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Sammanfattning
Denna rapport presenterar resultatet av en förstudie om tekniker för avisning av vindkraftverk.
Rapporten presenterar och diskuterar möjliga metoder och tekniker för att antingen värma
vattendroppar till över fryspunkten, eller smälta is som har bildats på vingen. Problematiken för vingar
på vindkraftverk skiljer sig markant från nedisning av flygplansvingar i att: (1) vingar på vindkraftverk
tillbringar all sin tid i den delen av atmosfären där risken för nedisning är som störst; och (2)
hastigheten för vingen mot luft varierar med avstånd från rotationscentrum medan den är konstant över
vingen på ett flygplan. Formen på vingen på ett vindkraftverk varierar också från toppen in till centrum
för att kompensera för variationen av relativ hastighet mot luften.
Rapporten koncentreras på isbildning inom temperaturintervallet -10°C – 0°C och droppstorlekar av 110 μm. Nedisning sker även vid mycket lägre temperaturer, men då sker troligen isbildningen direkt
från vattenånga.
Vi drar följande slutsatser från vår studie:
- Formen på vingen, speciellt vid kontaktytan mot gasflödet, kan ha betydelse för nedisning.
- Nano-strukturen av ytan på vingen kan troligen konstrueras så att vattendropparna får en
minimal kontaktyta mot vingen.
Vår förstudie visar dessutom:
- Mikrovågor är alltför ineffektiva för att värma rent vatten eller smälta is. Tekniker för direkt
strålning av mikrovågor mot vatten eller is på vingar bör således inte vidare utvecklas.
- Millimetervågor är tillräckligt effektiva, men generationen av vågor på så höga frekvenser är
troligen alltför ineffektiv för att detta ska vara en möjlig väg framåt.
- Infrarött ljus är mycket effektivt för att värma vattendroppar eller smälta is och bör undersökas
vidare.
- Värmeledning är också effektivt och bör utvecklas. En robust och effektiv metod kan vara att
värma vingytan med mikrovågor så att kontakten mot den varma ytan smälter isen.
Vår förstudie visar att problematiken med undvikande av isbildning på, eller avisning av,
vindkraftsverk inte har sitt svar i en enda teknik. Formen på vingen och strukturen på dess yta kan spela
en viktig roll i förhållandena för isbildning. Båda dessa variabler kan behöva varieras beroende på
latitud och atmosfäriskt klimat. Ytstrukturen måste troligen också variera över vingytan, både längs
med vingen och tvärs, för att optimera för de lokala förhållandena. Dessutom kan smältning av is
medelst värmning av vingytan vara en viktig extra möjlighet för att undvika effektförluster.
Mer forskning är nödvändig, men vi sammanfattar att det största intresset just nu är att studera flödet av
droppar över vingen som funktion av tvärsnittsytans form och kontakten mellan vingytan som funktion
av ytstrukturen (t.ex. Lotus effekten).
Denna rapport är resultatet av ett förstudieprojekt. Vi ämnar nu fortsätta med ett djupare
forskningsprojekt som koncentreras på formen och ytstrukturen enligt vad som framkommit av vår
analys och våra datorsimuleringar.
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Summary
This is a pilot study to investigate icing on wings of wind power turbines. In this report we present and
discuss various ways and means to either heat water droplets or melt ice when formed on the wings of
wind turbines. The situation is different from icing on wings of airplanes in that (1) the wings of wind
turbines spend all of their time in the atmosphere where the risk of icing is highest and (2) the speed of
wing to air varies over the wing where it is constant for an airplane. The form of the wind turbine wings
also varies from tip to centre, to compensate for the varying relative air speed.
We have concentrated on icing conditions at temperatures -10°C – 0°C and droplet sizes of 1-10 μm.
Icing occurs also at much lower temperatures, but this will probably be because of direct freezing of
water vapour to ice. This is presently outside the scope of our pilot project report.
We conclude that
- The form of the wing, especially on the contact area may be crucial to the icing problem.
- Also the nano-metric structure of the wing surface can probably be designed so that the water
droplets have a minimized contact area to the wing.
Our pilot investigation also suggests the following:
- Microwaves are much too inefficient to heat water or melt ice. Direct microwave devices
should therefore not be developed. Indirect heating with microwaves is possible.
- Millimeter waves are sufficiently efficient, but the generation is most probably too inefficient
to be of any practical use.
- Infrared waves are very efficient to heat water and melt ice and should be investigated.
- Heat conduction is also efficient and should be pursued. Using microwaves to heat the wing
surface which then conduct heat to the water/ice is a very efficient and robust method.
Our pre-study suggests that the solution to avoid icing or de-ice wings of wind turbines most probably
is not one single technology. The form and surface structure of the wings play important role for icing
conditions. Both variables have to be modified depending on the latitude and atmospheric climate. The
surface structure also has to be designed to vary over the wing, both along and across to be optimized
for the mean conditions at the site. In addition, heating of the impact area, or at least the possibility to
heat this, may be important to avoid loss of energy output due to ice.
Further research is required. We strongly suggest investigating the water droplet flow over the wing as
function of the cross section form, and the contact with the wing surface as function of the surface
structure (e.g. Lotus effect).
The present report is the result of a pre-study project. We will now continue with a deeper project
which will concentrate on the form and surface structure suggestions which results from our analysis
and flow simulations.
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1 Introduction
Wind power is one of the fastest growing industries in Sweden, and in the world, of today. Wind power
is seen as a clean generation of electrical power and new taxes on green house gas emissions will make
it a competitive source of energy. Large wind power parks are planned in Sweden to meet the ambitious
plans. Especially the northern mountain regions, the coastal sea areas and the inner high plateau
landscapes and surroundings have generated great interests for investors.
In general, all areas of Sweden do sometimes during the winter encounter times where icing may occur.
When warm air lifts from the coastal seas onto the higher inland areas, it brings with it substantial
amounts of water vapor. The water vapor then condenses to liquid water drop-lets when the air is
cooled at higher altitudes. Such drop-lets can in sub-zero temperatures either freeze to snow or hail, or
stay liquid as super-cooled drop-lets. Super-cooled drop-lets will directly freeze to form ice when they
encounter a material to which it may give off energy, such as the wings of a wind turbine. Formation of
ice on wind turbine wings is therefore not limited to the far north, but may occur on such southern sites
as Bavaria where temperatures may reach just below zero degrees Celsius. Icing is very much a
European problem.
A number of papers and reports have discussed the occurrence of icing. The estimates range from 2-7
days per year for low-land Sweden to more than 30 days per year for the high altitude mountain ranges.
We suggest studying the EU report by Laakso et al. [ref 1] for more details. Even a few days loss of
energy generation is a significant factor for large wind parks since ALL of the turbines within the park
would be affected. Also, since this loss will be during winter time when the spot price on energy is at its
peak, the economic loss would be significant.
Energimyndigheten (STEM) in Sweden has given a grant to the Halmstad University to investigate
news ways to either avoid icing or de-ice wings of wind turbines. Previous projects of STEM have
investigated using microwaves for de-icing, e.g. Svenson et al. [ref 2] and Baath et al. [ref 3]. In this
report we have taken a more complete view on the problem.
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2 Water
2.1 Molecular structure and properties
Water is one of the most abundant molecules on earth and also one of the most important for life on this
planet. Water is formed by a single Oxygen atom bound with two Hydrogen atoms. The Oxygen shares
two electrons with the two Hydrogen atoms as a covalent bond. The resulting molecule of water has 3
nuclei (O, H, and H) and 10 electrons which result in 39 coordinates and thus 39 degrees of freedom.

Figure 1 The water molecule (left) and the Hydrogen bonding (right)
The basic form of water makes it a bipolar molecule in that one end will have predominantly negative
charge (Oxygen end) and the other positive charge (Hydrogen end). Water molecules therefore may
form a bond with each other or other bipolar molecules as a Hydrogen bond.
-

Cohesion refers to attraction to other water molecules.

-

Adhesion refers to attraction to other molecular species.

