Using radiosonde data, we have measurements 

only once every twelve hours; since icing events may last only a few minutes or hours, 

analysis of this data is likely to miss certain events, and therefore cannot be used to 

estimate the total accumulated accretion on the blade. Furthermore, knowing temperature 

on only a 12 hour time basis does not permit identification of short-duration temperature 

excursions above freezing that would melt off existing ice. In order to estimate the shape 

and size of the accretion, the liquid water content and mean volume diameter of the 

droplets in the air at the site would also need to be known. This is especially important 

here, since temperatures are typically so close to freezing that the liquid water content is 

likely to be an important determinant of the freezing fraction and whether the accretion is 

a smooth carapace of pure glaze or a rough, complex mass of mixed ice. Finally, since 

most turbine icing studies have addressed the problem of rime at very low temperatures, 

assumptions about accretion and shedding made elsewhere may not apply here, where 

wet growth at temperatures near freezing—and consequent shedding due to poor 

adhesion—will be the norm.  

At present, what can be said with some certainty is that losses will be less than 

20% and are most likely to lie in the range of 5 to 10% (although this will depend on 

turbine shut down error conditions and power regulation method). 

 

 The same factors that make it difficult to predict the exact level of ice 

accumulation on the blades also make it difficult to estimate loads. It has been 

determined that wet growth is likely to be the dominant form of accretion and that the 

adhesion of the accretions will often be weakened by temperatures near 0ºC. This 

suggests that shedding will occur before very significant accretions can accumulate, 

especially when the turbine is operating: centrifugal, bending, vibratory, and 

aerodynamic forces will tend to cause stress in excess of the adhesive shear strength of 

the ice. Blade flexure will be especially effective at removing glaze at temperatures above 

-3 ºC [Kruse, 2002]. Thus typical icing loads should not be especially high. 

 On the other hand, the high frequency of icing whenever temperature does drop 

below zero suggests that the turbine will often be operating with ice on the blades 

(assuming it is not shut down whenever icing occurs). Given that both accretion and 

shedding will be frequent, there is a good likelihood that asymmetric icing conditions will 

also occur frequently. This will accelerate fatigue due to aerodynamic and mass 

imbalances. This effect is likely to be more severe than at most cold-climate sites, where 

icing is less frequent, but not perhaps as severe as colder, higher mountainous sites, 

where long-lived rime accumulations may cause more serious aerodynamic imbalances.  
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 Based on the quantitative analysis done above, it can be expected that the turbine 

will be operating with at least a small amount of ice on the blades on average 10 to 15% 

of the time. More serious accretions, likely to lead to aerodynamic or mass imbalances, 

are unlikely to occur more than 5% of the time.  

 It is important to note that an aerodynamic or mass imbalance significant enough 

to cause accelerated fatigue would also tend to substantially reduce the power production 

of the turbine. This will diminish the power loss penalty associated with shutting down 

the turbine during times of accelerated fatigue. Conversely, shutting down the turbine 

during periods when power output is low due to ice accretion on the blades will reduce 

fatigue.  

 

 The issue of safety is much easier to quantify than the issues of power production 

and loads. About 11% of the time ice will be accreting on the blades. Regardless of 

whether it is rime or glaze, aerodynamically significant or not, asymmetric or symmetric, 

etc., this ice will also be removed from the blade at some point. The high humidity levels 

at the site suggest that sublimation losses will be low; the near-zero temperatures at the 

site suggest that shedding will be frequent. Thus about 11 to 15% of the time there will be 

a significant danger of falling ice in the vicinity of the wind farm, especially when it is 

operating.  

 

6 Comparison with Other Sites  
 

Among all the wind turbine sites world wide, the combination of climate and 

topography at the Rumble Ridge site is quite unique. Located on a west coast at a mid-

latitude, the site experiences very high humidity and a relatively mild, maritime climate. 

The ridge, 800 m above sea level, has a high potential for in-cloud icing events. Most of 

the world’s turbines that are installed where icing may occur are in continental climates 

where both temperature and humidity is much lower; turbines that are installed on 

western coasts tend to be at much lower altitudes, greatly decreasing the probability of in-

cloud icing.  Thus it is difficult to find valid comparisons with other existing wind parks. 

 If such turbines were to be found, they would be at coastal hill or mountain sites 

in Norway, Iceland, Ireland, the United Kingdom, Washington State, B.C., Alaska, 

western Newfoundland, southern Chile, and New Zealand (and possibly Oregon, the west 

coast of Japan and Korea, and the northwest part of the Iberian Peninsula). The site 

would have to be at least several hundred meters elevation above its surroundings, to 

permit supercooling to occur. From this list, it can be seen that there are few wind 

turbines in a comparable climate. 

 Thus comparisons can only be made with turbines in climates quite distinct from 

that of Rumble Ridge. Of greatest interest are inland mountainous sites; like Rumble 

Ridge these will be prone to icing by supercooled water droplets, although due to colder 

temperatures the resulting accretions will tend to be soft and hard rime, rather than glaze 

and hard rime. These sites are unlikely to experience much wet snow accretion, due to 

lower temperatures. This group includes turbines in the Alps, the fells of Finland and 

Sweden, the Appalachians of Vermont, and the higher mountainous areas of 

Mediterranean Italy.  
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On the other hand, experiences in cold low-lying areas are of little relevance. 

Compared to Rumble Ridge, these experience little in-cloud icing and glaze tends to be 

caused by freezing rain. Frequency, severity, and type of accretion are different. At these 

sites, extreme cold temperatures and large seasonal swings in air density are the principal 

concerns; these are not relevant to Rumble Ridge. Installations in the Gaspésie, Pincher 

Creek, Minnesota, Iowa and similar sites operate in conditions quite unlike this site. 

 Relevant aspects of turbine operation at other icing sites include: 

1) Comparable loads: Turbines in alpine regions of the Alps and in the fells of 

Sweden and Finland regularly experience significant accretions of rime ice. 

Furthermore, the cold temperatures at these sites sometimes prevent accretions 

from fully melting off before new accretions form. These accretions create static 

and dynamic loads at least as great as those that are likely to be experienced at 

Rumble Ridge. While the rime accretions characteristic of these sites are less 

dense than the glaze and hard rime expected at Rumble Ridge, the can be very 

thick, leading to high mass loadings. Furthermore, dynamic loads due to 

aerodynamic imbalances caused by these accretions may be worse than those that 

will be caused by smoother glaze accretion at Rumble Ridge. Thus conclusions 

about loads and fatigue for these turbines should be transferable to Rumble Ridge. 

2) Comparable losses: The power losses that will be observed at Rumble Ridge will 

be closer to those experienced at inland mountainous sites than low-lying cold 

climate sites. The key variable is not so much temperature—any temperature 

below freezing creates the possibility of icing—but the presence of supercooled 

water droplets. Turbines sited on ridges and mountains are more likely to operate 

in cloud (supercooled water droplets) than low-lying turbines, which may only 

occasionally encounter a freezing fog or very low cloud. Unfortunately, icing is 

dependent on too many site-specific factors for the losses at Rumble Ridge to be 

accurately predicted on the basis of experiences at other mountainous sites. In 

particular, the two aspects of the icing conditions at Rumble Ridge that 

complicate this comparison are 1) the higher probability of glaze as opposed to 

rime and 2) the higher temperatures, which will promote shedding.  

3) Comparable safety concerns: Dangers due to falling ice at sites experiencing large 

accumulations of rime, glaze or wet snow will be relevant to the Rumble Ridge 

site. 

4) Operational experiences: Experiences from other sites relating to turbine 

behavior, operation, and control during ice accretion are all relevant to Rumble 

Ridge. It must be noted, however, that operating and control strategies acceptable 

for a turbine that experiences infrequent icing may not be appropriate at Rumble 

Ridge. For example, a requirement to perform a manual inspection following an 

icing event may be reasonable for a site where icing events occur 2 or 3 times a 

year, but would be impracticable at Rumble Ridge.  

 

7 Implications of Icing for Equipment Procurement for Rumble Ridge 
 

The icing that will occur at the Rumble Ridge site will affect a number of aspects of 

turbine equipment selection. Regardless of whether or not an icing mitigation technology 

is used, the loads, hazards, and unusual operating conditions associated with icing will 
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need to be considered in the selection of the blade regulation method, the instruments, the 

turbine size, the type of tower, how the tower is accessed, and how the control system 

functions under icing conditions. 

 

7.1 Pitch Versus Stall Regulation 

 

The extent to which the modified aerodynamics of an iced turbine blade will affect 

electrical power production will be determined not only by the type of ice accretion, its 

thickness, and its location on the blade, but also on the turbine power regulation method. 

 There are two traditional approaches to turbine regulation, passive stall and active 

pitch regulation. Passive stall regulated blades are fixed to the hub at a pitch angle that is 

set at commissioning. As the meteorological wind speed increases, the effective angle of 

attack of the blade increases until flow around the suction side of the blade can no longer 

follow the contour of the blade, flow separation occurs, lift is reduced, the airfoil “stalls”, 

and passive power regulation is achieved. In contrast, pitch regulated machines adjust the 

pitch of the blade to match instantaneous conditions of wind speed and air density. At 

high wind speeds, the pitch is adjusted to reduce the angle of attack (“feathering”), 

thereby reducing lift (for more detailed information, see [Burton et al., 2001]). 

 Recently, several turbine manufacturers have migrated from passive to active stall 

regulation (e.g., Bonus Energy’s CombiStall, NEG Micon’s Active-Stall, and 

Turbowinds T-series). In general, the angle of attack for a turbine blade is higher near the 

root than the tip (which moves more quickly through the air), and therefore a blade does 

not stall all at once: rather, the region of the blade that is stalled grows outward from the 

root to the tip as the wind speed increases. In active stall regulation, the turbine output at 

high wind speeds is limited by pitching the blades slightly to increase the angle of attack, 

putting more of the blade into stall. Note that the direction of pitching is opposite to that 

used with active pitch control. 

 As discussed in Section 2, passive stall regulation is, in theory at least, more 

vulnerable to icing losses than either active pitch control or active stall control. These 

latter methods can maximize turbine power output by fine-tuning the pitch of the blade to 

suit its iced aerodynamic characteristics of lift and drag. This appears in the comparison 

of the power curves for iced pitch and stall regulated blades in Section 2.  

 It must be recognized, however, that pitch adjustments can reduce, but do not 

eliminate, losses due to icing. Kimura et al. use the iced power curves of Section 2 to 

estimate the power losses at a mountainous site in northern Finland that experiences 

severe rime icing. Losses during the period of January through April are found to be 

18.6% of the production of a clean turbine for the pitch regulated machine and 22.0% for 

the passive stall regulated turbine [Kimura et al., 2000]. In addition, while it is 

theoretically possible to minimize icing losses by pitch adjustment, real control systems 

may fall short of the ideal. 

 The ability to adjust the pitch has other icing-related advantages. As will be 

discussed in Section 7.6, Operating Procedures, one way to remove ice from the blades is 

to bring the turbine to an abrupt halt while rapidly adjusting the pitch. This induces 

flexing of the blades and inertial forces sufficient to encourage shedding [Kruse, 2002], 

[Wong, 2002], [Devas, 2002]. Being able to feather the blades (such that they are aligned 

with the wind) provides a way to reduce loads during periods of heavy ice accumulation 
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and strong winds. It also eliminates the need for tip brakes, which are difficult to protect 

from icing (see Section 7.7). 

 Apart from its vulnerability to ice accumulation, a potential problem with passive 

stall regulation is that large accretions of ice may actually raise the peak power of the 

turbine: at high angles the accretion may act as a leading edge flap, thereby increasing the 

airfoil lift and delaying stall [Jasinski et al., 1998]. While this cannot be counted on to 

improve wind turbine output, it certainly creates the danger of generator burn out and 

higher blade loads. It should be noted, however, that this problem has not been 

documented in the field, and is based on wind tunnel tests. 

 Like passive stall, pitch control has its pitfalls. While many pitch-controlled 

turbines have been successfully operated in icing environments, there have been reports 

of ice-induced unstable pitching activity on some turbines [Botta et al., 1998]. Ice on the 

blades can lead to rapid and drastic fluctuations in power output (especially under 

conditions of asymmetric accumulations). Pitch control is meant to limit power surges, so 

these reports seem intuitively plausible. In addition, ice accumulations can cause pitch-

controlled blades to stall; stall can induce serious vibrations. These are conditions for 

which pitch regulated turbines are not designed.  

 Active stall regulation may be better suited to the problems of icing than pitch 

regulation. Like pitch regulation, active stall can adjust the pitch to minimize icing losses. 

The pitch adjustments associated with active stall regulation, however, are much smaller 

and need be less rapid than those for pitch regulation, making unstable pitching less of a 

concern. Furthermore, should it transpire that unstable pitching is problematic, it may be 

possible to salvage the situation by fixing the pitch and operating the turbine as a passive 

stall machine during icing conditions (power cut out might have to be achieved by 

feathering the blades). Unlike pitch regulation, it is not a problem if icing causes the 

turbine to operate under conditions of stall—the turbine has been designed and built to 

accommodate this.  

 Most pitch and active stall regulation turbines can adjust the pitch on each of the 

blades independently. This may be very beneficial for operation under conditions of 

asymmetric icing, if the control system is able to detect the different aerodynamic 

performance of each blade and pitch it accordingly; this may be quite difficult to do, in 

reality. 

 Passive stall regulated machines have been observed to operate at abnormally 

high power levels, well above the rated power of the machine, at cold temperatures. For 

example, a Tacke 600 kW machine in Tiverton, Ontario, produced 950 kW when 

temperatures were around –20ºC. There are some indications that the higher density of air 

when it is cold is not sufficient to explain these power levels. Such occurrences can burn 

out generators and stress other components. [Leclerc and Masson, 2002]. Although not 

related to icing, these considerations are worth mentioning. 

 

Conclusions for Rumble Ridge:  

 

The turbines at Rumble Ridge are likely to be operating with some ice on their 

blades up to 15% of the time. This makes active stall and pitch regulation preferable to 

passive stall. All other factors being equal, active stall is slightly preferable to pitch 

control, since 1) active stall should be less prone to unstable pitching during icing, and 2) 
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the pitch control turbine may not be designed to operate under the conditions of stall 

induced by icing. 