Cohesion is very stable and causes the surface tension which holds droplets together and allows matter
to float on water surface. Adhesion makes water droplets and ice stick to metal and other material. The
adhesive force of the hydrogen bond is very strong, as is demonstrated by how hard it may be to clean
the car windscreen from ice in the winter.
Water, like all materials, exists in basically three forms:
- Gas form, water vapor, where the molecules are allowed to move more or less at random in
Brownian motion.
- Solid matter, ice, where the molecules are bound by Hydrogen bonding into a crystal
structure.
- Liquid, water, which is an intermediate phase where the molecules are loosely bound but can
move relative each other.
The three forms have quite different properties, also as to their flow properties and interaction with a
wind turbine wing.
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Figure 2 The water molecular structure as solid (ice) [ref 4].
Water form
Vapor
Liquid
Ice

Specific heat
(kJ/kg/Kelvin)
1.996
4.187
2.108

Latent heat
(kJ/kg)
2.270
334

Table 1 Heat capacities and latent heats for water.
Table 1 shows the specific heats and latent heats for water in its three forms. Note that water has the
highest specific heat and therefore requires more energy to heat than either ice or vapor. Note also that
ice has the highest latent heat and therefore requires much more energy to melt than to boil water. It
requires about the same amount of energy to melt 1 kg of ice as to heat 1 kg of water by 80 degrees.

Figure 3 Phase diagram of water. Standard atmospheric pressure at sea level is 101.325 kPa
(denoted by blue line).
The phase diagram of water [ref 5] is shown in figure 3 above. The atmospheric standard pressure of
101.325 kPa is indicated by a horizontal blue line. Note that at this pressure the transformation from ice
to liquid (melting point) is 273 Kelvin and from liquid to vapor (boiling point) at 373 Kelvin. Note also
the triple point at 273.16 Kelvin and 1 kPa where water exists in its three forms simultaneously. It
should be noted that the freezing of liquid water into ice requires that the water molecules can give off
at least 334 kJ per kg of energy to the surroundings. This may not be possible even at low atmospheric
temperatures and liquid water may therefore exist as super-cooled droplets.
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Figure 4 Dew point of water at sea level as a function of air temperature [ref 6].
The dew point is the temperature where vapor condenses to liquid water. This is dependent on the
temperature of the ambient air and the relative water vapor content (humidity). The relative humidity is
the existing humidity divided by total amount of vapor that the atmosphere may hold at that
temperature. A relative humidity of more than 100% therefore means that water exist also in liquid
form in the atmosphere (as drop-lets). The dew point is shown in Figure 4 above as a function of
ambient air temperature. Read the figure as follows: For an air temperature of 20 °C go to that on the xaxis. Go to the line representing the existing relative humidity and read the de point on the y-axis. The
dew point is here the temperature to which the air has to be lowered to condensate water as liquid.
The atmosphere at sea level pressure has the capacity of holding a certain amount of water as vapor
which is dependent of temperature. Figure 5 below shows the saturation point of water vapor as
function of temperature. Note that the atmosphere may hold a substantial amount of water even well
below the freezing point and that zero water content is achieved as low as around -40 °C.

Figure 5 Precipitation of water in air at sea level as function of air temperature [ref 7].

Vindforsk: 2008/30988-1

2008-12-09 13:16

8/54

Report Vindforsk 30988-1/V-238

Lars Bååth and Hans Löfgren, Halmstad University

2.2 Electromagnetic properties of water
2.2.1 General
Atoms as well as molecules are bound together with electromagnetic force. An external electromagnetic
field will therefore affect matter in ways which are dependent on the frequency of the field and the
composition of the material. All molecules and atoms have a specific size and will affect each other and
how they respond to the external field by how far apart they are (density) and how fast they move
relative each other (temperature).
The response to an external electromagnetic field depends on its frequency. At low frequencies, a few
Hz to a few GHz, the field will loose energy by moving charged particles such as electrons or ions. If
the matter contains free electrons, then electronic conductivity will be the predominant loss, e.g. in
metals. If no free electrons are available then ionic conductivity may exist. This requires ions which are
free to move in the gas or solution, e.g. ions in salt water.
At higher frequencies in the radio – microwave – mm wave – sub mm wave bands, 1 GHz to 500 THz,
the electromagnetic field affects a molecule by changing its rotational axis. This is a quantized energy
jump between two rotational levels and can be either absorption (adding energy to the molecule) or
emission (radiating energy from the molecule).
At higher frequencies in the infra red band, the molecule may gain or loose energy in transitions
between different vibrational levels.
At optical and to UV frequencies the transitions are on the electron level between different electron
shells.
Absorption (and emission) of the electromagnetic wave in matter is usually described by a complex
parameter called the di-electric constant or permittivity The imaginary part represents the response of
the material to an external electromagnetic field while the real part represents the internal field. The
permittivity is frequency dependent as shown in figure 6 below.

Figure 6 The di-electric constant (real (ε΄) and imaginary (ε˝) parts).
When an electromagnetic wave passes through a medium it will be affected to change from having then
intensity I0 to outgoing I as shown in figure 7 below.

Vindforsk: 2008/30988-1

2008-12-09 13:16

9/54

Report Vindforsk 30988-1/V-238

Lars Bååth and Hans Löfgren, Halmstad University

Incoming field V0

Outgoing field V

l
Figure 7 The change in electromagnetic field when passing through a medium.
The field complex voltage is changed as:

V = V0 ⋅ e i⋅2π ⋅υ ⋅n⋅Δt
where υ is the frequency, ∆t is the time of flight in vacuum of the wave through the material of
thickness l and n is the complex refractive index of the material. The complex index of refraction is
connected to the permittivity as:

n = nr + i ⋅ κ

nr =

κ=

ε ′ 2 + ε ′′ 2 + ε ′
2

ε ′ 2 + ε ′′ 2 − ε ′
2

The real part, nr, is the delay of the signal through the medium, while the imaginary part, κ, is the
absorption within the medium.
The change of intensity (square of the complex voltage) of the electromagnetic field can now be written
as:

I = I 0 ⋅ e −α ⋅l
where α is the absorption coefficient in parts per length and l is the thickness of the medium. The
absorption coefficient can be written as:

α=

4 ⋅ π ⋅ κ ⋅ν
c

where c is the speed of light in vacuum. The absorption within a medium is therefore dependent on the
internal field of the medium, how this can couples to the external field and the thickness through which
the external field penetrates.
The intensity, or power, absorbed in the material can now be written as:

ΔP = I 0 (1 − e −α ⋅l )
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2.2.2 Water Vapor

Figure 8 The absorption coefficient in water vapor as function of frequency. Spectrum is
calculated from Hitran [ref 8] data.
Molecules move freely in a gas and the transitions are purely quantized. Figure 8 above shows the
rotational transitions in the microwave range of water vapor. Each spectral line represents a transition
between two quantum states, where the lowest at 22.235 GHz is the absorption transition from
rotational state =0 to =1. Note that the absorption coefficient is very low and that a very long column of
water vapor is required to absorb any significant amount of intensity in this frequency range. The width
of the lines is depending on the pressure and temperature. The higher the pressure and/or temperature,
the closer the molecules will reach each other and the more their specific internal field will affect each
other and the wider the lines will be. Pressure broadening is evident in the figure above which is
calculated water lines at atmospheric pressure and at 27°C.
We conclude form this that water vapor is not a good absorber of energy at microwave frequencies.
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2.2.3 Liquid Water

Figure 9 The absorption coefficient of liquid water. Data are from Segelstein [ref 9].
Water in liquid form has a very different response to electromagnetic radiation. Figure 9 above shows
the absorption coefficient of liquid water from shortwave UV to the long wave microwave. The yellow
area indicates the optical part of the spectrum. Note that liquid water is transparent at optical and radio
frequencies but more or less opaque at the other parts of the spectrum.
Pure liquid water does not contain any free electrons and no ions and is therefore not a good conductor.
Protons may change places between water molecules and transport some charge, but this is a very small
effect. Absorption in liquid water is therefore also mainly di-electric caused by transitions between
quantized energy states. The molecules in liquid water are sufficiently close to affect each other and the
spectral lines seen in vapor is transformed into wider bands which adds together to a wide band
spectrum as seen in figure 9.
The absorption at microwave frequencies is still very low, of the order of 0.001-1 cm-1. It is first in the
infrared region that absorption becomes substantial 100-1000 cm-1.