 For either pitch regulation or active stall regulation, the turbine supplier should be 

able to provide assurances of the following (roughly in order of importance). 

1) The control system makes pitch adjustments to maximize power, and at a given 

wind speed it will permit pitch angles significantly different from the optimal 

angle for a clean airfoil.  

2) The control system is not vulnerable to unstable pitching activity. This can be 

shown through experience at a site where the turbine has operated through 

frequent and significant ice accretions (particularly rime). 

3) The blades can be fully feathered.  

4) The turbine can adjust the pitch of each blade independently to accommodate 

conditions of slightly asymmetric icing (i.e., asymmetry not so significant that 

imbalance would require turbine shutdown). 

 

7.2 Instruments 

 

For operation in an icing environment such as that of Rumble Ridge, the proper 

functioning of the wind vane and anemometer during icing events is absolutely crucial. 

Anemometers and wind vanes are extremely sensitive to ice accretion; even 1 to 2 mm of 

ice can seriously affect their output [Tammelin et al., 1998c]. The power production 

losses will probably approach the 20% maximum estimated in Section 5 if the turbines 

anemometers and vanes are as sensitive to icing as the NRG instruments currently used at 

the site. Extreme turbine yaw misalignment is liable to result when the wind vane ices up 

[Botta et al., 1998]; an iced anemometer may cause the turbine to shut down, not restart 

after a shut down, not cut out at dangerously high wind speeds, or operate with incorrect 

blade pitching.  

 It would seem that since reliable, ice-free instruments are so crucial, turbine 

manufacturers would have a good understanding of the problem and have developed 

solutions to it. Unfortunately, there are some indications that this is not the case. For 

example, one wind park operator states that at a mountainous site in Sweden intended to 

test three different 600 to 750 kW turbines under conditions of severe icing, two of the 

three turbine manufacturers “had chosen the wrong equipment for heated wind vanes and 

anemometers and had to replace and adjust them time after time and even today they are 

still not reliable” [Schönborg et al., 2000]. Given that the installation occurred relatively 

recently (in late 1998) and the two manufacturers were NEG Micon and Nordex, this 

report is somewhat troubling. 

 Anemometers and wind vanes are based on three different principles of operation 

[Makkonen et al., 2001b]. Rotational instruments rotate due to the wind drag on cups, 

vanes, or propeller blades. The NRG and RM Young instruments presently used at 

Rumble Ridge fall into this category. Pressure sensing or “solid-state” anemometers 

include no moving parts. Rather, they measure the pressure exerted by the wind on a drag 

sphere or cylinder, or through small holes similar to miniature pitot tubes. Sonic 

anemometers measure the time required for an ultrasonic pulse to travel from an emitter 

to a receiver. If several pairs of emitter and receivers are oriented in different directions, 
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the wind speed from any direction can be calculated by its measured components along 

the axes of the emitter/receiver pairs.  

 

Heated Rotational Instruments 

  

 Heating systems for rotational instruments have evolved since they were first 

developed in the early 1980’s. Early devices consisted of regular unheated instruments 

with radiant heaters in close proximity. For example, a regular three-cup anemometer 

would be heated from below by an electric stove-top heating element or from above and 

below by infra-red heat lamps. Besides being inelegant, these arrangements did not work 

under conditions of heavy icing: the instrument could not be kept ice free, and often the 

configuration was not aerodynamically optimal [Makkonen et al., 2001b]. In addition, 

heat lamps were reported to melt the Lexan cups of NRG Maximum #40 instruments and 

nacelle vibrations caused frequent heat lamp failures [Blittersdorf, 1998]. 

 Mention of these early approaches is not included here merely as an interesting 

historical anecdote. Enercon still offered as of 2001 a heating system utilizing three 

infrared bulbs. Bonus offers a radiant heating system for climates that suffer only light 

icing [Kruse, 2002]. Unless a manufacturer can provide very compelling evidence to the 

contrary, such systems should not be considered appropriate for serious icing conditions, 

however.  

  The second generation of heated instruments provided internal electrical heating 

of the bearings and connections. This heating melts the ice that can form inside an 

instrument following condensation in cool, humid conditions, but it is insufficient to 

prevent in-cloud icing on the external surfaces of the anemometers [Makkonen et al., 

2001b], [Tammelin et al., 1998c]. These devices are widely used on turbines located at 

lowland sites that encounter very infrequent icing, especially in Europe. Unfortunately, 

they are sometimes installed by turbine manufacturers at severe icing sites, such as 

Haeckel Hill in the Yukon, where they are inappropriate [Stiesdal et al., 1998]. 

 The third generation of heated instruments heat all essential instrument 

components, including the surfaces of the vanes and the cups. A thermostat maintains the 

temperature of the device above freezing by varying the output of a 70 to 1500 W heater. 

The heating power of these instruments is typically sufficient to prevent atmospheric 

icing. These include the NRG Ice Free II wind vane and anemometer, the Vaisala 

WAA25 and WAA252, the Thies Clima SK565, and the Hydro-Tech WS-3 and WD-3 

[Makkonen et al., 2001b].  

 These fully heated devices have been used successfully with wind turbines in 

icing environments. A Hydro-Tech device is used on the Bonus machine installed at 

Haeckel Hill [Stiesdal et al., 1998]. It has also served reliably at severe icing sites in 

Finland [Tammelin et al., 1996a] [Makkonen et al., 2001b].  The WAA25 generally 

works reliably at a test site in Northern Finland, but heating of the cups does not seem to 

be sufficient to always prevent icing [Tammelin et al., 1998c] [Tammelin et al., 2002]; it 

would probably be adequate for Rumble Ridge given the much higher site temperatures. 

The heating power of the NRG Ice Free II has also been proven sufficient in northern 

Finland [Tammelin et al., 1996a] and has been installed on numerous turbines [Bell, 

2002]. 
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 While these fully heated devices do remain ice-free, they have several 

weaknesses: 

1) Susceptibility to slope winds: It has been found that several of the fully heated 

anemometers give very erroneous readings when there is a vertical component to 

the wind that they are measuring [Makkonen et al., 2001b], [Tammelin et al., 

1996b]. Thus, a wind blowing up or down the slope of Rumble Ridge may be 

measured incorrectly. This appears to be especially problematic for cup 

anemometers that deviate from the classic design of a round cup on a slender arm 

extending outwards from the axis of rotation. 

Recent tests of the Hydro-Tech WS-3 anemometer show that it will 

overestimate upslope winds inclined at 10º to the horizontal by 15 to 20% 

[Tammelin et al., 1996b] [Makkonen et al., 2001b]. It fares slightly better with 

down slope winds. It should be noted that the off tilt response of this device is not 

as bad as was originally thought; early tests used too small a wind tunnel 

[Makkonen et al., 2001b]. The NRG Ice Free performs slightly better than the 

Hydro-Tech at wind speeds of 10 to 15 m/s, but at 5 m/s, it overestimates the 

horizontal wind speed by over 25 % when there is a 10º upslope wind. The 

Vaisala WAA25 is less susceptible to off-tilt errors, with about a 5% error for a 

10º upslope wind. 

2) High starting threshold wind speed: Some of the fully heated anemometers are 

heavy aluminium devices (e.g., the Hydro-Tech WS-3 is 5 kg) with the cups near 

the body (i.e., such that they generate little torque). As a consequence, they have 

high starting threshold wind speeds. The Hydro-Tech WS-3 does not start until 

the wind speed is greater than 2.2 m/s [Makkonen et al., 2001b]. According to the 

manufacturer, the Ice Free has a starting threshold of 1.1 m/s, but the Finnish 

Meteorological Institute indicates that in their wind tunnel the figure was 4 to 5 

m/s. In contrast, the light and more classically shaped Vaisala WAA25 starts 

below 0.5 m/s [Tammelin et al., 1996a]. 

3) High distance constant: The heavy weight of the Hydro-Tech and the NRG Ice 

Free anemometers also results in a high distance constant. This measurement, 

which reflects the responsiveness of the device to changes in the wind speed, is on 

the order of 1 to 3 m for most unheated anemometers. For the NRG Ice Free, it is 

7.6 m and for the Hydro-Tech WS-3 it is an incredible 58 m. In theory this should 

make these anemometers susceptible to dynamic overspeeding in turbulent flow. 

In practice, even the Hydro-Tech WS-3 does not appear to have a very severe 

problem in measuring mean wind speeds and gust speeds, although it may 

underestimate the turbulence intensity [Makkonen et al., 2001b]. 

4) Bearings: The NRG Ice Free II requires frequent bearing replacement; apparently 

this is necessary due to the particular exigencies of the heated bearing design. One 

user indicated that the bearings require replacement every 6 months to 1 year 

[Bell, 2002]. 

 

Do the above weaknesses make these sensors inappropriate for use with wind 

turbines? The answer depends on how the turbines make use of their sensors. If the 

turbine needs only a fairly rough indication of when to cut in and when to cut out, as with 

some passive or active stall regulated turbines, these issues are not critical, and an 
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anemometer such as the Hydro-Tech WS-3 or the NRG Ice Free can be used [Kruse, 

2002]. More accurate readings may be necessary for a pitch-controlled turbine if the wind 

speed serves as an input to the blade pitching control system; for these the Vaisala 

WAA25 may be preferable—or a sonic or solid state instrument may be required. On the 

other hand, given that the instruments are installed in the wake of the blades, the above 

weaknesses may not even be the dominant limitation on the accuracy of the wind speed 

measurement. 

It must be noted that the above weaknesses apply only to anemometers; the 

Hydro-Tech, NRG Ice Free and Vaisala WAV12/TILTU wind vanes are reported to 

operate very satisfactorily, even under conditions of severe icing [Tammelin et al., 

1996a] [Makkonen et al., 2001b]. 

 

Heated Solid State Instruments 

 

 The solid-state anemometers have no moving parts, facilitating anti-icing. A 

number of companies have manufactured these devices in ice-free configurations, 

including the Franklin Engineering Company, Metrex, Environmental Instruments and 

Rosemount Aerospace (part of Goodrich Sensors). The Rosemount 1774W is readily 

available from the manufacturer and has appeared in a number of tests recently. It is a 36 

cm high column, 3 cm in diameter, that is internally heated by a thermostatically 

controlled 370 Watt heater. Pressure measurements through small holes on the sides of 

the column are used to calculate resultant scalar wind speed and direction [Makkonen et 

al., 2001b]. 

 Two recent studies found that the Rosemount is able to function in very severe 

icing environments [Tammelin et al., 2002], [Makkonen et al., 2001b]. There is, however, 

some concern about its accuracy under field conditions. While Tammelin et al. mention 

no particular problems in the preliminary results that they report, Makkonen et al. found 

that the Rosemount device systematically underestimated the wind speed in the field by 

25 to 30% compared to a Hydro-Tech WS-3; the Hydro-Tech WS-3 was considered 

accurate since previous field comparisons have shown its output to correspond to that of 

other anemometers in non-icing conditions. The same researchers found that the same 

Rosemount operated with less than 3% error at all wind speeds in a wind tunnel. 

Makkonen et al. point out that another, completely independent study (i.e., [Ozawa et al., 

1996]) comparing the same devices found a similar discrepancy; furthermore the Metrex 

device, which operates on the same principle, has also been observed to significantly 

underestimate the wind speed compared to the Hydro-Tech (e.g., see [Krishnasamy et al., 

1991].  

Makkonen et al. hypothesized a number of reasons for this discrepancy but could 

not identify a definite culprit. Off-tilt errors of the Hydro-Tech do not appear sufficient to 

explain it. The Rosemount—and perhaps other solid-state sensors—may be especially 

sensitive to turbulent flow, low air temperatures, or barometric pressure. 

The direction sensing of the Rosemount, on the other hand, is reported to function 

very satisfactorily [Makkonen et al., 2001b].  

 

Sonic Instruments 
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 Heated ultrasonic anemometers are available from Gill Instruments, Theodore 

Friederich, Vaisala, Metek and Handar. Some of these devices measure just horizontal 

wind speed and direction, while others measure the vertical component of the wind as 

well (i.e., they are 3 dimensional devices). Generally speaking, the heating power of these 

devices is quite low—too low, in some cases, to ensure ice-free operation in severe 

conditions. For example, the Metek USA-1 was until recently the 3D device with the 

highest heating power but its 50 Watts of heating has been found insufficient for severe 

climates [Tammelin et al., 2002]. In another study, a Handar 425AH ultrasonic 

anemometer with heated transducers was found to ice up when installed on Haeckel Hill 

[Pinard, 1998].  

 In the wind tunnel, at least one ultrasonic device (the Metek) has been shown to 

have a directional sensitivity—the accuracy of the device varies about 5 percentage 

points depending on the direction of the wind. Another problem observed with the Metek 

was its apparent inability to measure wind speeds above 23 m/s; the researchers who 

observed this hypothesized that the ultrasonic pulses were being literally blown away 

from the device at these high wind speeds [Makkonen et al., 2001b]. 

In many studies there are references to ultrasonic anemometers returning error 

codes or erroneous readings with very high frequency, especially in icing environments. 

Operation of unheated sonic anemometers in icing conditions has shown that when ice 

accumulates on the transmitter/receivers, very erroneous readings result [Tammelin et al., 

1998c]. When heating is insufficient to protect the transducers from icing, ice-free 

ultrasonic devices will also give very erroneous readings [Pinard, 1998]. In a field test of 

the Metek, 51% of the 10 min average measurements were based on incomplete data, 

mostly due to rejection of the readings based on Metek’s internal data quality indication. 

This, too, may have been due to icing of the transducers [Makkonen et al., 2001b]. It is 

interesting that the heated Gill ultrasonic anemometers currently installed at Rumble 

Ridge frequently return error codes. 

The wind direction sensing of ultrasonic anemometers appears to be acceptable, at 

least during those periods when they are not returning error codes or erroneous speeds 

[Makkonen et al., 2001b].  

 

Calibration 

 

 The calibration of ice-free anemometers merits special attention. Heated rotational 

sensors tend to be quite large, so a wind tunnel with a large cross-sectional area is 

required to accurately calibrate them. If too small a tunnel is used, the blockage of the 

flow by the device itself will lead to errors. The relevant ASTM standard probably 

underestimates the size of the wind tunnel required; the cross-sectional area of the 

anemometer should be on the order of 1.5% of the cross-sectional area of the tunnel 

[Makkonen et al., 2001b]. 

 The factory calibration of some anemometers has been found to be in error. In 

particular, the Hydro-Tech WS-3 has been found to have a nonlinear calibration curve, 

especially at low wind speeds. The Metek USA-1 factory calibration was found to result 

in a 3.5% overestimate of the wind speed [Makkonen et al., 2001b]. 

 

Mounting 
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 Even a heated anemometer will give erroneous readings if the surfaces around it 

build up sufficient ice that they obstruct the flow. Unheated surfaces can build a bridge of 

ice between them that may completely shield the device. Furthermore, some heated 

anemometers do not provide heating for the entire instrument—for example, for an 

ultrasonic device heating may be limited to the transducers. The unheated parts of the 

anemometer may also accumulate ice and seriously obstruct the flow.  

 If the instruments are mounted just above the surface of the nacelle, a heavy, wet 

snowfall could cover the instruments [Durstewitz, 1996]. This would be unlikely to occur 

during turbine operation, but might arise if the snow fell in still air conditions.  

 Of particular concern for nacelle-mounted instruments is the lightning cage. A 

metal loop or several interconnected thin metal columns will typically protect the 

instruments from electro-static discharge. Such structures of thin elements are 

particularly prone to icing, however. This structure should be designed to minimize the 

likelihood of bridging ice, and consideration should be given to heating the lightning 

cage. 

 

Conclusions for Rumble Ridge 

 

 Turbine suppliers will be familiar with certain types of instruments that they will 

propose for Rumble Ridge. Based on past installations where inappropriate instruments 

were installed, BC Hydro should very carefully evaluate the equipment that turbine 

manufacturer intends to use, and extract assurances that the equipment functions well in a 

severe icing environment. The consequences of a poor choice of instruments will be 

significant lost production and bouts of off-design operation. 

 Only devices that heat all exposed devices are acceptable. Bearing heating is 

insufficient and externally mounted radiant heating devices should be viewed skeptically 

unless the manufacturer can provide evidence of a long-term record of successful 

operation in a severe icing environment.  

 All fully heated directional sensors appear to be sufficiently accurate as long as 

the heating keeps the device ice-free and the device does not have a propensity to output 

error codes. 

 The heated rotational devices will inaccurately estimate the wind speed at those 

locations on Rumble Ridge where there is a vertical component to the wind, especially 

when the flow is up the slope.  The Hydro-Tech WS-3 and NRG Ice Free II are 

particularly poor in this respect. The Vaisala WAA25 performs better than these two 

anemometers in the above respects, but unfortunately its heating may not keep it ice-free 

during severe icing at the lowest temperatures that Rumble Ridge would experience.

 The above devices would be acceptable for a turbine that requires wind speed 

measurements only to determine when to cut in and cut out, although some production 

could be lost due to premature cut out when upslope winds were significantly 

overestimated. 

 Assuming that up slope winds will be significant at Rumble Ridge, an ultrasonic 

device should be considered for turbines requiring more accurate measurements of the 

wind speed; in any case, a number of turbine manufacturers use ultrasonic devices 

exclusively. For these devices, it should be verified that the heating power of the device 
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is sufficient to keep it ice-free at Rumble Ridge. The transducer supports, not just the 

transducer heads, should be heated.  

 Ideally, prior to the development of a wind park at Rumble Ridge, the vertical 

component of the wind would be measured at several representative locations. At the 

same time, any proposed ultrasonic instrument (or the Vaisala WAA25) would be field 

tested to determine its ability to remain ice free under the conditions of the site.  

 The lightning protection around the instruments should be given special scrutiny 

to ensure that it will not accumulate ice that will obstruct the airflow. The lightning 

hazard at Rumble Ridge is low [McColler, 2002], whereas the ice accumulation hazard is 

high. The possibility of a heavy snowfall building up from the nacelle and covering over 

the instruments should also be avoided. 

 

7.3 Blade Size and Surface 

 

The size of the blade will affect its performance in an icing environment in several 

ways. Unfortunately, bigger blades have certain advantages and smaller blades have other 

advantages, and it is difficult to conclude where the overall optimum is found. 

As blades get larger, their mass increases roughly in proportion to the cube of their 

length. As a consequence, for small blades aerodynamic loads dominate, while for rotors 

larger than 60 to 80 m in diameter, blade weight is the principal determinant of the blade 

design load.  

This has led some to speculate that for turbines greater than 1 to 2 MW the 

additional mass of any ice on the blade would necessitate turbine shut down. This is true 

only if the extreme load, rather than fatigue, determines blade design. Operation with 

some ice on the blade would accelerate fatigue, but perhaps not drastically.   

Another potential disadvantage of larger blades is that they have been tested at 

fewer sites experiencing icing. Blades for 600 to 750 kW turbines have been used 

successfully at a number of sites experiencing icing.  

On the other hand, larger blades have significant advantages. First, because large 

airfoils will affect the upstream airflow more than small airfoils, they are likely to 

intercept fewer water or snow particles. Therefore ice accretion, relative to the size of the 

blade, will be decreased. Second, the mass of the ice accretion will be a smaller fraction 

of the total mass of the blade when a larger blade is used. This may make larger turbines 

less susceptible to mass, and perhaps aerodynamic, imbalance. Third, larger blades tend 

to flex more than smaller blades, which will encourage shedding of glaze. Fourth, as 

blade size increases, the output of the turbine will increase faster than the surface area of 

the blades that is likely to accumulate ice. The power required by a leading edge heater 

will consequently decrease as a fraction of the total output of the machine. 

 Regardless of the size of the machine, the surface of the blade must be able to 

withstand the impact of blowing snow and ice particles. Mitsubishi indicates that at sites 

where ice particles will fall they cover the leading edges of their blades with a special 

tape to protect them from impact erosion [Devas, 2002]. 

 The strength of ice adhesion to the blade surface will affect how easily ice sheds 

from it. Blade surfaces with low ice adhesion properties are to be favoured. Note that ice 

adhesion properties can be at least roughly gauged by the contact angle of water on the 

surface. 
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Conclusions for Rumble Ridge 

 

 It is not clear whether larger or smaller blades are more appropriate for an icing 

environment such as Rumble Ridge. If the turbine manufacturer indicates that fatigue 

loads, and not extreme loads, determine their blade design, then there may be preference 

for larger blades. This preference will be strengthened if the blade has already been 

successfully used in an icing environment and/or the leading edge of the blade will be 

heated. 

 The turbine manufacturer should be able to provide assurances that the blade 

surface will not be damaged or eroded by impacts with small ice particles.  

 

7.4 Tower & Nacelle 

 

There are several minor considerations related to the nacelle and the tower of 

wind turbine installed in an icing environment.  

First, large diameter tubular towers are strongly preferred to lattice towers. The 

majority of air-bound water and snow particles will flow around a large cylindrical tower, 

but will intercept a lattice tower and result in significant ice loads. 

Second, components exposed to humid air must not be in danger of freezing. For 

example, the yaw brakes should not freeze, as was reported at one installation in 

Germany [Durstewitz, 1996].  

Third, any air intakes or cooling radiator inlets must not be in danger of being 

obstructed by ice. While a radiator may be warm enough to prevent accretion on its 

surface, it is not inconceivable that a shield of ice would form in front of it, though not in 

thermal contact.  

Turbine manufacturers who have installed turbines in icing environments should 

have acquired the experience necessary to evaluate whether the above concerns will lead 

to problems on their machines. 

 

7.5 Turbine Access 

 

There will be considerable risk from ice falling from the turbines at Rumble 

Ridge. During and following icing events (i.e., when temperatures are below, say, 2ºC), 

access to the area within approximately 300 m of the turbines should be restricted. Down 

wind and down slope from the turbines, this safety zone may need to be enlarged. 

In order to protect operators as they approach the turbine, it may be necessary to 

install a reinforced roof above the door in the tower. The roof should extend out several 

meters from the tower, to minimize danger associated with ice falling from the tower 

itself.  

 

7.6 Operating Procedures 

 

The extent to which icing will affect turbine power losses and operating costs may be 

strongly influenced by the operating procedures that are mandated or permitted by turbine 
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manufacturer. Thus, these operating procedures should be included in an evaluation of 

the suitability of a turbine to the conditions of Rumble Ridge.  

 Given the frequency of icing at Rumble Ridge, it is of primary importance that the 

manufacturer respects its equipment warranty even if the turbine is regularly operated 

with ice accumulation on the blades. Furthermore, the machine should operate (and 

remain under warranty) even when the aerodynamic losses caused by ice accumulation 

diminish the power output of the turbine well below the output of a clean turbine at the 

same wind speed. For example, the Vestas machines shut down when the power output 

falls below a fairly high fraction of the clean power curve. This will result in significant 

losses at Rumble Ridge. While Vestas is willing to lower the threshold at which shut 

down occurs, they appear unwilling to respect all aspects of their warranty if this is done. 

 Since the turbine will be operating through icing events, the control system needs 

to be able to differentiate between light icing events, which merely reduce power output, 

and serious ice loads, which will accelerate turbine ageing. Referring to Section 3, there 

are two conditions that should be detected and lead to turbine shut down: ice-induced 

vibrations and heavy icing. Following a turbine shutdown due to icing, automatic or 

remote restart should be possible. The turbine manufacturer should also permit occasional 

“blade braking” as a method to remove ice from the blades. 

 

Icing-Induced Vibration Detection and Shutdown 

 

The turbine should shut down when asymmetric ice accumulation leads to mass or 

aerodynamic imbalance. For example, a rotor with a rotational speed of 20 RPM and one 

blade with less ice than the other two might cause the whole nacelle to sway in a cycle 

taking 3 seconds. As discussed in Section 3, several studies have indicated that such 

imbalances can accelerate fatigue by an order of magnitude. Yet turbine manufacturers 

and operators report that icing-induced vibrations are rarely or never responsible for 

turbine shut down. This suggests that 1) vibrations due to icing are not nearly as severe 

with large, modern turbines as with the smaller turbines discussed in Section 3; 2) the 

threshold at which vibration sensors trigger machine shut down is quite high; and/or 3) 

the sensors are not particularly sensitive to vibrations at the frequency of the rotor 

rotation or the blade passing frequency (i.e., 0.3 to 2 Hz for modern, large machines).  

All turbines have vibration sensors, but it is not clear that these sensors will be 

appropriate for detecting the types of vibrations that will arise due to imbalanced icing. 

For example, sensors on the gearbox may be sensitive only to higher frequencies or 

vibrations local to the gearbox itself. Vibrations sensors such as the widely used ball-on-

ring sensor shown in Figure 27 are meant to detect major structural failure, and might 

require nacelle motion more extreme than that generated by icing. 

 



 

 

Rumble Ridge Turbine Icing  46 

 
Figure 27 Ball-on-Ring Vibration Sensor: vibrations knock the ball off  

the ring, and the weight of the ball activates the switch  

(Photo copyright 1998 Soren Krohn, www.windpower.org/tour/wtrb/safety.htm) 

 

 It may be possible to detect vibrations by monitoring the turbine dynamics. For 

example, measuring the square of the rotational acceleration of the main shaft might be 

sufficient to identify imbalance and thus qualify as an “ice vibration sensor” 

 Ideally, the turbine would have a vibration sensor sensitive to the frequency and 

amplitude of icing induced vibrations that would trip at a level below that at which they 

caused significant fatigue. Since this level is likely to be below the threshold of a sensor 

meant to detect major structural failure, it is not clear that the same system should be 

used for the two different functions. Furthermore, a device that requires manual reset or 

some other operator intervention, such as repositioning the ball on the ball-on-ring 

sensor, should not be used to detect icing vibrations. If icing tripped the sensor 

frequently, and if access to the site was difficult during the winter, the turbine availability 

would drop and operation costs would rise.  

 

Heavy Load Detection and Shutdown 

 

A vibration sensor would not detect heavy ice accumulation were it symmetrically 

distributed on the blades. As indicated in Section 3, turbine operation should cease during 

heavy ice accumulation, so there must be some additional method for detecting these 

accumulations. 

Assuming that heavy ice accumulations would seriously affect the aerodynamics 

of the blade, one method might be to compare the power curve with the actual output, as 

described above. Selection of the threshold at which shutdown occurred could be quite 

difficult, since a light rime accumulation might cause losses similar to a heavy, smooth 

glaze accumulation. 

It may be possible to detect an increase in the mass of an iced rotor by monitoring 

the dynamics of the turbine.  

Another approach would be to use the output of an ice detector, in combination 

with temperature and wind data, to estimate conditions likely to lead to heavy symmetric 

ice accretions. This system would cause the park to stop operating under such conditions. 

 

http://www.windpower.org/tour/wtrb/safety.htm
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Turbine Restart Following Icing Shutdown 

 

 Many turbine manufacturers require that an operator visit and inspect a turbine 

following a shut down due to vibrations or power curve deviations; otherwise they may 

not respect their warranty. Other turbines will attempt several automatic restarts 

following a shutdown; if the “fault” persists, the turbine will remain shut down until an 

operator visits the turbine.  

 These operating procedures are acceptable if turbine shut down is very infrequent. 

For example, if the turbine vibration sensors are very insensitive to ice-induced 

vibrations, or such vibrations do not occur to the extent reported in Section 3, then these 

procedures would be acceptable. If, on the other hand, sensors more sensitive to ice-

induced vibrations are used, and shutdown is frequent, these procedures may 

considerably diminish turbine availability during the winter. This will be especially true 

if heavy snow and bad weather impede road access to the site. Furthermore, forcing an 

operator to visit a site following an icing incident may increase safety hazards. 