Figure 10 Complex permittivity of liquid water. Left panel shows pure water. Arrows indicate
increasing temperature. Right panel shows saline water. Arrows indicate increased salinity
Figure 10 above shows the complex permittivity of water vapor at microwave frequencies [ref 10]. The
frequency of standard microwave ovens is shown as a thick black line. The absorption coefficient of
pure water ranges between 0.1-1 cm-1 at 2.5 GHz making it a poor absorber.
The situation changes dramatically if salt is added to the water. The dipolar structure of the water
molecules results in that the ion bonding of the salt molecule is split and ions are formed. These may
move freely in the saline water and ion conductivity can be quite substantial. The figure 10 above
shows the permittivity of water for different salinity. Note that the absorption coefficient increases
significantly at the low frequency (longer wavelength) of the spectrum with increasing salinity. Saline
water is therefore a much better absorber at 2.45 GHz than pure water. However, the liquid water
relevant to wind power turbine wings and icing is expected to be almost pure water containing no ionic
salt.
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2.2.4 Ice

Figure 11 The di-electric permittivity of water (left panel) and ice (right panel) [ref 11].
Ice is the solid phase of water. This is a crystal, where the water molecules are locked into positions by
the strong Hydrogen bond. The strength of the bond is demonstrated by the very high latent heat of ice.
It requires 334 kJ/kg to melt ice into liquid water, while it requires about the same amount, or 418
kJ/kg, to heat liquid water from 0 °C to the boiling point of 100 °C.
Figure 11 above shows a comparison between the permittivity of liquid water and ice [ref 11]. Note that
ice has a di-electric permittivity which is about 100 times lower then liquid water at microwave
frequencies. At 2.45 GHz the absorption co-efficient of ice is in the order of 0.01-0.1 cm-1. Ice is
therefore a very poor absorber at microwave frequencies.

Figure 12 The absorbance of water in the infrared region.
Figure 12 shows the absorbance of water in its three forms within the infrared band [ref 12]. The wave
number is 1/λ (wave length in cm) is frequently used to define spectrum in the infrared range. The
spectrum shown is between 2.5 μm to 3.5 μm. Ice is by far the best absorber at infrared wavelengths
with water vapor as the lowest.
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3 Presumptions
Icing on wings is a well known phenomenon from aircraft and flight industry. A full discussion on the
occurrence of icing conditions is outside the scope of this project. We refer to the tutorial by NASA [ref
13] for a full coverage of such conditions. We note here that liquid water droplets may have
temperature below 0 °C, super-cooled water, in conditions where moist warm air meets a cold front.
Such conditions may especially occur when moist air from the sea moves onto higher land areas. Figure
13 below is adopted from NASA to demonstrate that super-cooled water may exist at temperatures
close to 0 °C.

Figure 13 Super-cooled droplets form in cold front.
Such super-cooled droplets will freeze instantaneously when they come in contact with a material as
shown in figure 14 below. The freezing occur at the first attack point to the wing, i.e. the leading edge.
Note that the wing has a high speed against the wind and that ice may form even though the air around
the wing may be above the freezing point. Since the wing is a solid rotator, the speed of the wing
relative the wind is depending on the distance from the hub. The relative wind speed is the actual
velocity vector resulting from the wind speed relative the ground and the perpendicular rotation speed
of the wing. This speed may be very high, usually > 60 m/s at the tip, and wind chill effects may
therefore cause icing even at temperatures a few degrees above freezing.

V
CLOUD OF SUPERCOOLED
WATER DROPLETS

AIRFOIL

Figure 14 Cloud of super-cooled water droplets hits airfoil.
The manner in which water droplets cohere and freeze to form ice on the wing determines the structure
of the ice. Figure 15 below shows the usual definitions of ice:
Rime ice – is formed by small droplets which freeze directly upon impact and do not have time to flow.
Clear ice - is formed by larger droplets with time to flow out over the surface after the initial impact.
Mixed ice – is formed when super-cooled droplets of various sizes are intermingled.
All kinds of icing, even at small quantities, will cause loss of lift and increase drag to the wing because
of change in wing form at the impact area.

Vindforsk: 2008/30988-1

2008-12-09 13:16

14/54

Report Vindforsk 30988-1/V-238

Lars Bååth and Hans Löfgren, Halmstad University

Figure 15 Icing on wing: rime frost (left), clear icing (right) and mixed (middle).
The amount of icing is dependent on the amount of liquid water droplets in the air and the temperature.
Figure 16 below shows an old, but still very valid, investigation on liquid water content (LWC) [ref 14].
We have in our calculations used LWC between 0.1-1 g/m3. The density of air at sea level is assumed
throughout to be 1.2 kg/m3.

Figure 16 Liquid water content (LWC) in air.

TYPE
Mist
Dry fog
Wet fog
Drizzle
Light rain
Rain

DROPLET SIZE
0.1-1 μm
1-10 μm
10-40 μm
50-100 μm
200-400 μm
500-1000 μm

Table 2 Droplet size for various types of atmospheric water.
The size of droplets differs with type of fog and rain. Table 2 shows expected variations of droplet sizes
for various types. Dry to wet fog are the usual conditions for super-cooled droplets at near, up to a few
hundred meters above, ground level. We have therefore in our calculations assumed drop-let sizes of 120 μm.
We have also assumed throughout a temperature of the super-cooled droplets of -5 °C.
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4 Flow studies
When a wing is sweeping through air with super-cooled liquid water droplets, an ice shell is quickly
formed at the leading edge. The growing ice creates a rough surface which disturbs the fine laminar
boundary layer flow at the leading edge. The transition from laminar to turbulent boundary layer flow is
then moved closer to the stagnation point. This ultimately increases the viscous friction along the
surface of the wing and lead consequently to an increased drag force. The propelling force of the wing
thereby decreases leading to a lower power generation of the wind turbine. In order to secure the
aerodynamic force balance between the propelling part of the lift force and the drag force, the wing
necessarily needs to be ice free. This can be done by keeping the wing surface temperature just above
the freezing point (> 0° C). The main objective of this section is therefore to find an approximate
measure of the heating requirements.

Figure 17 A typical wind turbine wing.
The most exposed part of the wing is of course the tip where we find the highest velocities. In the first
study (section 4.1.1) we therefore investigate this region (I) 0.5 m below the wing tip. At that distance
from the wing tip we assume the boundary effects from the tip vortex is negligible. The typical width of
the wing is here about 0.4 m for a 45 m long wing (including the hub). Two other positions, region II
and III (fig. 17), are considered in section 1.3 in order to get an over all measure of the necessary heat
power. The wing profile used in the simulations is the well known NACA 63 – 418, see figure 18.

Figure 18 NACA 63 – 418 with the angle of attack α = 6° .
A wind turbine operating at optimal conditions has a wing tip velocity of about 6 times the wind speed.
In our studies we assume a typical wind speed of 10 m/s. The wing tip will then be exposed to relative
velocities of about 60 m/s while the relative velocities at regions II and III are 41 and 22 m/s,
respectively.
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4.1 2D convection simulations

Figure. The computational grid (800 000 nodes).
Computational Fluid Dynamics (CFD) is the analysis of heat and fluid flows by means of computer
based simulations. It is very powerful tool that spans a wide range of applications. The solution to a
flow problem is defined at a finite number of positions inside the flow domain called nodes. The
numerical accuracy of the results depends on the distribution of nodes (grid). However, it is not
sufficient to have a high numerical accuracy since the accuracy of the physical models is equally
important. The turbulent motion, characteristic for most flows of engineering importance, present a
high degree of uncertainty [ref 15]. Turbulence models used in the study of airfoil flows are well known
and show good agreement with experimental results for unseparated flows.
The calculation of the compressible flow where performed utilizing the commercial CFD software
FLUENT (v.12) with second order discretisation schemes. The turbulence is modeled using the 2-eq.
SST k-w model (standard choice for these kinds of simulations). A draw back using 2 – equation
models is their inability to capture the boundary layer transition from laminar to turbulent flow which
leads to a slight over prediction of surface shear forces and heat fluxes [ref 16]. Future studies should
therefore aim to investigate 3 and 4 equation models as well.
In the CFD analysis of the external heat and fluid flow we assume the free stream velocities
U I = 60 m / s, U II = 41 m / s and U III = 20 m / s combined with a turbulence intensity of 1
% (rms(turbulent kinetic energy)/U. In the heat flow analysis it is very important to resolve the
boundary layer along the wing since the convection problem here is strongly coupled to the fluid flow.
The boundary layer mesh then necessarily needs to be very fine, with an inner cell thickness of the
order of μm. The free stream temperature is set to - 5°C while the wing is keep isothermal at 0°C.
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4.1.1 CFD results for the wing tip, region I.
In this section we present the heat and fluid flow results for the wing tip region I (Free stream
velocity V ∞ = 60 m/s,

Re = V∞ L /ν ≈ 5 ⋅ 10 6 )

Figure 19 Velocity field at section I.
On the upper side of the wing the velocity increases to about 90 m/s which is Mach 0.3, see figure 19.
The flow is therefore weakly compressible which would lead to some thermal effects. At low angles of
attack we see that the flow is nicely attached along the wing surface. Low flow velocities are found at
the stagnation point just below the leading edge and in the wake flow at the trailing edge. It is the
velocity difference between the upper and lower side of the wing that creates the power producing lift
force. For separated flows called stall this effect disappears leading to an increased drag force that
ultimately stops the energy production.
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Figure 20 Temperature field at section I. (Free stream temp. 268 K (– 5 °C) and wing temp. 273 K
(0 °C).
It is interesting to note that compressible effects creates increased air temperatures of about 2 degrees at
the stagnation point and a temperature drop of about 3 degrees over the upper part of the wing. These
effects are easily understood by considering the steady-state energy equation

h + 21 V 2 = const along a streamline
For an ideal gas the enthalpy h is given by

dh = c p dT ⇒ Δh = c p ΔT

where

c p ≈ 1 kJ / kgK for air.