 Ideally, the turbine would differentiate between shutdown due to icing and 

shutdown due to other faults. The turbine would notify the operator that icing shutdown 

had occurred, such that the operator could chose to take action if desired. The operator 

would be permitted to attempt a remote start of the turbine, without first making a site 

visit, and this would not affect the warranty. For the icing faults, the turbine would 

attempt an automatic restart, but not until conditions had changed—namely, temperatures 

had risen above freezing. Otherwise, the automatic restart will almost certainly be 

followed by immediate shutdown. The automatic restart should be turned off when 

operators are visiting the site, to minimize the hazard of falling ice as the turbines start to 

turn. 

 

Blade braking or shake-off  

  

A number of manufacturers of turbines capable of pitch adjustment indicate that 

ice, and glaze in particular, can be removed from the blades quite effectively by the 

technique of “blade-braking” ([Devas, 2002], [Kruse, 2002], [Wong, 2002]). This 

involves bringing the blades to relatively sudden halt, inducing inertial forces and 

vibrations sufficient to overcome the adhesion of the ice. For instance, for the Bonus 

turbine, the technique was described as pitching the blades to cause aerodynamic braking, 

and then, when the blades have slowed down, using the mechanical brake to completely 

halt rotation [Kruse, 2002]. 

 Given the frequency of icing at Rumble Ridge, this technique cannot be 

considered as a front line of defence against ice. Applying the technique with regularity 

over the entire winter would risk taxing the mechanical brake, possibly leading to 

frequent equipment repairs [Kruse, 2002]. On the other hand, it would be worthwhile 

having this technique available to the operator for judicious application. The turbine 

manufacturer should thus permit it without impact on their warranty. 
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Conclusions for Rumble Ridge 

 

It is imperative that the manufacturer respects its equipment (not performance) 

warranty even when the turbine is operated through icing events. Furthermore, for those 

turbines that compare actual output with the clean rotor power at the measured wind 

speed, a relatively large deterioration of the power output should be permitted before 

shutdown occurs.  

Vibrations sensors should be able to detect mass and aerodynamic imbalance 

caused by asymmetric accumulation of ice on the rotor, i.e., they should be sensitive to 

the frequency and amplitude of vibrations that such imbalances are likely to cause. 

Detection of such vibrations should cause automatic shutdown. Sensors sensitive to high 

frequency gearbox vibrations and sensors meant to detect major structural failure may not 

be sufficient. Sensors requiring operator intervention to reset them, such as ball-on-ring 

vibration sensors, will require frequent site visits if they are sensitive to ice-induced 

vibrations and such vibrations arise with regularity. They are therefore not recommended 

for detecting ice-induced vibrations. 

The turbine should detect heavy accumulations of ice, or the conditions likely to 

lead to such accumulations, and this should cause turbine shutdown. 

The turbine should differentiate between shutdown due to ice and shutdown due to 

other causes. Following an icing shutdown, the turbine should attempt an automatic 

restart once temperatures have warmed above 0ºC (though this should be turned off if 

operators are visiting the site). The warranty of the turbine should not be impacted if the 

turbine is started remotely following an icing shutdown. 

Blade braking should be technically feasible and not void the manufacturer’s 

warranty if used to occasionally remove ice from the blades. 

 

7.7 Icing Mitigation Technologies 

 

7.7.1 Introduction to Anti-Icing and De-Icing 

 

Anti-icing refers to preventing ice from accumulating on a surface; de-icing refers 

to removing ice that has already accreted. There are a number of anti-icing and de-icing 

technologies that have been or could be used on wind turbine blades. These technologies 

include electrical resistance heating of the blade surface and particularly the leading edge, 

circulating hot air within the blades, icephobic coatings, black blades to absorb solar 

radiation, pneumatic and electromagnetic impulse systems, and microwave heating.  

 

7.7.2 Commercial and Prototype Blade Ice Mitigation Technologies 

 

Several ice mitigation technologies are commercially available, and several more 

are in testing or at the precommercialisation stage. 

 

Resistive Blade Heating Elements 

 

The JE System developed by Kemijoki Arctic Technologies (KAT) Oy is an anti-

icing technology that makes use of electric heating elements at the surface of the leading 
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edge of the blades; it has been used in the past on Bonus wind turbines [Kemijoki Oy.], 

[Bonus Energy A/S, 1999]. In order to reduce power consumption, the system includes 

Labko ice detectors and thermostat controls that adjust the heating to suit conditions. It 

has been commercially available for a number of years, was first tested on an operating 

wind turbine in 1993, and has been installed in Finland and Sweden. 

Bonus no longer employs the JE System due to concerns about liability for the 

product; KAT now operates as a small company independent from its parent utility. 

Although they currently offer no heating system, Bonus believes that they could develop 

a technology based on their experience with the JE System—if they felt that there was a 

market to justify it [Kruse, 2002].  

Yukon Energy Corporation has developed a blade heating system for their two 

turbines located on Haeckel Hill. On these turbines, three ice mitigation technologies 

have been used concurrently: their blade heating system, StaClean hydrophobic coating, 

and black blades. Their 150 kW Bonus machine has a 30 cm wide electric heating 

element that extends back from the leading edge of the blade. Their 660 kW Vestas 

machine has leading edge electric heating elements [Maissan, 2001a], [Stiesdal and 

Kruse, 1998]. They have focused on making a reliable, effective system, and have not yet 

optimized its operation to minimize power consumption. They indicate that they may 

attempt to find a partner to help them commercialize their technology [Maissan, 2001b]. 

At least three other turbine suppliers have recently experimented with or installed 

resistive blade heating systems—Lagerway, Vestas, and Gamesa Eolica. 

In the past year Lagerway installed a 750 kW LW52 machine in the Berner Alps 

near Andermatt, Switzerland. The blades, manufactured by Polymarin, are equipped with 

resistive heating elements jointly designed by Lagerway and Polymarin [Martin, 2002].  

Vestas installed a V66 R&D machine with blade heating in Sweden in 2000. In its 

first winter, there were few icing events, and as a consequence results were inconclusive 

[Wong, 2001]. The project has not been pursued further and Vestas does not appear to 

offer this technology on the marketplace [Wong, 2002]. Nevertheless, their dormant 

blade heating research program could be reactivated should there be a market to justify it, 

and in the past they have cooperated with Yukon Energy on the development of their 

heating system [Wong, 2002]. 

Gamesa Eolica indicates that it may offer resistive blade heating in 2004. They 

report that they feel that the existing technology “is not completely effective and not 

profitable in terms of energy consumption and additional investment”, implying that they 

have some prototypes operating [Perea, 2002]. 

 

Enercon Hot Air Circulation System 

 

Enercon offers a de-icing system that circulates hot air inside the blades [Enercon 

International GmbH, 2001]. The heating power of the system is not sufficient to prevent 

accretion, but removes it once it has accumulated. The turbine is stopped for de-icing. 

Enercon maintains that icing occurs only when there is no wind, suggesting that this 

system is for glaze due to freezing rain, rather than rime or glaze due to supercooled 

water droplets (for which wind is a necessary condition). The system has been installed 

on at least seventeen 500-600 kW turbines in Germany, at altitudes of 600 to 800 m 
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above sea level. It has also been installed at a sea level coastal site in Sweden that 

experiences light icing. 

 

Black Blades 

 

Black blades, which increase solar gains on the blades and thus lower the ambient 

air temperature required for melting, have been used in a number of installations since the 

1980’s. These include the 52 Kenetech 360 kW turbines at Cowley Ridge, Alberta 

[Bright and Salaff, 1996], Kenetech turbines in Minnesota [Delong, 1998], Kenetech and 

Zond turbines in southern Vermont [Zimmerman, 2002], the two turbines on Haeckel Hill 

[Maissan 2001a] and Enron turbines in Minnesota and Iowa [Hansen, 2001].  

 

Icephobic Coatings 

 

Icephobic/hydrophobic coatings, such as StaClean of Polytech Services Company, 

impede the adhesion of ice to the turbine blades [Polytech Services Company].  These 

coatings, often used in conjunction with black blades, can be painted on to the blade, e.g., 

at the same time that it is painted black [Maissan, 2001a]. StaClean is purported to last 15 

years.  

 

Blade Braking 

 

One purported deicing method is to suddenly apply the rotor brakes while the 

rotor is rotating. The sudden deceleration of the blades causes flexure and additional 

inertial forces on the ice. This “shock” is meant to deice the blade. This technique is 

discussed in Section 7.6 Operating Procedures. 

 

Microwave Blade Heating 

 

 LM Glasfiber has attempted to use microwaves to address the problem of icing of 

turbine blades, and found this promising in small-scale tests. A 600 kW Nordex turbine 

installed at a mountainous site in Sweden in 1998 was supposed to be the first large-scale 

test of this technology, but ultimately “unsolved problems when it came to full-scale 

application” resulted in an unheated blade being installed. It appears that heated LM 

Glasfiber blades replaced the unheated blades only 3 months after completion of the 

original installation [Schönborg et al., 2000]. It is not clear what heating technology was 

used in these heated blades, and this is being further investigated.  

 

Aircraft De-Icing Systems 

 

At least one major manufacturer of pneumatic and electrothermal aircraft de-icing 

systems has indicated in a personal communication that they intend to enter the market 

for icing mitigation technologies for wind turbines. While they have no product installed 

or tested, they believe that their expertise will transfer readily to wind turbines. They 

expect to have a commercial product in the short to medium term, and suggest that they 
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could easily assemble a simple system such as the Enercon technology from off-the-shelf 

parts. 

While chemical deicing methods, commonly used with aircraft, cannot be easily 

applied to wind turbines, impulse systems may be an alternative to the thermal systems 

mentioned above. In impulse systems, a pneumatic or electromagnetic layer under the 

surface to be de-iced expands and contracts rapidly, debonding the ice and ejecting from 

the surface [Lacroix, 1999]. 

 

7.7.3 Evaluations & Field Experiences 

 

The efficacy of icing mitigation technologies has not been exhaustively studied. Some 

useful analyses are summarized below.  

 

KAT Blade Heating Element System 

 

KAT blade heaters were installed on a test turbine on Pyhätunturi (a fell in 

northern Finland) in the early 1990’s, in the Lammasoaivi wind farm (also in a hilly 

region of northern Finland) in the mid 1990’s, and in the Olos wind farm (another arctic 

fell) in the late 1990’s. These installations have been studied closely by VTT, the Finnish 

national research institute. Some results have been published. In-cloud (i.e., rime) icing is 

problematic at these sites; glaze is much less common. It was found that the blade heating 

systems consume about 1 to 3% of the turbine’s annual energy production and that the 

heating power is about 5% of the wind turbine rated power [Kemijoki Oy], [Marjaniemi 

and Peltola, 1998]. 

The operation of the KAT system has been studied by temperature sensors within 

the blade, infra-red cameras and a rotating video camera installed on the root flange of 

one of the blades. The system appears to function adequately under most conditions of 

rime icing and laminar flow: it prevents accretion from occurring even while the turbine 

is in operation. With turbulent flow or supercooled rain, the heating power is insufficient 

to prevent ice accretion. In these cases, the turbine is shut down. When the icing event is 

over, the heating systems are sufficiently powerful to remove the ice that has 

accumulated on the leading edge [Marjaniemi and Peltola, 1998]. 

There remains uncertainty as to whether glaze will flow outside of the zone 

heated by the leading edge heaters, and what effect this will have on turbine operation. 

According to Marjaniemi and Peltola, the video suggests that liquid water on the blade 

surface, either from glaze conditions or melted ice, tends to blow off the blades. While 

they report that this liquid water can cause icing back from the leading edge, they indicate 

that they have not observed the formation of an “ice dam” at the boundary between the 

heated and the unheated zone at the Pyhätunturi site. This site sees very little glaze 

accumulation, however [Marjaniemi and Peltola, 1998].  

Under conditions of very severe rime icing, the KAT system installed at the Olos 

wind farm has been unable to maintain the blades ice-free. The KAT technology, which 

is adapted specifically to each site, appears to be underpowered for the Olos installation. 

In addition, the ice detector used to control the heating power sometimes responds too 

slowly, permitting initial ice accretion on the blades. This has resulted in turbulent flow 

conditions on several occasions, requiring heating power 2 to 3 times higher than needed 
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under laminar flow conditions. At Olos, in contrast to Pyhätunturi, “ice dams” have been 

observed at the boundary of the heated and unheated zone. This has formed from melt-off 

water. The ice dam has been observed to grow towards the leading edge, as a bridge of 

ice separated from the heated blade surface by a layer of air [Laakso et al., 2001].   

The KAT blade heaters have been installed on several megawatt-scale coastal 

turbines at Pori and Kotka, on the Finnish coast of the Gulf of Bothnia. These have also 

been studied by VTT. The icing conditions at these sites are relatively light, with icing 

occurring 2 to 7 days per year, compared with 128 icing days in the winter of 2000/2001 

at Olos. Glaze icing may occur at these flat, coastal sites, but the impetus for blade 

heating seems to have been the possibility of rime icing when the blade tips, which reach 

a height of 87 m, penetrate low clouds [VTT Energy, 2000], [Marjaniemi et al., 2001a]. 

At the Pori turbines, a decrease in wind turbine performance during icing 

conditions is observed even when the heating system is on. Marjaniemi speculates that 

the melting ice on the blade may spoil the turbine’s aerodynamic properties. In fact, a 

visual inspection of a scatter plot of short-term average power output during an icing 

event, showing deviation from the clean power curve as a function of wind speed, does 

not reveal striking differences between power when the heating system is on and when it 

is off. Marjaniemi suggests that the system is justified nevertheless on the basis of the 

need to minimize the hazard of flung ice and the desire to keep the turbine operational 

during icing events [Marjaniemi et al., 2001a].  

The Pori installation of the KAT technology was the first to have experienced 

lightning. Both the blade tip and the blade heating element survived direct lightning hits. 

The lightning protection system of the KAT technology reportedly worked as planned 

and there appears to have been no damage, apart from a visible mark on the blade heating 

element where the coating was damaged [Marjaniemi et al., 2001a]. 

On early turbines, the JE System used copper wire heating elements installed on 

the outer surface of the blades. There was only a thin plastic layer on top of the wires, 

making them vulnerable to ice impacts. Furthermore, blade flexure caused fatigue to the 

copper wires, leading them to break with age. More recent turbines have used heating 

elements laminated inside the blade surface. The element is a conductive grid, such that a 

break in part of the element will not prevent the system from operating [Aarnio et al., 

2000]. The grid, no longer copper, is not vulnerable to fatigue.  