Hence, the temperature drop along a streamline is

ΔT =

(

1
V∞2 − V 2
2cp

)

(1)

For the flow on the upper side of the wing eq.(1) confirms a temperature drop of 2.5 K while we find a
temperature increase at the stagnation point of 1.8 K. We may then conclude that if it is found that the
upper part of the wing is not susceptible to icing it becomes important to isolate this side in order to
decrease the heat flux from an internally heated wing.
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Figure 21 Heat flux at a section I. (Free stream temperature – 5 °C and constant wing
temperature 0 °C)
The highest heat flux is found at the leading edge an along the upper side of the wing. This is due to the
thin boundary layers created by the accelerated air flow around the leading edge and the temperature
drop induced by compressible effects. Integrating the local heat flux in figure 21 the total heat
convection per unit length of the wing at section I is found to be

q I ,konv = 700W / m
The estimated Newtonian heat transfer coefficient per unit length
through

q I ,luft = H (Ts − T∞ ) ⇒ H I =
where

q I ,luft
(Ts − T∞ )

H I [W / mK ] is determined

= 140 W / mK

Ts − T∞ = 5 K .
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Figure 22 Approximate heat power required to keep the outermost meter of the wing at a
constant temperature of 273 K (0°C) for different free stream air temperatures T∞ .
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4.1.2 CFD results for region II and III.
In this section we present the results from the CFD simulations for the 2D flow at cross section II and
III. The main interest here is to get a glimpse of how the typical flow character changes along the wing
and to be able to get a rough measure of the over all convective heat flux.

Figure 23 Contours of velocity magnitudes.
In figure 23 we see the same flow pattern around the wing. This is because the Reynolds

= U ∞ L /ν ≈ 5 ⋅ 10 6 is the same at both positions. The maximum Mach numbers found
on the upper part of the leading edge are here Ma II = 0.2 (weakly compressible) and Ma = 0.1

number Re

(approximately incompressible). Hence, the air flow becomes compressible somewhere between
position II and III. We may then assume to find a non-uniform temperature field at II (not at III)
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Figure 24 Contours of temperature.
Utilizing the steady state energy eq. 1 we find a temperature drop of about - 1.4 K along the upper side
of the wing and a stagnation temperature increase of 0.8 K for case II. For case III the thermodynamic
change in temperature is only a few parts of a degree K and consequently approximately
incompressible. Over all, it should be pointed out that compressible effects exists and are important in
the study of icing of wind turbine wings. For the study of purely fluid dynamical properties
compressible effects can safely be neglected for Mach numbers < 0.3 (Boussinesq approximation [ref
17]). However, for thermodynamical properties the energy equation is found to be coupled to the
momentum equation for the outer half of the wing.
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4.1.3 Convective losses over the wing due to gas flow
Finally we conclude these simulations with a measure of the over all convective heat flow over the
outer 30 m of a 45 m long the wing. The wing is assumed to operate at optimal conditions, meaning that
the tip velocity is about 6 times the wind speed. The wing temperature is held at 0°C while the free
stream air temperature is -5°C. At positions I, II and III we found the local convective heat flow per
unit length to be

q I ,air = 700 W / m
q II ,air ≈ 1600 W / m
q III ,air ≈ 1700 W / m
Using the mean values multiplying with the distance between the positions (15 m) we get the over all
heat flow

Qair ≈ 50 kW for the outer 30 m of a 45 meter long wing (including the hub).
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4.1.4 Convective losses due to droplets
The main objective for heating the wing is to preclude icing when the wing is subject to a flow of
super-cooled liquid droplets. It is therefore interesting to give an upper estimate of the heat loss due to
the droplets alone.

Figure 25 Problem, set-up.
In the calculation of the cooling effect of the droplets we assume that all droplets within the dashed
lines will hit the projected area of the wing. This is clearly an over prediction since some droplets will
be swept away due to viscous drag forces induced by the air deflected flow in which they are
embedded. The cooling effect due to super-cooled liquid water droplets may then calculated as:
45 m

& C p , H 2 O ΔT =
ΔQ = m

∫U

∞

(r ) ⋅ L(r ) ⋅ sin α ⋅ LWC ⋅ C p ΔTdr

15 m

where

U ∞ (r ) ≈

U I ,∞
L

r≈

60
r [m/s] ,
45

The wing width L as a function of the distance r from the hub is given by

L(r ) ≈ 0.4 + (3 − 0.4)

45 − r
[m]
30

Specific data:

α = 6°
LWC = 0.1 g / m 3
C p ,H 2O = 4kJ / kgK
ΔT = −5°C
yields

ΔQ = 372 W
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4.2 Droplet flow
In this study we like to draw attention to some analytical results concerning the flow of small water
droplets following a free air stream against solid bodies. The main objective is to investigate the critical
conditions for which the droplets are swept around the body without hitting the surface. This situation
is important since it ultimately prevent icing. We will call this situation impact free particle flow.
Knowing the mechanism behind this phenomenon might yield an indirect technique for keeping the
wing ice free or less susceptible to icing, in contrast to direct techniques like heating. Two bodies are
studied for this purpose: the circular cylinder and the infinitely thin airfoil. Both cases can be seen as
extreme cases of a typical wind turbine wing. The cylindrical case is also of interest in the field of
mapping atmospheric ice loads where a cylinder with a diameter of 30 mm is used.
The flow of small liquid droplets in air is governed by the science of multiphase flows. In multiphase
flows the phases are defined as an identified class of material that has a particular inertial response to
and interaction with the flow in which it is immersed. For the typical droplet flow against wind turbine
wings the droplets interacts with the air flow without affecting it. This greatly simplifies the analytical
treatment. In this study, which is purely analytical, we consider the particle flow from an Eulerian
perspective, meaning that we see the particle flow as a field in contrast to the Lagragian view. In future
studies, the authors like to investigate more global characteristics of the droplet flows against typical
wing profiles by means of CFD simulations. Such studies will present detailed information of how the
droplets will distribute over the wing surface, necessary for an effective de-icing strategy.
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4.2.1 Determination of the 2D particle flow against a cylinder
Knowing the particle flow against the stagnation point of a wind turbine wing is essential for the
understanding of the icing problem. In this section we investigate the particle flow around a circular
cylinder. The stagnation flow against a circular cylinder is much simpler than the flow against the
leading edge of a wing but is assumed to have the same physical mechanisms. We will make the
problem dimensionless in order to identify important parameters and try to give them a physical
explanation.
The particle flow against a circular cylinder represents an approximation to the flow against the leading
edge of a typical wind turbine wing. The physical mechanism for IFPF is here made as clear as
possible. Let us start by considering the underlying assumptions:

Figure 26 Force balance.

Figure 27 Air flow field against a cylinder.
In the following we assume that small droplets with the diameter

φ

are swept by a free stream with the

velocity U ∞ far away from the cylinder. Closer to the cylinder the stagnation pressure brakes and
deflects the air velocity u around the cylinder. The pressure gradient is however not affecting the
motion of the droplets. The droplets feel only their own inertia along with the viscous shear forces at
the free surface due to the friction against the surrounding air flow. The force balance for a spherical
droplet is

m ⋅ a = FD

(1)

where m is the mass of the droplet given by

m=

1
ρ H 2O π φ 3
6

(2)

and a its acceleration

a = v ⋅ ∇v

(v = droplet velocity)

assuming that the flow is steady-state
a sphere with the diameter
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FD = 3π μ air φ (u − v )

(4)

The inviscid air velocity field u around a cylinder with the radius R is given by

⎛ ⎛ R ⎞2 ⎞
ur = −U ∞ ⎜ 1 − ⎜ ⎟ ⎟ cos θ
⎜ ⎝r⎠ ⎟
⎝
⎠

(5)

⎛ ⎛ R ⎞2 ⎞
uθ = U ∞ ⎜ 1 + ⎜ ⎟ ⎟ sin θ
⎜ ⎝r⎠ ⎟
⎝
⎠

(6)

[ref 17].Introducing the dimensionless parameters

v
r
1 ρ H 2Oφ 2U ∞
~= u ; ~
~
v=
; u
r=
; c=
U∞
U∞
2R
9 μ luft D

(7)

into the force balance we get

~
~−~
c~
v ⋅ ∇~
v=u
v

(8)

where the dimensionless inviscid air flow is written

~ = −⎛ 1 − 1 ⎞ cos θ
u
⎜ ~2 ⎟
r
⎝ r ⎠

(9)

~ = ⎛ 1 + 1 ⎞ sin θ
u
⎜ ~2 ⎟
θ
r ⎠
⎝

(10)

and the dimensionless velocity gradient

∂
1 ∂
~
∇ = rˆ ~ + θˆ ~
∂r
r ∂θ

(11)

The force balance in each direction is

~
⎛ ∂~
v ∂~
v2 ⎞ ~ ~
v
vr ~
c ⎜⎜ ~
vr ~r + ~θ
− ~θ ⎟⎟ = u
r − vr
∂r
r ∂θ
r ⎠
⎝

( r̂ -led)

(12)

~
~
v
v ∂~
v
v~
v ⎞ ~ ~
⎛ ∂~
ˆ
c ⎜~
vr θ + ~θ θ + r~ θ ⎟ = u
θ − vθ ( θ -led)
∂r
r ∂θ
r ⎠
⎝

(13)

Asymptotic boundary condition

~
v ~ U ∞ = − cosθ rˆ + sin θ θˆ as ~
r →∞.

(14)

A general solution to eq. (12) and (13) has not been found. Instead we present the asymptotic solutions
valid for small and large c.
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We now perform an asymptotic analysis for

c << 1 . Assume a solution of the form

( )

~
vr = ~
vr 0 + c~
vr 1 + O c 2

(15)

( )

~
vθ = ~
vθ 0 + c~
vθ 1 + O c 2

Insertion of eq. (15) into (12) and (13) we find the dimensionless droplet velocity

( )

1 ⎞
2 ⎛
1 ⎞
⎛
~
vr = −⎜ 1 − ~ 2 ⎟ cos θ − c ~ 3 ⎜ cos 2θ − ~ 2 ⎟ + O c 2
r ⎝
r ⎠
⎝ r ⎠

( )

1 ⎞
2
⎛
~
vθ = ⎜ 1 + ~2 ⎟ sin θ − c ~ 3 sin 2θ + O c 2
r
⎝ r ⎠

(16)

(17)

Figure 28 Droplet free region for small c.
The physical explanation to the droplet free region in the vicinity of the cylinder (except at the
stagnation point) is that the droplets are being accelerated by the angular air velocity before hitting the
surface. The angular velocity of the droplets actually becomes that large that the distance to the cylinder
surface increases. Hence, we may say that the inviscid air stream acts as a centrifugal separator. The
effect of the viscous boundary layer is not studied but it is the author’s belief that it will act to decrease
the angular acceleration leading to droplet impact close to the stagnation point.
The viscous boundary layer thickness at the stagnation point is given by

δ = 2.4

ν luft

(18)

k

where

u(r → 1) ~ −k (r − 1 )
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r → 1 eq. (5) yields
k=

2U ∞
R

(20)

Inserted into (18) the boundary layer thickness is given by

δ = 2.4
For R = 3 cm,

ν luft R

(21)

2U ∞

U ∞ = 60 m / s and ν luft (−5°C ) = 1.3 ⋅ 10 −5 m 2 / s is δ = 0.14 mm .

Asymptotic solutions for c

>> 1 . Assume the solution

( )

~
vr = ~
vr 0 + c −1 ~
vr 1 + O c −2

(22)

( )

~
vθ = ~
vθ 0 + c −1 ~
vθ 1 + O c −2
Insertion of (18) into (12) and (13) yields

1
~
vr = − cos θ +
+ O(c −2 )
cr

(23)

~
vθ = sin θ + O(c −2 )

(24)

For the case of large values of the parameter c the droplets pass right onto the cylinder almost without
any deflection. The mass flow is maximal at the stagnation point and decreases with the angle, see
figure 29.
3

The variation of the liquid water content LWC [ kg / m ] can be derived considering the steady-state
continuity equation, i.e.

∇ ⋅ (LWC ~
v) = 0 ⇔ ~
v ⋅ ∇LWC + LWC ∇ ⋅ ~
v=0

(25)

For small c we assume the solution

LWC = LWC 0 + O(c ) for c << 1

(26)

that yields to O(1)

~
v 0 ⋅ ∇LWC 0 = 0

(27)

∇⋅~
v 0 ≡ 0 (incompressible flow). This means that LWC 0 = constant along streamlines.
Since all streamlines comes from a uniform distribution LWC ∞ we conclude that as long as c << 1
since

LWC is constant throughout the flow. However, there exist a droplet free region close to the cylinder
surface from eq. (16), see also figure (28). Our solution is thereby
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c << 1

(28)

LWC = LWC 0 + O(c −1 ) c >> 1

(29)

For large c we assume the solution

Insertion of eq. (29) into eq. (25) gives in the same way a constant LWC through eq. (27), i.e.

LWC = LWC ∞ + O(c −1 ) c >> 1

(30)

LWC can thereby be considered constant for small and large c. For c of order O(1) numerical studies
for the variation of LWC are needed.

Figure 29 Typical mass flows per unit surface area for large c.
In this analysis we only investigated small and large values of the parameter c. But since the flow
behavior changes from being swept around to passing directly onto the cylindrical surface we conclude
that there has to be a critical value of O (1) for c that marks the change in solutions. In the next section
we seek this critical value.
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Figure 30 c as a function of the droplet diameter for a cylinder diameter of the dimension as
leading edge at the top of a wind turbine wing.
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4.2.2 Determination of the particle flow against a cylinder
The asymptotic solutions for small and large values of the parameter c indicate two different particle
flow behaviors. For particle flows with small c every droplet is swept around the cylinder without
hitting the surface. In fact we found that a droplet free region is formed close to the cylinder. This is
due to the angular acceleration of the inviscid flow that throws the particles further out back into the
stream. For flows with large c the particles travels more directly against the cylinder since they are
found to be largely unaffected by the surrounding air flow. In this case, the inertia of the particles is
larger than the viscous drag.
The question we here like to answer is therefore: At which

c = c crit will the change in flow pattern

appear?

Figure 31 Stagnation streamline.
Let us study the particle flow along the stagnation streamline and argue that the change to solutions will
first appear as a non-zero velocity at the stagnation point. The one dimensional problem along the
stagnation streamline is given by

cv

dv
= v−u
dx

(1)

where v is the particle velocity and

u =1−

1
= 1 − (1 − 2 x + ...) = 2 x + ...
(1 + x ) 2

(2)

is the inviscid air flow (positive direction towards the stagnation point). For

c ≤ c crit is

v( x = 0) = 0 leading to solutions of the type

v = ax + ...

(3)

Insertion of eq. (2) and (3) in (1) yields

ca 2 x = ax − 2 x +…
O(x):

ca 2 − a + 2 = 0 ⇒ a =

Knowing that

1 ± 1 − 8c
2c

(4)

(5)

v → u as c → 0 the correct root must be
lim a = 2 .
c →0

The limit process of (5) gives
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⎧ 2 ( −)
1 ± 1 − 8c
1 ± (1 − 4c ) ⎪⎪
lim
= lim
=⎨
c →0
c →0
2c
2c
⎪ 1 (+)
⎪⎩ c
from which we conclude that our sought root is

a=

1 − 1 − 8c
2c

(6)

The particle velocity in the vicinity of the stagnation point is thereby given by

v=

1 − 1 − 8c
1
x + ... for c ≤ .
2c
8

This solution loses meaning at
For c >

(7)

c = c crit = 1 / 8 which is the critical value we are looking for.