The heating elements add about 1 mm thickness to the surface of the blade. At the 

Pori installation, a power performance test was conducted to determine how this 

additional thickness affected the turbine performance. It was found that the turbine 

production was within the turbine manufacturer’s allowable limits [Marjaniemi et al., 

2001a]. 

To detect icing conditions at the maximum height of the blade tip, the Labko ice 

detector, which is normally mounted on the nacelle, was mounted on the blade for the 

Pori installation. The blade-mounted ice detector has malfunctioned on a number of 

occasions, and been the cause of most of the KAT system’s malfunctions. A nacelle-

mounted ice detector replaced the blade-mounted device on one of the turbines. 

[Marjaniemi et al., 2001a].  

The KAT technology has also been installed at Suorva, in the Swedish arctic. The 

utility operating the turbine reports that icing has not been particularly severe, and the 
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energy consumed by the blade heating system was about 2% of annual production—well 

below the 5% estimated during commissioning [Norling, 2000], [Norling, 2001].  

A number of teething problems were reported for a KAT system on a 600 KW 

Bonus turbine at Rodovålen, in the Swedish Alps. Power to the rotor heating failed 

shortly after installation. It took several months to detect and repair the cables, which had 

been damaged by an overlong section of conduit meant to protect the electrical and 

hydraulic connections in the main shaft [Schönborg et al., 2000].  

 

Yukon Energy Corporation Blade Heating Element System 

 

Yukon Energy Corporation has followed the performance of their two wind 

turbines on Haeckel Hill and published summary results. At this site rime icing is very 

significant and glaze is of minor importance. They have found that under heavy rime 

icing conditions, accretions will form not only on the leading edge, but on the trailing 

edge and front and back of the blade as well. For this reason, they favour blade heating 

systems that cover the entire blade surface, or, at minimum, leading edge heaters 30 cm 

wide [Maissan, 2001a], [Maissan, 2001b].  

A major source of difficulty at the Haeckel Hill installation has been the electrical 

connection across the blade sections, between the main part of the blade and the tip. 

When the tip has been turned out of alignment with the blade, ice can form on the mating 

surfaces between the two. When the tip is realigned with the blade, an electrical 

connection cannot be made. Various retrofits addressing this problem have not worked 

[Maissan, 2001a], [Stiesdal and Kruse, 1998]. 

The heating elements for the Bonus turbine on Haeckel Hill have a total thickness 

of 3 to 4 mm. This is sufficiently thick that it may affect the aerodynamic properties of 

the blade, with a moderate loss of efficiency [Stiesdal and Kruse, 1998]. On the other 

hand, it is not clear that the molds in which blades are manufactured are built to a 

precision of 3 to 4 mm, so the change in the shape of the blade is probably not significant. 

 

Other Blade Heating Systems and Analyses 

 

Vestas concluded that that for most environments, the cost of the system exceeded 

the production losses that a customer would experience due to shutdowns caused by ice 

[Wong, 2002].  

John Zimmerman reports that Green Mountain Power, in Vermont, investigated 

blade heating elements in the late 1980’s. They chose to use black blades, however, 

largely due to concerns about the slip rings necessary for heating element power and the 

possibility that metal heating elements will increase the danger of lightning damage to the 

turbine [Zimmerman, 2002]. 

One overview raised the concern that blade heating would damage the blades due 

to elevated temperatures. It points out that epoxy systems cured at room temperature may 

be damaged at temperatures above 50ºC [Lacroix et al., 1999]. 

 

Black Blades 
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There appears to have been no scientific comparison of black blades versus blades 

of a lighter color. Theoretically, the concept of using solar gains to induce melting at 

ambient air temperatures below freezing is sound. Several practical considerations arise, 

however: 

1) Melting will not occur if sunny weather does not follow the icing event. 

2) A thick rime deposit may reflect most sunlight, rather than letting it penetrate to the 

substrate [Ross, 1995]. 

3) Solar gains will elevate blade temperatures during the summer, possibly accelerating 

aging of the blade [Bailey, 2001]. 

The efficacy of black blades as an ice mitigation technology, and these practical 

considerations, can be investigated only through anecdotal evidence. 

Black blades with icephobic coatings were installed on the Kenetech and Zond 

turbines used by Green Mountain Power near Searsburg, Vermont. This mountain site 

was located at an altitude of approximately 1000 m above sea level and ice was typically 

deposited as rime. While no white-bladed turbine served as a control, a video camera was 

used to study the de-icing of the blades. It was observed that in sunny weather, ice shed 

from the black blades at ambient air temperatures well below freezing. Ice would 

sometimes persist on other structures long after the blades had shed their ice. At their site, 

icing events often signalled the arrival of a cold front, and therefore were often followed 

by clear, sunny weather. When icing was not followed by sunny weather, ice would 

occasionally persist on the blades for extended periods of time [Zimmerman, 2002]. It 

should be noted that icing at Rumble Ridge will not, in general, be followed by sunny 

weather. 

The combination of black blades and hydrophobic coatings does seem to mitigate 

ice accretion and accelerate ice melt-off at the Haeckel Hill site. Following the 

application of the black coating, the performance of the turbine showed “an immediate 

improvement”. Since both technologies have been used on both turbines, these 

improvements cannot be reliably attributed to one or the other technology [Maissan, 

2001a].  

David Blittersdorf of NRG Systems, Inc., has observed that “black blades help the 

ice shed if and when the sun ever comes out” [Blittersdorf, 1998]. Gavin Lowe, who 

manages the Cowley Ridge windfarm in Alberta, concurs that black blades seem to 

accelerate ice removal. He cautions, however, that icing is very rare at Cowley Ridge 

(one or two events per year) and it is not a good test site for this technology. He points 

out that the turbines installed on Cowley Ridge over the past couple of years have not had 

black blades [Lowe, 2002]. 

There has been speculation that elevated summertime temperatures accelerate 

blade aging. Gavin Lowe reports that their Kenetech machines have experienced some 

blade fatigue, but he cannot necessarily attribute this to elevated temperatures [Lowe, 

2002]. Zimmerman indicates that Zond was reluctant to apply a black coating to their 

blades for this reason. Green Mountain Power supplied Zond with temperature data from 

their black-bladed Kenetech machines; the data showed that at this site, blade 

temperatures rose above 32ºC for only one or two hours per year. Following analysis of 

the data, Zond agreed to use black blades; Zond noted that many of their turbines 

operated in climates with average summer daytime temperatures near or above this 

temperature [Zimmerman, 2002]. 
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Apart from aesthetic concerns, there were minimal additional costs associated 

with black blades at the Vermont sites, and potentially better performance during the 

icing season. As a result, the decision to use black blades did not require a rigorous 

justification based on system performance [Zimmerman, 2002]. 

Comparison of the estimated monthly average temperatures at the Green 

Mountain Power site and at Rumble Ridge suggests that summer blade temperatures 

should be roughly similar at the two. The Vermont site temperatures were estimated by 

subtracting 6.5ºC from the average monthly temperatures for Burlington, Vermont; this 

corresponds to the expected temperature drop associated with a 1000 m increase in 

altitude. Average monthly temperatures from 10 years of Port Hardy radiosonde data at 

800 m were used as an estimate for Rumble Ridge. These temperatures are shown in the 

figure below. The solar irradiance levels at Rumble Ridge are probably lower than those 

at the Vermont site. This suggests that blade temperature should not be an issue with 

black blades at Rumble Ridge. 

Mean Monthly Temperatures, Vermont vs Rumble Ridge
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Figure 28 Comparison of Ambient Air Temperatures at Vermont and Rumble Ridge 

 

Icephobic Coatings 

 

Researchers in Finland have studied icephobic coatings for wind turbines. Early in 

their research, they showed that the centrifugal force per unit surface area at the tip of 

their 100 kW turbine for a 1 cm thick layer of ice with a density of 700 kg/m
3
 would be 

roughly 2 kPa. Thus for an icephobic coating to permit shedding, the ice must adhere 

with a strength less than 2 kPa [Makkonen and Autti, 1991]. Redoing this calculation for 

a large, modern turbine with 30 m blade radius and operating at 30 revolutions per 

minute, we find a centrifugal force per unit area of about 5 kPa. It can be seen from the 

table below that this is well below the strength with which ice adheres to most materials. 

Note, too, that the centrifugal force is at a maximum at the tip; the force will be yet lower 

towards the blade root. This is a convincing theoretical argument that icephobic coatings 

are not effective when used in isolation. 
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Material Strength 

Steel 900 kPa 

Epoxy paint 400 kPa 

PVC 90 kPa 

Teflon 40 kPa 

Table 4 Adhesion Strength of Ice to Various Materials at –10ºC  

[Makkonen and Autti, 1991] 

 

The Finnish researchers apparently tried an advanced coating with an adhesion 

strength of only 10 kPa. While their results are not reported in the literature, in recent 

correspondence, a Finnish researcher working with their wind program stated, “We also 

tested coatings and were disappointed. They do not work.” [Antikainen, 2001]. 

In a Canadian paper reporting on the Finnish work, however, Patreau et al. 

suggest that blade heating systems are effective only when used in conjunction with low 

adhesive coatings. The Canadian paper indicates that the advanced coating tried in 

Finland was a self-adhesive teflon-glassfiber foil [Patreau et al., 1998a]. A conservative 

conclusion that may be drawn from this somewhat contradictory information is that low 

adhesion coatings alone are not sufficient to ensure ice removal, but may assist or even be 

a necessary element of other ice removal systems. 

 Note, however, that the above studies have concentrated on very cold sites. The 

Makkonen study quoted above looked at adhesion at a temperature of –10ºC, but ice 

adhesion will decrease linearly toward 0 as the temperature rises to 0ºC. Put another way, 

low adhesion coatings will lower the temperature at which shedding can occur. Such 

coatings should be much more effective at Rumble Ridge, where temperatures are near 

0ºC much of the time, than at very cold sites.  

 

Implications for Safety Hazards 

 

Only an anti-icing system such as blade heating can eliminate the hazard of flung 

and falling ice. With the Enercon system operating as a deicing system, at least the time 

of maximum hazard will be known, so that operators can avoid the zone of danger during 

this time. With icephobic coatings, black blades, and unmodified blades, the icing hazard 

will be largely random, with a higher hazard as temperatures rise towards 0ºC. With 

black blades, the probability of falling ice will also be correlated with marked increases 

in the level of solar irradiance.  

 

7.7.4 Application of Icing Mitigation Technologies at Rumble Ridge 

 

The JE System from KAT costs the equivalent of 5 to 10% of the cost of the 

turbines [Marjaniemi et al., 2001b]. Assuming appropriate choices of turbine, 

instruments, and operating technology, turbine losses due to icing for Rumble Ridge are 

estimated to fall in this exact same range, making it difficult to justify blade heating. If a 

technology half the cost of the JE System were found, or if minimizing the hazard of 

falling ice were of paramount importance, blade heating would be worth considering.  
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Should BC Hydro nevertheless choose to install a blade heating system, it will be 

faced with the difficulty that no turbine manufacturer currently offers a tested blade 

heating technology. Lagerway may have one by next year; Bonus, Vestas, and Gamesa 

Eolica may be able to offer one in a year or two if there is sufficient demand for it. The 

JE System could be used as a third-party add-on, but few if any turbine manufacturers 

would cover this under their warranty. One manufacturer strongly recommended against 

using the JE Technology without a turbine manufacturer’s warranty and backing. 

Most turbine manufacturers express willingness to work with a company such as 

BC Hydro to implement a blade heating system, as was done by Yukon Energy in 

cooperation with Bonus and Vestas. The challenges of this approach should not be 

underestimated, however: witness the commissioning problems of the supposedly field-

tested JE System at Rodovålen. Particular challenges would include appropriate choice of 

slip rings, fatigue and failure resistant heating material, and lightning protection. 

Fortunately, the lightning hazard at the site is not particularly high [McColler, 2002]. A 

turbine that employs tip brakes (i.e., a passive stall machine) should not be used if blade 

heating is to be employed. 

To reduce costs and avoid problems with icing sensors, a reasonable control 

strategy for a blade heating technology at Rumble Ridge would be to simply turn on the 

heating system whenever temperature drops below 0ºC. As pointed out in Sections 4 and 

5, icing occurs at Rumble Ridge much of the time that temperatures are below freezing, 

so this would not be a particularly wasteful strategy. 

Since temperatures at Rumble Ridge are rarely very low, the Enercon hot air 

technology could be effective. If it could be operated as an anti-icing technology, it might 

be worthwhile at a cost of 2 to 2.5 % of that of the turbine. As a de-icing technology, 

however, it is less attractive, especially if the turbine must be stopped to de-ice. The high 

frequency of icing events at Rumble Ridge means that the energy gains associated with 

de-icing may be minimal.  

On the other hand, low adhesion coatings are very promising for this site. While 

they cannot guarantee ice removal, they will contribute to shedding of accumulated ice. 

This option is especially attractive at Rumble Ridge due to the frequency of glaze, which 

is susceptible to shedding, and the high site temperatures, which will also weaken the 

adhesive bonding of ice.  

Black blades are a low cost option that would be attractive if there were 

indications that Rumble Ridge received a reasonable amount of sunshine during the 

winter. In fact, the opposite appears to be the case, and black blades are unlikely to 

significantly reduce the losses at this particular site. It is unlikely that high blade 

temperatures would be a problem at Rumble Ridge, which stays cool year round, but 

convincing manufacturers of this might take some work. Other than aesthetic concerns, 

there is little to prevent their use, since the blades can be painted at the same time that the 

low adhesion coating is applied. 

Impulse systems are often presented as superior to thermal anti-icing because, in 

theory at least, they have lower energy and power requirements [Lacroix et al., 1999]. At 

Rumble Ridge, however, energy use of an optimized blade heating system would be 1 to 

2% of annual production. The main detraction of blade heating is, therefore, its high 

capital cost, and there are no indications that impulse systems should be significantly 

cheaper than blade heating. For now, they can be ignored. 
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7.8 Monitoring 

 

At least one machine of each type installed at Rumble Ridge should have a full-

fledged monitoring system that monitors all relevant turbine operational data. 