1
we may assume the solution
8

v = v0 + ax + ...
Inserted into (1) give us no information about how

a=

(8)

v0 depends on c but we find that

1
.
c

(9)

Figure 32 Particle velocities for different c (numerical solutions).

cv

dv
1
= v − (1 − 2 ); v → 1 as r → ∞
dr
r

Numerical solution of the differential equation also show that

c crit = 1 / 8 is the correct solution and

how the solutions behave over and under the critical value.
The next step is now to study the two dimensional particle flow in the vicinity of the stagnation point in
order to understand the development of the particle free region.
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4.2.3 2D stagnation point analysis for c ≤ c crit against a cylinder
In this section we like to investigate the shape of the particle free region in the vicinity of the stagnation
point. The perturbation analysis is based on power series of the normal and tangential coordinates. In
this analysis we study the particle flow equations in the vicinity of the stagnation point, i.e. for r → 1
and θ → 0 . The equation system, defined in section 2.1, is for small x and θ given by

⎛ θ2
∂v
⎛ ∂v
⎞
c ⎜ vr r + (1 − x ) vθ r − (1 − x ) vθ2 ⎟ = −2 x ⎜⎜ 1 −
∂x
2
∂θ
⎝
⎠
⎝
∂v
⎛ ∂v
c ⎜ vr θ + (1 − x ) vθ θ + (1 − x ) vr vθ
∂x
∂θ
⎝
where we made the variable substitution

⎞
⎟⎟ − vr
⎠

(1)

⎛
θ3 ⎞
⎞
⎜
⎟⎟ − vθ
(
)
2
2
θ
=
−
x
−
⎟
⎜
6
⎠
⎝
⎠

(2)

r =1+x .

A consequence of the hypothesis made in the analysis in section 4.2.1 is that there exist a droplet free
region close to the cylindrical surface for small c. Mathematically this corresponds to an outflow
boundary condition for x = 0.
Assume:

vr is an even function of θ about θ = 0
vr ~ const ⋅ x as θ → 0

⇒ vr = a0 x + a1θ 2 + O( xθ 2 )

(3)

vθ is an odd function of θ about θ = 0
vθ = 0 for θ = 0

( )

⇒ vθ = b0θ + b1 xθ + O x 2θ

(4)

Insertion of (3) and (4) in (1) gives

((

)

)

c a0 x + a1θ 2 a0 + (1 − x )(b0θ + b1 xθ )2a1θ − (1 − x )b02θ 2 + ... = −2 x − a0 x − a1θ 2 + ...

(

(

) )

c a02 x + a0 a1 + 2b0 a1 − b02 θ 2 = −2 x − a0 x − a1θ 2
Solving for the different orders

O( x ) : ca02 + a0 + 2 = 0 ⇒ a0 =
Note that we get c crit =

1 − 8c − 1
2c

(5)

1
1
just as expected! The flow field for c >
thereby necessarily needs
8
8

another assumption.

(

O(θ ) : c a0 a1 + 2b0 a1 − b
2
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b0 from (7) yields a1 =

Figure 33 The constants

4c + 1 − 1 + 8c

c

(

1 − 8c + 1 + 8c

)

(6)

a0 and a1 as a function of c.

Inserting (3) and (4) in (2) gives

((

)

)

c a0 x + a1θ 2 b1θ + (1 − x )(b0θ + b1 xθ )(b0 + b1 x ) + (1 − x )(a0 x + a1θ 2 )(b0θ + b1 xθ ) + ... =
= 2θ − 2 xθ − b0θ − b1 xθ + ...

(

)

c (a0 b1 − b02 + a0 b0 ) xθ + b02θ = (2 − b0 )θ − (2 + b1 ) xθ
Solving for the different orders yields

O(θ ) : cb02 + b0 − 2 = 0 ⇒ b0 =

(

)

1 + 8c − 1
2c

O(xθ ) : c a0 b1 − b + a0 b0 = −2 − b1
2
0
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b0 and b1 as a function of c.

The velocity field in the stagnation point is thereby

vr =

1 − 8c − 1
4c + 1 − 1 + 8c
θ 2 + ...
x+
2c
c 1 − 8c + 1 + 8c

(9)

vθ =

1 + 8c − 1
1 + 8c − 1
θ−
xθ + ...
2c
2c

(10)

(

)

An interesting question is now: What is the shape of the inner streamline of the particle flow in the
stagnation region? Let us answer this question by setting vr = 0 in equation (9). This creates the
equation

x=−

a 1 2 1 − 1 − 8c 1 − 8c + 1 + 8c 2
θ =
θ
a0
2
4 c + 1 − 1 + 8c
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Figure 35 Shape of the inner streamline close to the stagnation point for different c.
From figure 35 we see that the inner streamline lifts from the cylindrical surface with increasing c. At
the critical value c = 1 / 8 the inner streamline makes the widest path around the cylinder. For c > 1 / 8
this flow phenomenon disappears as the inner streamline collapse against the cylinder at the “stagnation
point”.
The next question we like to investigate is how the liquid water content LWC change in the region
close to the stagnation point.
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4.2.4 LWC close to the stagnation point of flow against a cylinder.
To get a feeling of the particle flow against the stagnation point we here like to study the distribution of
the liquid water content LWC along the stagnation streamline. We assume to find an increasing LWC
the closer we get to the stagnation point.

Figure 36 Stagnation streamlines.
We will here investigate the LWC close to the stagnation point. The steady-state continuity equation is

∇ ⋅ ( LWC v ) = 0

(1)

Along the stagnation streamline eq.(1) becomes

vr

∂( LWC )
+ LWC ∇ ⋅ v = 0
∂r

(2)

1 ∂(rvr ) 1 ∂vθ
.
+
r ∂r
r ∂θ

(3)

where

∇⋅v =

The particle velocity field close to the stagnation point x

= r − 1 << 1

is

vr = a0 x + ...

(4)

vθ = b0θ + ...

(5)

found in section 2.3. The divergence in the vicinity of the stagnation point becomes

∇ ⋅ v = (1 − x + ...)

∂ ((1 − x ) a0 x + ...)
∂(b0θ + ...)
+ (1 − x + ...)
= a0 b0
∂x
∂θ

(6)

Inserted into (2) gives

a0 x

∂( LWC )
+ a0 b0 LWC = 0 ⇒ LWC ~ const ⋅ x −α
∂x

as x → 0

(7)

where ( see section 2.3)

a0 =

1 + 8c − 1
1 + 8c − 1
and b0 =
2c
2c

yields
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1 + 8c − 1

(8)

1 − 8c − 1

The constant in (7) can be determined through the limiting process

lim LWC = LWC ∞
c →0

where lim α = 0 ⇒ LWC ∞ = const . ⋅ lim
c →0

c →0

1
= const . ⋅ 1
xα

The LWC in the stagnation point region then becomes

LWC ~

1 + 8c − 1
LWC ∞
as x → 0 where α = 1 +
.
α
x
1 − 8c − 1

(9)

Hence, LWC increases dramatically the closer we come the stagnation point.

Figure 37 LWC as a function of the distance to the stagnation point (eq.(9)).
For c ≤ 1 / 8 LWC increases singularly against the wall. This is due to the decreasing particle
velocity. For larger c there will not be the same increase in LWC, instead will the droplets form a liquid
water layer at the surface with
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4.2.5 The inviscid air flow in the vicinity to a thin airfoil
The next geometry that we like to investigate is the thin airfoil. It will simulate the important
mechanism of lift which is strongly coupled to the circulation phenomenon. In this section we derive
the necessary stagnation point flow needed in order to find the critical parameter.

Figure 38 The flow against a thin airfoil.
In this analysis we like to derive the airflow in the vicinity of the stagnation point. This solution will
then be used in the same manner as for the cylindrical case in order to find the critical value of c which
marks the limit for non-hitting particle flows. The dimensionless inviscid air flow against the thin
airfoil in figure 38 is [ref 18].

u − iv = − cos α + sin α

1+z
1−z

with z = x + iy

(1)

where the wing occupies the interval − 1 ≤ x ≤ 1 and y = 0 . We are here going to investigate the
flow close to the ving, i.e.

y << 1 . Start by studying the ratio within the square root which is

1 + z (1 + z )(1 − z ) 1 + z − z − zz 1 − x 2 − y 2 + i2y
=
=
=
1 − z (1 − z )(1 − z ) 1 − z − z − zz
(1 − x )2 + y 2
Letting

y → 0 we get
⎛ 2y

⎞

1+z 1+x
2y
1+x⎛
2 y ⎞ 1 + x i ⎜⎝ 1 − x 2 + n 2π ⎟⎠
2
O
(
y
)
~
1
i
e
=
+i
+
+
⎜
⎟=
1−z 1−x
1−x⎝
(1 − x ) 2
1 − x2 ⎠ 1 − x

n = 0, 1, ...

Taking the root of this generates two solutions

1+z
1+x⎛
y ⎞
=±
⎜1 + i
⎟
1−z
1−x⎝
1 − x2 ⎠

(2)

The velocity field on the lower side of the wing (+) is given by

u − iv = − cos α + sin α
The stagnation point

1+x
y
+ i sin α
1−x
(1 − x ) 1 − x 2

(3)

x s is determined by setting the velocities equal to zero
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1 + xs
1 − xs

⇒ x s = cos 2α

(4)

Hence, along the stagnation streamline the vertical velocity varies as

v=−

y
4 sin α cos α
3

y < 0, y << 1

(5)

Knowing the vertical velocity close to the stagnation point we may now utilize the same strategy for
determining the critical value of c as for the cylindrical case. This derivation is presented in the next
section.
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4.2.6 Determination of the critical value of c for the flow against a
thin airfoil
In this section we investigate the particle flow against a thin airfoil and especially seek the critical value
of the parameter c. The cylinder and the thin airfoil marks the outer limits of a real wing and will
therefore give us rough measures of what to expect. The main question here is how the critical value of
the parameter c changes with respect to the angle of attack.

Figure 39 The flow against a thin airfoil.
The dimensionless equations for steady-state particle flows are

c v ⋅ ∇v = u − v

(1)

If we scale the x and y coordinates with half the wing span (L / 2) we get the dimensionless parameter

c=

1 ρ H 2Oφ 2U ∞
9 μ air L

(2)

in accordance with the definition in section 2.1. The dimensionless air velocity along the stagnating
streamline is (see section 2.5)

u=−
For droplets which

y
4 sin α cos α
3

y << 1

ˆ
y

(3)

c ≤ c crit we assume the vertical velocity profile

y << 1

ˆ
v = −a0 y y

(4)

The y-direction of equation (1) the becomes

ca02 y = −

y
4 sin α cos α
3

+ a0 y

(5)

=0

(6)

or

ca02 − a0 +
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a0 yields
1− 1−
a0 =

c
sin α cos α
2c
3

(7)

The critical value of c is then given by

c crit = sin 3 α cos α
c crit ~ α 3

for small attack angles

(8)

α < 0.3 (α < 15°)

for which our assumption becomes invalid and the droplets get a non-zero stagnation point velocity (i.e.
hitting the surface).

Figure 40 Critical value of c as a function of the angle of attack.
The critical value of c for the thin airfoil is readily seen to be much less than that for the circular
cylinder without circulation. We therefore assume that the critical c for the typical wind turbine wing is
somewhere between α

3

≤ c crit ≤ 1 / 8 .
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5 Technologies
In the following chapter we discuss different technologies to avoid icing. Our discussions centers on
heating the water droplets to above freezing temperature before they hit the wing or on the wing (proactive) and melting of ice when it has formed on the wing (re-active).

5.1 Heat droplets before hit wing
The water droplets may be heated to above freezing before they actually hit the wing. This is a
continuous process when conditions for icing have occurred. The power required to raise the
temperature of droplets by ∆T degrees Kelvin can be written as:

q = C p ⋅ LWC ⋅

ΔT V
kW/m2
⋅
Δs A

where Cp is the specific heat of water in kJ/g/K; LWC is the liquid water content in g/m3; ∆s is the
access time in seconds to the droplets; V is the volume in m3 swept by the wing and A is the target wing
area in m2.
Assuming 1 m2 of target area and 1 g/m3 of liquid water content will result in a column length of
precipitated water of 1 μm. Thus, if the droplets have diameter > 1 μm, then the sum area of all droplets
is less than the total area covered and signal power will be lost due to lack of beam filling as:

Λ bf =

∑A

drop

A

where Adrop is the area of each drop.
The required power can now be written as:

q = C p ⋅ LWC ⋅

ΔT V −1
⋅ ⋅ Λ bf
Δs A

This can be simplified as:

q=

2
ΔT
C p ⋅ ρ H 2O ⋅ φ ⋅
3
Δs

where ρH2O is the density of liquid water (1000 kg/m3) and φ is the diameter of the droplets. Note that
this equation is independent on the liquid water contents, meaning that if we heat one drop we will heat
all within the volume.
The droplets can be heated before they struck the wind either by emitting hot air in the forward
direction of the wing. We have assumed this to be improper since it would indeed work against the
flow. We therefore suggest that the only practical mean to heat the droplets is by emitting
electromagnetic radiation from the front of the wings. The required power to heat the water with
microwave or infrared would be:

q = C p ⋅ LWC ⋅

ΔT V
⋅ ⋅ 1 − e −α ⋅φ
Δs A

(

)

−1

where α is the absorption coefficient of liquid water as previously discussed.

Vindforsk: 2008/30988-1

2008-12-09 13:16

45/54

Report Vindforsk 30988-1/V-238

Lars Bååth and Hans Löfgren, Halmstad University

Assuming that we mount a transmitter on the front of the wings with a opening angle of 10° forward the
wing direction of motion and a width of 1 dm over 45m wings. Furthermore, the 3 wings are assumed
to sweep 10° at a wing tip speed of 60 m/s and the droplets are 10 μm in diameter and have a
temperature of -5 °C. The power loss to the water droplets (efficiency) and the required continuous
power is shown in table 3 below for some wavelength bands in the microwave to infrared bands.
Wavelength
130 mm
13 mm
3 mm
20 μm

Efficiency
0.3 %
5%
17 %
63 %

Power
27 MW
1.4 MW
500 kW
120 kW

Table 3 Power requirement to heat water before it hits the wings.

5.2 Heat water on wing
The water may be heated also by convective means once the water droplets are in contact with the
wing. Such heating could be to heat the wing surface material either by hot air inside the wing or
electric heating with a low frequency electric field. In this part we will discuss convective heating as
well as heating the water with a microwave or infrared radiation.

5.2.1 Convection
Our simulations show the over all convective heat flow over the outer 30 m of the wing. At positions I,
II and III we found the local convective heat flow per unit length to be

q I ,air = 700 W / m
q II ,air ≈ 1600 W / m
q III ,air ≈ 1700 W / m
Using the mean values multiplying with the distance between the positions (15 m) we get the over all
heat flow

Qair ≈ 50 kW for the outer 30 m of a 45 meter long wing (including the hub).
We have also shown that the convective flow due to droplets can be approximated as

ΔQ = 372 W
Hence, we find that ΔQ

for the outer 30 m of a 45 m long wing (including the hub).

<< Qair , from which we conclude that heating the wing in order to keep the

super cooled liquid droplets from freezing is a very primitive method, where almost all of the heat
power is lost into “thin air”. The efficiency of this process is less than 0.7 %! Even if the LWC is
higher, let’s say

1 g / m 3 the efficiency only increases to 7 % but is still very low.

5.2.2 Electromagnetic heating
Once the water droplets hit the front wing area they will form a thin water layer. This layer will be
refurbished by droplets at a speed of U m/s. The power required to heat a x m thick layer of water can
be calculated as:

(

q = C p ⋅ LWC ⋅ U ⋅ ΔT ⋅ A ⋅ 1 − e −α ⋅ x

Vindforsk: 2008/30988-1

)

−1

2008-12-09 13:16

46/54

Report Vindforsk 30988-1/V-238

Lars Bååth and Hans Löfgren, Halmstad University

Assuming a layer thickness of 0.1 mm over a wing strip of 1 m of 3 times 45 m wings and a
temperature of -5 °C we get:
Wavelength
130 mm
13 mm
3 mm
20 μm

Power
5.3 MW
368 kW
191 kW
162 kW

Table 4 Power requirement to heat water on wings.