Measurements should be recorded no less frequently than every ten minutes. The system 

should be able to detect surging power or unstable pitching activity. Data should be kept 

stored, for download or future reference, for a period of at least two months. Such a 

monitoring system will be very useful for estimating the impacts of icing on the turbine. 

Since the machines will be operated through icing events, the monitoring system 

should include sensors that will yield information on the additional fatigue that ice 

accumulation may be causing. For example, the output of an accelerometer or some other 

device in the nacelle should be used to calculate the blade root bending moments, which 

should then be used to calculate the resultant aging of the blades. The manufacturer 

should provide an indication of the important variables to be monitored, how they are to 

be monitored, and how these can be translated into estimates of aging. The installation of 

additional strain gauges should be contemplated. 

 An icing sensor should also be installed at the site, such that turbine behavior can 

be correlated to the occurrence of icing events. Other monitoring equipment that would 

be useful would include a relative humidity sensor, a measurement of the visibility (to 

determine cloud cover), a heated pyranometer, and video cameras on one or more blades. 

 

8 Checklist of Questions to Pose to Equipment Suppliers 
 

Past Experience in Icing Environments 

 

 Have the manufacturer’s turbines been used at a mountainous site experiencing 

frequent icing events? If so, where, what was the frequency, what type of icing 

occurred, and how did the turbines fare? Was the turbine comparable to the 

equipment they are proposing for Rumble Ridge, i.e., does one have an icing 

mitigation technology but the other not? Would they be willing to supply an 

independent reference who could vouch for the performance at the site? 

 

Icing Loads and the Warranty 

 

 Will the manufacturer honor all aspects of their standard equipment warranty 

regardless of the type, frequency, and level of icing at the site? 

 What extreme ice load would cause damage to their turbine? 

 How will frequent operation of their turbine with slight ice accretions affect 

component fatigue and the expected lifetime of their turbine? 

 

Blade Pitching (for Pitch Controlled and Active Stall Turbines)   

 

 Will the turbine pitching be adjusted to maximize power output, even if the 

altered aerodynamic profile of an ice-covered rotor means that the required pitch 
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angles are significantly different from those that would be optimal for an ice-free 

blade? 

 Ice accretion on the blade will affect its aerodynamic properties. Will the 

manufacturer guarantee that unstable pitching activity will not occur? What 

aspects of their control system prevent unstable pitching activity from occurring? 

 Does the turbine pitch the blades independently? If so, if slightly asymmetric 

icing occurs, and it is insufficient to cause turbine vibrations leading to shutdown, 

would the turbine control system minimize the power losses and vibrations by 

pitching the blades differently? 

 Can the blades be fully feathered? 

 

For Pitch-Controlled Machines 

 

 In certain cases blade icing has been observed to cause stall in pitch regulated 

machines. If this occurred, is it possible that stall-induced vibrations would 

occur? Would the turbine detect these? How would the turbine control system 

react? And could these damage or otherwise affect the lifetime of the turbine? 

 

For Active Stall-Regulated Machines 

 

 Can the blade pitch be fixed to operate with fully passive stall regulation 

(except with feathering to supplant tip brakes)? This could be useful if 

unstable pitching occurs or to investigate losses associated with passive stall 

regulation. 

 

Instruments 

 

 What type of anemometer and wind vane will be used? 

 If not NRG Ice Free II, Hydro-Tech, or Rosemount: 

o Can they demonstrate successful long-term field tests in severe icing 

environments where the instrument has remained free of ice? 

o What parts of the instrument are heated? 

o What is the maximum heating power? 

o What is the effect of tilt angle on the instrument’s accuracy (i.e., 

accuracy measuring winds with a vertical component)? 

o What happens to the instrument output if some ice does accumulate on 

the instrument? 

 How does the turbine make use of wind speed data? Is it merely to determine cut 

in and cut out? Or is it used for other functions as well? (This will be used to 

judge whether the choice of instrument is appropriate). 

 How will the instruments be mounted so as to prevent them from being covered 

over by a heavy snowfall under still air conditions? That is, if snow builds up on 

the nacelle, will the instruments be covered over? 

 How will ice accumulation on the lightning cage/rods around the instruments 

affect the operation of the instruments? 
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Blade Surface 

 

 What is the surface coating on your blades? 

 What is the adhesion strength of ice to the surface material of your blade over the 

range of temperatures –10º to 0ºC? If this is not known, what is the contact angle 

of liquid water on the surface material? 

 What wind and ice pellet conditions would damage or erode the surface of the 

blades? 

 

Operating Procedures 

 

 Is it technically feasible to operate the turbines through light icing events, when 

some ice will accumulate on the blades? Will doing this regularly during the 

winter have any impact on the equipment (not performance) warranty? What level 

of icing is acceptable? 

 Does the turbine shutdown if the actual power output deviates significantly from 

the expected power output based on a clean rotor and the measured wind speed? If 

so, what is the maximum deviation (both high and low) that is permitted? How far 

can these limits be expanded without affecting the warranty? 

 What sensors are used to detect vibrations? Where are they located? What is their 

sensitivity as a function of frequency? In particular, how sensitive are they in the 

range of frequencies spanning the rotational frequency of the rotor to the blade 

passing frequency? 

 What vibration conditions does the control system monitor and how does it react 

to these conditions? In particular, what vibrations (amplitude and frequency) 

would cause turbine shutdown? 

 How severe an aerodynamic or mass imbalance, caused by asymmetric icing of 

the rotor, would be required before the condition was detected and the turbine 

stopped? To what extent would this level of imbalance affect the rate of fatigue of 

the blade, shaft, gearbox, etc.? 

 Is the control system able to differentiate between vibrations likely stemming 

from icing and vibrations due to structural or component failure? 

 Will the turbine detect and shut down a heavy ice accumulation if the 

accumulation is symmetric and causes no imbalance? If so, how, and what level 

of ice accumulation is “heavy”? 

 Following shutdown due to heavy ice accumulation or an ice-induced vibration, 

what is the turbine restart procedure? Can the operator attempt to remotely start 

the turbine, or are a turbine inspection and/or manual reset required? Will remote 

start without inspection affect the warranty? Can the turbine attempt an automatic 

restart when temperatures rise above 0ºC? 

 Does the manufacturer have a procedure to “shake” ice from the blades by 

application of the brakes, possibly while pitching the blades? If so, what is the 

procedure, where has this been used and how effective is it? How does this 

procedure affect the lifetime of the various components of the turbine? How often 

can this procedure be used without having some impact on the turbine warranty? 
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Anti-Icing and De-icing Technologies 

 

 Does the turbine manufacturer offer any anti-icing and/or de-icing technologies? 

If so, does the manufacturer warranty the performance of the turbine during icing 

events when this technology is used? If not, is the manufacturer open to working 

with BC Hydro or a third party technology supplier to integrate an anti-icing or 

de-icing technology into the turbine? Would it be possible to integrate such a 

technology without affecting the turbine warranty? 

 Could a very low adhesion coating, such as StaClean of Polytech Services 

Company, be applied to the blades without affecting the warranty? 

 Given the very mild temperatures year round at the site, could the blades be 

painted black without affecting the warranty? 

 For any anti-icing or de-icing technology: 

o What is the system cost and what is its energy consumption, if any? 

o Has the system been used elsewhere? If so, where, under what conditions 

of icing, and how did it fare? 

o Does it operate as an anti-icing or de-icing technology? 

o If it is a de-icing technology, is the removal of ice from the turbine 

controlled, such that the time at which ice removal will occur is 

predictable? 

o Can the system operate while the turbine is turning? 

o What is the system warranty and what is its impact on the turbine 

warranty? 

o Does the technology remove ice on the entire blade surface, or only on 

certain parts of the surface? 

o If the system requires electricity, hot air, or some other flow, how will this 

be transferred from the stationary nacelle to the rotating rotor and across 

any moving parts of the blade (e.g., across tip brakes)? What is the 

reliability of the components used at the interfaces between parts in 

relative motion to one another (e.g., slip rings, contacts, etc.)?  

o Does the system affect the aerodynamic properties of the blade? 

o How well does the system survive lightning strikes? 

o What is the expected useful lifetime of the system? What are its 

installation and maintenance requirements? 

o For any system that raises the temperature of the blade, what will be the 

blade temperature over the year and how will this affect the lifetime of the 

blade? 

 

Monitoring 

 

 What variables are monitored, at what frequency, how are the data available to the 

operator, and how long are they kept for analysis or download? 

 Since the turbine will be operating under icing conditions, it would be interesting 

to monitor how ice accumulation is affecting loads and fatigue. Can the 

monitoring system provide the necessary information to determine this? If not, 

could additional accelerometers, strain gauges, or other instruments be integrated 
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into the monitoring system that would permit this? If so, what would be the 

additional cost?  

 

9 Summary of Equipment offered By Various Turbine Manufacturers 
 

The following summarizes the findings of discussions with various turbine manufacturers 

concerning the suitability of their equipment to ice prone sites. 

 

Bonus 

 

Experience with Icing: Bonus has a good number of turbines installed at sites prone to 

severe rime icing on the fells of Finland and Sweden, as well as a small turbine on 

Haeckel Hill. Unfortunately, most of these turbines had a blade heating system that 

Bonus no longer offers. While their cold temperature package is not specified for 

temperatures as low as some other manufacturers, they are the manufacturer that has 

taken icing problems the most seriously, over the longest period of time (ten years). Of 

all the turbine representatives that I have met, Henning Kruse has been the most 

knowledgeable and helpful on the topic of icing.  

 

Suitability of Turbine to Icing Environments: The Bonus turbines are eminently suitable 

to icing environments. As active stall machines, they should avoid both the losses 

associated with passive stall and the potential pitch control problems associated with 

pitch regulation. They have several sets of sensors, at least one of which is suitable for 

use in icing environments. The turbines are proven in cold and icy climates.  

 

Availability of Anti-Icing and De-Icing Measures: Bonus has stopped offering the KAT 

de-icing system, but indicates that they could, if warranted by demand, put together a 

similar system in-house in a matter of one or two years. Their involvement with KAT 

over a number of years lends this claim some credibility. On their small Bonus machind, 

Yukon Energy painted the blades black and used an icephobic coating, so the Bonus 

turbine has been proven with these technologies as well. Henning Kruse indicates that ice 

removal using blade braking is possible with their turbines. 

 

Gamesa Eolica 

 

Experience with Icing: Javier Perea claims that their turbines are used in icing 

environments; based on the description these are likely glaze-prone sites. He did not 

specify where these turbines are located. 

 

Suitability of Turbine to Icing Environments: The response I received from them is 

insufficient for me to judge this. Their turbines are pitch controlled, which will avoid the 

losses of passive stall regulation but raises the possibility of unstable pitching activity 

with ice on the blades. They have heated sensors (type unknown). 

 

Availability of Anti-Icing and De-Icing Measures: Gamesa indicates that it is 

experimenting with a blade heating system presently and may have this available in 2004. 
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Given the similarity of the Gamesa machines to their Vestas cousins, it is likely that ice 

removal is technically feasible; impacts on the warranty are unknown. 

 

GE Wind 

 

Experience with Icing: GE Wind turbines are installed at several sites in the United States 

that experience some rime and glaze icing. I do not believe that any of these are as severe 

as the Yukon Energy or Arctic Fell sites of Finland and Sweden. It is unlikely that these 

sites experience icing as frequently as Rumble Ridge. One of their representatives, Ben 

Bell, worked on icing-related issues for turbines installed in the eastern United States 

roughly ten years ago. Initially he was quite dismissive of questions related to icing, but 

took these somewhat more seriously when the frequency of the icing at the site was 

mentioned. 

 

Suitability of Turbine to Icing Environments: The turbines seem to be suitable for use in 

reasonably cold environments with icing. Their turbines are pitch controlled, which will 

avoid the losses of passive stall regulation but raises the possibility of unstable pitching 

activity with ice on the blades. They use NRG Ice Free sensors where necessary. 

 

Availability of Anti-Icing and De-Icing Measures: GE offers no anti- or de-icing 

technologies off the shelf. They indicate that blade flexure is sufficient to shed ice. Some 

GE Turbines dating from roughly 10 years ago have black blades, probably with 

icephobic coatings; GE would likely be open to this measure.  

 

Lagerway 

 

Experience with Icing: Very small Lagerway turbines have been installed in northern 

Canada, but the real test of their technology is a 750 kW machine installed at 2290 m in 

Switzerland this year. This site will experience relatively severe rime icing, although it is 

likely to be less frequent than Rumble Ridge and less severe than Haeckel Hill or the fells 

of Finland and Sweden. 

 

Suitability of Turbine to Icing Environments: There is insufficient information to judge 

the suitability of their turbines to icing conditions. Their turbines are pitch controlled, 

which will avoid the losses of passive stall regulation but raises the possibility of unstable 

pitching activity with ice on the blades. 

 

Availability of Anti-Icing and De-Icing Measures:  They have developed a blade heating 

system for their turbine in Switzerland. While this is a prototype, it puts them ahead of 

the other manufacturers in this respect.  

 

Mitsubishi Heavy Industries 

 

Experience with Icing: Mitsubishi turbines have been installed at some sites in the 

western United States (e.g., Gillian, Oregon) that experience icing; it appears that icing is 
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neither very severe nor very frequent. Their correspondence on this matter suggests that 

their engineers are not too knowledgeable about the fundamental mechanisms of icing. 

 

Suitability of Turbine to Icing Environments: There is insufficient information to judge 

the suitability of their turbines to icing conditions. Their turbines are pitch controlled, 

which will avoid the losses of passive stall regulation but raises the possibility of unstable 

pitching activity with ice on the blades. They do endorse the use of ice removal by blade 

braking. 

 

Availability of Anti-Icing and De-Icing Measures:  They do not offer blade heating and 

suggest that it is not feasible with their turbines.  

 

NEG Micon 

 

Experience with Icing: NEG Micon’s turbines are installed at le Nordais, in eastern 

Québec. These turbines encounter very low temperatures but only infrequent icing—they 

report that this occurs 2 to 3 times per year. It is, therefore, much less frequent than 

Rumble Ridge. It is also much less severe than Haeckel Hill or the fells of Finland and 

Sweden. 

 

Suitability of Turbine to Icing Environments: The performance of the turbines at le 

Nordais suggests that they are reasonably well suited to an icing environment. Until 

recently, NEG Micon has offered only passive stall regulation, which would likely result 

in lower production than turbines that can adjust the pitch. Their new 950 kW turbine 

implements “Power Trim”, a passive stall technology that occasionally adjusts blade 

angles to match conditions. This would likely reduce losses somewhat. Of significantly 

greater interest is the active stall regulation implemented on their 1500 kW machine. This 

should match the performance of the pitch controlled machines while being less 

vulnerable to pitching instability. 

In a past installation in a severe icing environment, NEG Micon have used 

unsuitable instruments. They now use NRG Ice-Free sensors where necessary and offer 

an ice sensor (it appears to be built by Goodrich); it is not clear how they plan to 

incorporate the ice sensor into the operation of their machine—maybe it will serve only 

to indicate when the turbine should be shut down or identify those periods when their 

performance guarantee no longer applies.  

 

Availability of Anti-Icing and De-Icing Measures:  It appears that they do not offer any 

anti- or de-icing technologies at this point in time. 

 

Nordex 

 

Experience with Icing: Nordex repeatedly points to their Havoygalven site in northern 

Norway as an example of an installation in an icing environment. This site is near sea 

level, however, and will rarely experience the supercooled water droplets causing the 

very frequent icing at Rumble Ridge or the very severe icing at Haeckel Hill or the fells 

of Finland and Sweden. They also have some sites in China and at Pincher Creek; the 
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latter experiences very infrequent and very light icing. They had one turbine installed at a 

severe icing site in Sweden, but it was removed and replaced by a Vestas. Their sales 

representatives appear to have never heard of this installation, however. 

 

Suitability of Turbine to Icing Environments: There is insufficient information to judge 

this. Their turbines below 1500 kW are passive stall regulated while those equal to or 

above 1500 kW are pitch controlled. The former will likely have lower production than 

machines that can adjust the pitch; the latter may exhibit unstable pitching activity. In a 

past installation in a severe icing environment, they have used unsuitable instruments. 

 

Availability of Anti-Icing and De-Icing Measures:  It appears that they do not offer any 

anti- or de-icing technologies at this point in time. 

 

Turbowinds 

 

Experience with Icing: Turbowinds has in the past year installed a turbine in Nova Scotia 

that will experience maritime icing; this site will rarely see the supercooled water 

droplets causing the very frequent icing at Rumble Ridge and the very severe icing at 

Haeckel Hill and the fells of Finland and Sweden. 

 

Suitability of Turbine to Icing Environments: There is insufficient information to judge 

this. They offer active stall power regulation, however, which is promising for sites prone 

to icing. 

 

Availability of Anti-Icing and De-Icing Measures:  It appears that they do not offer any 

anti- or de-icing technologies at this point in time.  

 

Vestas 

 

Experience with Icing: Vestas has turbines installed in a number of moderate icing 

environments, including Ontario, PEI, Alaska, Minnesota, Wisconsin, New York, 

Finland, Norway, Austria and Japan. They report that the installation which experiences 

the most severe icing is at Haeckel Hill. It should be noted, however, that this installation 

is not standard—it was modified by Yukon Energy with blade heating, black blades and 

icephobic coatings. It can not, therefore, be used as a demonstration of their standard 

technology in a severe icing environment. 

 

Suitability of Turbine to Icing Environments: The large number of turbines Vestas 

installed in icing environments suggests that their turbines are suitable to such conditions. 

They use pitch control, which should reduce losses compared to passive stall, but may 

cause unstable pitching activity (given that they have done so many installations, it would 

seem that this should have shown up already if it was going to be a problem).  

One major concern is their use of the power curve to shut down the turbine when 

actual production falls below that predicted based on the wind speed. This may cause the 

Vestas turbine to shut down when other turbines would continue to operate and produce 
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power. They can adjust the criterion for turbine shutdown, such that it will stay operating, 

but indicate that this may void several parts of their warranty.  

They use ultrasonic instruments of an in-house brand, and have a heated version 

for icing environments, but could not guarantee that it would function well under severe 

icing conditions. Blade braking is possible with the Vestas machines. 

 

Availability of Anti-Icing and De-Icing Measures:  It appears that they do not offer any 

anti- or de-icing technologies at this point in time. They had a research program in 

Sweden to examine heated blades but that has been discontinued. If the demand was 

there, they might be able reopen this program and provide a heated blade. They have also 

worked with Yukon Energy to implement blade heating, black blades, and icephobic 

coatings, and therefore might be open to doing this with BC Hydro. 

 

 

10 Conclusions 
 

Though turbine manufacturers claim that glaze does not much affect turbine operation, at 

several locations glaze accretions have been documented to result in significant losses 

and turbine shutdown. The production losses associated with glaze will be lower than 

those due to rime, but should not be ignored. 

 

A qualitative analysis of the Rumble Ridge site suggests that the principal forms of icing 

will be: 

1) Primary importance: Glaze (due to in-cloud icing) and hard rime 

2) Secondary importance: Wet snow (due to wetting by supercooled water droplets) 

3) Tertiary importance: Soft rime  

Glaze and hard rime will accrete during a significant portion of the time that the site is 

below freezing. Wet snow and soft rime accretions will be both less frequent and occur at 

low wind speeds, and therefore have only a minor impact on energy production. Both 

glaze due to freezing rain and frost will be very rare. All types of accretions will tend to 

be short-lived due to frequent temperature excursions to levels above freezing. 

 

The radiosonde data at 800 m from Port Hardy is very strongly correlated with the 

conditions observed at the site. Based on the period of October 2001 through January 

2002, it appears that the humidity and temperature data from the radiosonde can be used 

to estimate quite accurately the fraction of the time that the NRG instruments show 

evidence of icing. The radiosonde data from January 1990 through January 2002 suggests 

that the winter of 2001-2002 was significantly worse than normal, from an icing point of 

view, but significantly better than normal in terms of the energy available from the wind. 

Since the average wind speed at Rumble Ridge is much higher during the winter than the 

summer, icing cannot be ignored.  

 

At Rumble Ridge, electrical production losses due to icing would be about 20% of annual 

energy production if the turbines were shut down whenever some form of ice was present 

on the instruments; this is an upper limit. In reality, production losses are more likely to 

fall in the range of 5 to 10%. Turbines are likely to be operating with some ice on them 
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10 to 15% of the time, but accretions likely to cause heavy loads or serious imbalance 

would not occur more than 5% of the time. Falling or flung ice will be a safety hazard 10 

to 15% of the time. 

 

The icing conditions at Rumble Ridge are quite unlike those encountered at most other 

wind farms. The combination of elevation and very humid, maritime climate results in 

conditions very different from those at cold, continental sites or low elevation maritime 

sites. Some lessons learned from mountainous sites elsewhere can be applied here, 

although most of these will suffer rime whereas Rumble Ridge will be prone to glaze. 

 

Active stall and pitch regulation will be able to pitch their blades to reduce production 

losses due to ice and are therefore preferable to passive stall.  

 

Based on past installations where inappropriate instruments were installed, BC Hydro 

should very carefully evaluate the wind speed and direction sensors that the turbine 

manufacturer intends to use, and extract assurances that these instruments function well 

in a severe icing environment. The consequences of a poor choice of instruments will be 

significant lost production and bouts of off-design operation. Only devices that heat all 

exposed devices are acceptable. Bearing heating is insufficient and externally mounted 

radiant heating devices should be viewed skeptically unless the manufacturer can provide 

evidence of a long-term record of successful operation in a severe icing environment.  

 

It is imperative that the manufacturer respects its equipment (not performance) warranty 

even when the turbine is operated through icing events. Furthermore, for those turbines 

that compare actual output with the clean rotor power at the measured wind speed, a 

relatively large deterioration of the power output should be permitted before shutdown 

occurs. Vibrations sensors should be able to detect mass and aerodynamic imbalance 

caused by asymmetric accumulation of ice on the rotor. The turbine should detect heavy 

accumulations of ice, or the conditions likely to lead to such accumulations, and this 

should also cause turbine shutdown. Following an icing shutdown, the turbine should 

attempt an automatic restart once temperatures have warmed above 0ºC (though this 

should be turned off if operators are visiting the site). The warranty of the turbine should 

not be impacted if the turbine is started remotely following an icing shutdown. 

 

Since a blade heating system would increase the capital cost of a turbine by a fraction 

comparable to the fraction of potential production that would be lost to ice without blade 

heating, it is difficult to justify the installation of anti-icing technology at Rumble Ridge. 

Furthermore, no turbine manufacturer currently offers a tested blade heating technology. 

  

On the other hand, low adhesion coatings are very promising for this site. While they 

cannot guarantee ice removal, they will contribute to shedding of accumulated ice. This 

option is especially attractive at Rumble Ridge due to the frequency of glaze, which is 

susceptible to shedding, and the high site temperatures, which will also weaken the 

adhesive bonding of ice. Black blades are a low cost option that would be attractive were 

Rumble Ridge not so cloudy during the winter. 
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Appendix  A Types of Atmospheric Icing 
 

Ice may accrete on turbines and their instruments in four forms: glaze, rime, hoar 

frost, and wet snow. The characteristics and implications of each are different. Thus, it is 

important that the equipment selection process be informed by a solid understanding of 

the types of ice accretions and their properties. The following overview provides the 

necessary background. 

 

A.1 Supercooled Water Droplets 

 

 An important precursor to the formation of rime and glaze is the presence of 

supercooled water droplets in the air. Supercooled water droplets are simply droplets of 

liquid water at temperatures below the freezing point. They are often found in cold cloud 

and fog.  

When water vapour cools and the vapour pressure is above the triple point, water 

droplets are produced by condensation. In the absence of substrates or airborne nucleants, 

the water droplets can cool well below the equilibrium freezing point without actually 

freezing; such droplets exist in a metastable state down to temperatures as low as –40 ºC, 

at which point homogeneous nucleation (freezing without nucleant or substrate) occurs 

[Lock, 1990, p. 59, p. 178].   

Supercooled water droplets often result when humid air encounters a ridge, 

mountain, or other change in elevation. Humid air that is blown into a ridge will rise and 

cool. If it cools to the dew point of the air, condensation occurs. If the air temperature 

falls below 0º, supercooling will occur if the air has few airborne nucleants. 

Since supercooled water droplets are below the freezing point, they have a 

“sensible heat deficit”. The sensible heat deficit is the sensible heat lost by the droplet at 

temperatures below the freezing point. Normally this heat loss would have frozen some 

of the droplet, but here it has simply cooled it to temperatures below the freezing point. 

When the droplet impacts a substrate and begins to freeze, this sensible heat deficit is 

immediately available to the process of phase change. If the sensible heat deficit is very 

high, it may be greater than the latent heat of fusion liberated by the droplet during 

freezing, and the droplet freezes instantly. This is quite rare in natural conditions, 

however: once the sensible heat deficit has been “used up”, there usually still remains a 

portion of the latent heat of fusion that must be transferred to the environment (i.e., to the 

surface of the turbine or to the air).  

If the rate of heat transfer to the environment is low compared with the net rate of 

latent heat release (i.e., once the sensible heat deficit has been accounted for), then there 

will be sufficient time for the droplet to spread over the surface and form a continuous 

liquid layer, resulting in glaze. If, on the other hand, this rate of heat transfer is high 

compared with the net rate of latent heat release, then the droplets will freeze very 

rapidly, as isolated ice crystals separated by pockets of air. This is rime. 
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Figure A.1 Relationship of Temperature and Wind Speed to Different Types of Ice 

Formation ([McKay, 1969: Kuroiwa, 1965]) 

 

The rate at which supercooled water droplets will impinge on an object strongly 

depends on the size of the object and its aerodynamic characteristics. Small objects, such 

as wires or twigs, cause only a minor disturbance in the airflow around them, permitting 

the airstream to transport the droplet very close to the object before the airstream is 

deflected. At this point, the droplet may be carried around the object by the deflected air 

stream or, if the droplet’s inertia is sufficiently high, continue on a largely unchanged 

trajectory and impact the object. In contrast, large objects cause significant deflections of 

the airflow upstream of the object, such that only the droplets with the highest inertia will 

penetrate the zone of disturbed air and reach the surface before being deflected. This 

applies, in fact, to all water droplets and snow particles, but rain droplets are much larger 

than typical supercooled water droplets, and are thus less liable to be deflected by the air 

stream.  

 

A.2 Glaze 

 

A.2.1 Properties of Glaze 

 

Glaze is the hard, transparent, relatively brittle, smooth and dense ice that results, 

for example, from freezing rain. It occurs when water droplets from cloud, fog, freezing 

rain or freezing drizzle impinge on the turbine, form a continuous liquid layer, and 

subsequently freeze.  

The specific gravity of glaze is high (0.8 to 0.9) [McKay, 1969]—near the density 

of pure ice (0.92 g/cm
3
). Significant glaze accretions result in high structural loads and 

have been responsible for the collapse of many transmission line towers, such as those 

that were felled by the disastrous 1998 ice storm in Québec and Ontario [Makkonen, 

2000]. 

Because it has time to fully wet the surface before freezing, glaze tends to adhere 

to its substrate quite well (e.g., better than rime at the same temperature) as long as the 

substrate stays below the freezing point [Minsk, 1980].  
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A glaze accretion may contain a small number of air pockets and often forms with 

trapped pockets of liquid water that subsequently freeze [Makkonen, 2000]. Despite these 

pockets, sunlight penetrates glaze relatively well, and can therefore contribute to the 

heating of the underlying substrate. This accelerates ice removal [Ross, 1995].  

 

A.2.2 Glaze accretion by droplets that are not supercooled 

 

The water droplets that cause a glaze accretion may or may not be supercooled. If 

they are not supercooled then the blade/turbine temperature and/or the air temperature 

must be below 0ºC in order for ice to form. This commonly occurs when there is a 

temperature inversion, such that a thin layer of air near the ground is below 0 ºC, and a 

much thicker layer of the atmosphere above this is above 0ºC. Thus, precipitation falls as 

rain from the warm layer into the cold layer. The cold layer is too thin for the 

precipitation to have enough time to freeze during its fall, so it reaches the ground—or 

the turbine—in liquid form (not sleet or ice pellets). Once on the turbine, some of the 

water freezes, and some of it runs off the turbine. 

This type of glaze accretion can be extremely dangerous. Since the rain may fall 

as large droplets, the mass rate of accretion can be very high. The result is a rapid build-

up of a significant load.  

 

A.2.3 Glaze Accretion by Supercooled Water Droplets 

 

Glaze can also arise from supercooled water droplets, either in rain or in fog or 

cloud below 0ºC.  In practice, this tends to occur when: 

 The sensible heat deficit of the impinging water droplets is low, i.e., air temperatures 

are typically between 0ºC and –3ºC and rarely below –5ºC. 

 The mass flux of water onto the blade/turbine is high, due to: 

 High liquid water content in the air (many water droplets per unit of air volume, 

such as in a thick fog or cloud). 

 High winds blowing much water-laden air onto the surface. 

 A preponderance of large water droplets in the air; these not only increase the 

liquid water content, but also tend to impact the blade or turbine surface rather 

than be deflected around it by the airstream. 

 The thermal conductivity of the substrate is low, such that the rate of heat transfer 

from the impacting droplets to the substrate is low. This is not strictly necessary to the 

formation of glaze, but does tend to encourage it. 

 

Since even moderate winds cause mixing of the atmosphere and thus eliminate 

temperature inversions, glaze from freezing rain tends to be associated with low wind 

speeds. In addition, for many regions of Canada, glaze is associated with the arrival of a 

warm front, which drives up over cold air. This has led some to suggest that turbine 

losses due to glaze will be low, since wind speeds during the accretion are low and the 

glaze will soon disappear in the ensuing warm weather system [Bose, 1992a], [Bose, 

2001], [Kolomeychuk and Silis, 1988]. It is important to note, however, that a glaze icing 

event due to supercooled water droplets will usually be associated with higher wind 

speeds and need not be followed by a warm front. Thus glaze can be a significant issue 
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for wind turbines when the accretion mechanism is supercooled water droplets rather than 

freezing rain. 

 

A.3 Rime 

 

Rime is an opaque, white matrix of ice crystals and air pockets that forms as 

cones or feathers into the wind. Compared with glaze ice, it is between one-tenth and 

two-thirds as dense, less brittle, and has a lower adhesive strength. Rime forms only by 

the freezing of supercooled water droplets, and as a consequence it is typically found in 

mountainous areas. Rime grows only on the windward side of a substrate; rates of 

accretion of up to 4 cm per hour have been recorded [Boyd, 1968]. 

Because rime forms when impinging supercooled water droplets freeze very 

rapidly, there is little time for the droplet to wet the substrate, and adhesion is less strong 

than with glaze at the same temperature. 

In practice, the conditions required for rime are: 

 Supercooled water droplets in cloud or fog. 

 Some wind. In still air, few water droplets will be blown onto the turbine or rotor 

blade. 

 Cold temperatures. If temperatures are close to zero, the sensible heat deficit will be 

low and glaze will tend to form.  

 Moderate mass flux of water onto the blade, corresponding to moderate wind speeds 

and droplets with a relatively small diameter (e.g., less than 25 m).  

 Thermal conductivity of substrate being high. This will accelerate the rate of heat 

transfer from the droplets to the substrate, so that they freeze more quickly. This is 

not a necessary condition; if, for example, droplet temperatures are very low, no heat 

transfer to the substrate will be necessary. 

 

Rime can be subdivided into soft rime and hard rime. Hard rime forms when 

impinging supercooled water droplets do not freeze entirely upon impact, yet do not have 

sufficient time to form a continuous film of water. It is less transparent and less adhesive 

than glaze, granular and amorphous in nature, can be milky or opaque depending on its 

porosity, and can grow into the wind as glazed cones or feathers [Boyd, 1968: American 

Meteorological Society, 1959]. It has a specific gravity of 0.6 to 0.9 [Farzaneh, 1990].  

 Hard rime tends to form at the very top of mountains and along ridges, and it is 

here that riming is most severe. This reflects that the wind, and therefore the flux of 

liquid water onto a blade/turbine, will be highest at these locations [Morris, 1995]. The 

conditions associated with the formation of hard rime are temperatures between –3 and –

8 ºC and wind speeds of 5 to 10 m/s [Minsk, 1980], [Farzaneh, 1990], [McKay et al., 

1969: Kuroiwa, 1965]. 

 

Soft rime is results from droplets that freeze very rapidly (or even instantly) upon 

impacting the surface; it is white, opaque, composed of fine granules, somewhat like frost 

in structure, even less adhesive than hard rime, and has a specific gravity of about 0.3 to 

0.6. It grows into the wind, often in the shape of a feather or a cone [Boyd, 1968: 

American Meteorological Society, 1959].  
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Forested mountain areas in cloud are cited as typical sites of soft rime accretion 

[Boyd, 1968]. Soft rime may occur in wooded regions relatively sheltered from the wind. 

At these locations, the low wind speed keeps the flux of liquid water onto a given surface 

low, permitting faster freezing for a given rate of heat loss to the environment. Of course, 

given low enough temperatures, it can also occur along exposed, windy ridge tops. The 

conditions associated with the formation of soft rime are temperatures between –5 and –

25 ºC and wind speeds of 1 to 5 m/s [Minsk, 1980], [Farzaneh, 1990], [McKay et al., 

1969: Kuroiwa, 1965]. 

 

As general observation of southern Canadian conditions, but not a strict condition, 

a 650 m or greater change of elevation is associated with the formation of rime in 

mountainous areas [Morris, 1995]. Riming will tend to be more severe at higher 

elevations.  

 There are reports that rime accumulations densify with time. The mechanisms by 

which this occurs are probably similar to those for snow ageing. The diurnal change in air 

temperature is likely a driving factor. This densification can make removal of rime more 

difficult, as it tends to become more robust and adhere better to its substrate 

[Waszkiewicz, 1995]. 

 

A.4  Wet Snow 

 

 Wet snowflakes that impinge on a surface such as a turbine blade can adhere to 

the surface and consequently build up a significant ice layer. Although the properties of 

wet snow accretions vary greatly depending on the conditions during accretion, it 

typically appears as an opaque, relatively dense mass of frozen snow. Its specific gravity 

is usually around 0.3 at the time of accretion, but it can densify with time to a specific 

gravity of 0.6.  

 Wet snow has a surface layer of liquid water. This provides a mechanism by 

which snow, usually a material with very low friction and adhesion properties, can adhere 

very effectively to a surface such as a turbine blade. Once the wet snow particle has 

impacted the surface, it will either melt or freeze into a snow-ice mixture, depending on 

heat losses to the environment. 

 There are two ways that a snow particle may become wet. It may collide with an 

airborne droplet of water, which will either wet the snow directly, or, through riming of 

the particle, cause heat transfer sufficient to induce melting of the snow. Alternatively, it 

may gain heat from its environment in the absence of a collision with a droplet. This heat 

gain typically occurs through convection, such as when the snowflake drops through a 

layer of warm air. Counteracting this heat gain is the evaporative heat loss that occurs 

when the snow particle sublimates. In order for surface wetting to occur, the former heat 

gain must exceed the latter heat loss. This occurs only when wet bulb temperatures are 

above 0 ºC, reflecting the physical similarity of a wet bulb thermometer and a snow 

particle: if evaporative losses do not bring the wet bulb thermometer below 0ºC, they will 

not do so for a snow particle either [Makkonen, 1989]. 

 The wet bulb temperature will be above 0ºC when air temperature is above a 

critical threshold. This critical temperature varies more or less linearly with relative 

humidity: at 100% relative humidity, the air temperature must be above 0ºC and at 50% 
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relative humidity the air temperature must exceed 3.5ºC. At lower air pressures, as in 

mountains, the critical air temperature for a given relative humidity will be slightly higher 

[Makkonen, 1989]. 

 Thus wet snow accretion occurs under two sets of conditions, depending on how 

the particle is wetted. If wetting is to be caused by water droplets also in the air at the 

same time as the snow, then the temperature and humidity conditions leading to fog or 

cloud are required. If wetting is by convective heat gains from the environment, then the 

temperature must be above 0ºC at 100% relative humidity and above 3.5ºC at 50% 

humidity (with temperature rising linearly between these two points).  

 There is some evidence that the “sticking efficiency”, or fraction of wet snow 

mass flux that actually sticks to the surface to the total mass flux which impacts the 

surface, is inversely related to wind speed [Makkonen, 1989: Admirat et al., 1986]. At 

wind speeds of 1 m/s or less, the sticking efficiency is near unity—all wet snow particles 

that impact the surface stick. As wind speed increases, particles may bounce off or be 

dislodged by other particles impacting the accretion. Most observed wet snow accretion, 

at least on overhead transmission lines, has occurred at wind speeds less than 3 m/s. 

There have been exceptions, however, such as warm storm events with wind speeds of 10 

to 20 m/s [McKay, 1969: Kuroiwa, 1965]. 

Wet snow accumulation has been documented on wind turbines. While it does not 

appear to be common, Bose reports two incidents of wet snow accretion on his very small 

horizontal axis wind turbine, located near St. John’s, Newfoundland, during his test 

period of December 1990 to April 1991. Both occurred under low wind conditions; when 

wind speeds rose following the event, the snow was not blown off. Rather, the turbine 

turned slowly and the snow remained on the blades until temperatures rose above 

freezing [Bose, 1992b].  

 Wet snow accretion can occur at any elevation. In mountainous areas, the type of 

temperature inversion associated with wetting due to convective heat gain will be rare 

(while inversions will not necessarily be rare, they will tend to occur at much colder 

temperatures and thus not wet the snow particles). Thus the main mechanism of wetting 

in mountainous areas will be water droplet impacts, and this will probably result in wet 

snow accretion being most common at low to moderate altitudes. To the extent that 

snowfall and water droplets will both be more common at higher elevations, the 

probability of wet snow accretion will increase with elevation. When altitude is 

sufficiently high to cause very low air temperatures, however, it is unlikely that a wetted 

snow particle will remain unfrozen for long, and the probability of wet snow accretion 

should decrease. 

 

A.5 Hoarfrost 

 

Hoarfrost, or simply frost, is a feathery mass of white, interlocking ice crystals. 

Typically it is limited in thickness to several millimetres to one centimetre. It has a low 

density compared with rime and glaze. It adheres poorly to itself—it is fragile—but can 

bond well to a substrate (e.g., the glass windows of a car). Sunlight can typically 

penetrate a layer of hoarfrost and warm the substrate [Ross, 1995]. 

Hoarfrost forms in a manner similar to dew, but at colder temperatures. Water 

vapour at temperatures below the triple point can exist in a metastable state. Upon 
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encountering a nucleating surface, such as the turbine blade, the water vapour forms a 

hoar crystal. The turbine blade must be below the freezing point, and the colder the 

surface, the more prone it is to hoarfrost. Hoarfrost occurs in still air or low wind 

conditions.  

While the structural loads that could be caused by a hoarfrost accretion would be 

minor, hoarfrost could be thick enough to seriously “roughen” the blade and thus 

significantly change its aerodynamic properties.  

The thin, fragile nature of a hoarfrost crystal suggests that while it may occur on a 

turbine, wind, sunlight, and sublimation will tend to remove it quite quickly. There is 

some anecdotal evidence to refute this, however. Delong reports visiting a wind farm in 

Tyler, Minnesota where icing was causing Kenetech 33 m diameter rotors to have an 

output of 10 kW in 15 m/s winds. He attributes this to hoarfrost, but also mentions “fog 

and rime ice” [Delong, 1998].  Other than this, there are few indications of hoarfrost 

being a significant impediment to turbine production.  

 

A.6 Natural Process of Ice Removal 

 

There are a number of natural processes that cause the removal of ice. These are 

not mutually exclusive. 

1) Surface melting: When the air temperature rises above 0ºC, the surface of the ice 

melts. This melt water may either run off the turbine (as with glaze), run off the 

accretion onto another part of the turbine and refreeze (causing glaze), or be 

absorbed by the accretion (such as with rime). If the accretion absorbs significant 

water and does not refreeze, it will tend to be softened. If the absorbed water 

refreezes, densification will occur.  

2) Shedding by substrate heating: Once the substrate temperature rises to the 

freezing point, melt water will form at the interface between the substrate and the 

ice. This melt water may then serve as an effective heat transfer medium. In glaze, 

it will move along the slight gap between the ice and the substrate to areas that 

have not yet melted. It may either accelerate their melt off or refreeze, causing a 

further glaze bond to the substrate. When melt off reduces the bonded area such 

that it is no longer strong enough to sustain the forces induced on the ice mass by 

acceleration or gravity, the mass breaks off.  The melt water may also run off the 

turbine, refreeze on another part of the turbine, or be absorbed by a rime 

accretion, as discussed above. 

3) Shedding: Self-shedding occurs when centrifugal, bending, vibratory, and 

aerodynamic forces acting on a mass of ice cause a stress that exceeds the 

adhesive shear strength of the ice [Richert, 1996]. The ice may then be ejected in 

chunks (typical for rime) or sheets (typical for glaze). Since the strength of the 

adhesive bond is a linear function of temperature, with a minimum occurring at 

the melting point, this will be an especially important mechanism as temperatures 

approach 0ºC. There are indications that glaze is especially prone to removal by 

shedding; it is speculated that its rigid, brittle nature make it vulnerable to blade 

flexure. 

4) Sublimation: When the air is relatively dry, molecules of ice at the surface of the 

glaze accretion will sublimate and be carried away as water vapour. This occurs 
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when the relative humidity is less than 100% and the vapour pressure is below the 

triple point; the lower the humidity and the higher the temperature, the faster 

sublimation losses occur. One study reports rapid sublimation from anemometers 

when relative humidity levels drop below 80% [Craig and Craig, 1995]. 

 

 