5.3 Melt ice on wing
Heating of the water requires a continuous power emission during icing conditions. Once the ice has
formed it can be melted with a specific amount of energy calculated as:

E = Lice ⋅ ρ ice ⋅ x ⋅ A
where Lice is the latent heat of 334 kJ/kg; ρice is the density of ice (916 kg/m3); x is the ice layer
thickness and A is the area. Assuming 1 m width on the wing front and 3 wings of 45 m length we get
an energy requirement of
- 11.3 kWh for 1 mm of ice and
- 113 kWh for 10 mm of ice
It may be possible to heat only the inner 1 mm layer of ice in order to dismount the ice.
The heat can be injected to the ice with microwaves or infrared emission. In this case we get the
following energy consumption:
Wavelength
130 mm
13 mm
3 mm
20 μm

Efficiency
1%
9%
73 %
100 %

Energy
11 MWh
1.2 MWh
150 kWh
113 kWh

Table 5 Power requirement to melt 10 mm layer of ice on wings.
Note that the efficiency at microwaves is so low that it does not matter if there is a 1 mm layer or a 10
mm layer, most of the signal will be lost anyhow. In the infrared range, the absorption is sufficiently
high to restrict the melting zone to a few mm only, thus minimize the energy requirement to the
theoretical level.
Convection can also be used to melt the ice. Here the wing has to be heated and transfer the required
amount of energy to the ice. This is possible, but expensive since the full wing will be a heat sink which
is cooled by the streaming cool air as in 5.2.1 above.
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6 Wing form and surface
6.1 Form
In the analytical study of the ideal particle flow in 2D against the cylinder and the infinitely thin airfoil
(with lift) we identified the dimensionless parameter

c=
where

μ air

ρ H 2O

1 ρ H 2Oφ 2U ∞
9 μ air L

is the density of water,

φ

is the diameter of the droplet,

U ∞ is the free stream velocity,

is the dynamical viscosity of air and L is the dimension of the object. This parameter was shown

to have a critical value coupled to the shape of the object that marks the change in flow behavior. For c
less than the critical value the particles are swept around the object without making contact to the
surface. At larger values particles are shown to hit the object, at least in the stagnation region.
Although, some corrections to these results are assumed since the effect of the viscous boundary layer
was neglected. The authors, however, assume that this will lead to the condition that particles traveling
in the vicinity of the stagnating streamline always make contact.
The critical values found for the cylinder and airfoil geometries are

c crit =

1
8

ccrit = (sin α ) 3 cos α

Cylinder

Thin airfoil

These two cases differ in two important ways: curvature and circulation. It is the author’s belief that
these constitute important design parameters in order to develop airfoils with finite thicknesses that are
less susceptible to icing.
Based on the findings of this work the author’s advice for an effective de-icing strategy can be a
combination of a zonal heating along the stagnation region of the wing and an optimized wing shape in
order to increase c crit . Such investigations can be performed using commercial CFD software.
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6.2 Surface nano-structure

γlv
Liquid
Solid

Vapor

θ
γsl

γsv

Figure 41 Forces acting on a liquid droplet on the surface of a solid.
The contact between a droplet and a surface is usually described by the contact angle, or Young angle
[ref 19], shown in the figure above. The contact angle is determined by the surface tensions at the
interface surfaces solid-liquid, γsl; solid-vapor, γsv; and liquid-vapor, γlv as

cosθ =

γ sv − γ sl
γ lv

If θ< 90° the drop will tend to spread out over the surface of the solid. In the other extreme if θ=180°,
then the drop will form a perfect sphere. A highly hydrophobic smooth surface make a contact angle of
about θ=120°, while a super-hydrophobic surface can make contact angle θ>150°. A small contact
angle will result in a much reduced area of interface between the droplet and the wing surface. The
droplets will then have less area of contact and less heat transfer will occur to the wing and the droplets
have less probability to get rid of their latent heat and will be much less likely to freeze into ice.
An example of a hydrophobic smooth surface is a Teflon-coating. Such a surface is smooth and water
repellant. However, Teflon and other such materials are easily charged to have a static electric field.
Such a field will attract small charged particles, which will in turn form a collecting area for water to
adhere to. The water droplets therefore will with time connect to the surface and can leave off their
latent energy to freeze. Once some droplets have frozen to the surfaces, other will quickly cohere and
ice will form.

Figure 42 High resolution electron microscope image of the surface of a Lotus leaf.
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Fortunately nature has supplied us with a solution. Figure 42 above shows a high resolution image of a
Lotus leaf, showing the coating with hydrophobic wax crystals of less than 1 μm in diameter. The
image is taken from University of Bonn [ref 20]. The wax crystals create a surface structure such that
the contact between the surface and water droplets is minimized and a droplet will almost completely
retain its original spherical form. Figure 43 below shows a droplet on a Lotus leaf.

Figure 43 A droplet of water on a Lotus leaf.
Specific for such a highly super-hydrophobic surface is that any material on the surface will adhere
more to the water droplet than to the leaf, and will be transported away with the water as shown in
figures 44 and 45 below. Such a super-hydrophobic surface therefore will also be self-cleaning.

Figure 44 A moving droplet picks up small particles on a Lotus leaf.

Figure 45 A moving droplet is cleaning a Lotus leaf.
The Lotus leaf is efficient in repelling water droplets. Synthetic coating materials have been used [ref
21], e.g. a mixture of Aluminum, Sodium-hydroxide, perflouronononane and others, to create surfaces
with 168° contact angle or more (up to 174° has been reported). Such super-hydrophobic surface
coating could be very effectively used to avoid freezing of droplets on wing surfaces, as well as clean
the wing of aerosols and other small debris particles.
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Discussion

This is a pilot study to investigate icing on wings of wind power turbines. In this report we have
presented and discussed various ways and means to either heat water droplets or melt ice when formed
on the wings of wind turbines. The situation is different from icing on wings of airplanes in that (1) the
wings of wind turbines spend all of their time in the atmosphere where the risk of icing is highest and
(2) the speed of wing to air varies over the wing where it is constant for an airplane. The form of the
wind turbine wings also varies from tip to centre, to compensate for the varying relative air speed.
We have in the report concentrated on icing conditions at temperatures -10°C – 0°C and droplet sizes of
1-10 μm. Icing occurs also at much lower temperatures, but this will probably be because of direct
freezing of water vapour to ice. This is presently outside the scope of our pilot project report.
A large part of this report deals with analysis of the flow of gas and liquid water droplets over the wing.
Such calculations are fundamental to properly analyse and understand the problem in hand. Our flow
analysis of the droplets shows that there is a critical parameter ccrit, which is proportional to the area of
the droplets and inversely proportional to the width of the wing. A value less than critical the droplets
will sweep around the wing without making contact, and hence without freezing; while a value larger
than the critical will result in impact. The form of the wing may therefore be crucial to the condition
when icing may occur.
The surface structure may be instrumental to icing conditions and drag resistance. A nano-structured
surface, like the Lotus leaf, can result in a very large contact angle of the droplets to the surface. Man
made materials of up to 174° contact angle has been reported. Such super-hydrophobic structures will
significantly reduce the contact area between the droplet and the wing surface, and thus minimize the
risk of freezing.
In addition to the water repellent property of the Lotus effect the authors like to draw attention to the
possibility of drag reduction. It is known that a striped surface pattern can decrease the viscous drag
force over immersed bodies. For a combined effect, the length scales of the surface patterns must
coincide. The drag reducing pattern depends on the wall shear stress while the length scale of the Lotus
effect depends on the surface tension and the size of the droplet. However, it is not clear whether the
Lotus effect can preclude icing in the first place since it is in the contact with surfaces that opportunities
for icing are created. The question is then whether the contact time is long enough for the molecules to
form into crystals as the droplet “rolls” along the wing surface.
Our report also discusses water as a molecule and its properties. The most effective way to heat the
water and/or ice is to emit electromagnetic radiation at a frequency which is absorbed by the water
molecule. Such a method would be efficient since it will only heat the water/ice and would loose a
minimal amount to the ambient air and wing structure.
Heating of liquid water, either in the form of droplets before they hit the wing or water on the wing, by
microwaves is an extremely inefficient method. Pure water is not a very good conductor and therefore
a poor absorber of microwaves. Ice is even a worse absorber of microwaves.
Liquid water and ice do absorb a substantial amount of energy in the millimetre wave region (100 GHz
and higher frequency). Heating water droplets will be very inefficient even here because of the lack of
beam filling and that the absorbance is not sufficient in small droplets. Heating water or melt ice on the
wing with millimetre waves is marginally possible, but the efficiency to produce millimetre waves is
low. Therefore we argue that millimetre waves should be investigated, but would most probably not be
a practical solution.
Heating droplets, liquid water on the wing and melt ice with infrared radiation would be an efficient
solution. Such heating is more directed to water/ice than conduction. Heating the water molecules with
infrared radiation may therefore be a better solution than to heat the whole wing and should be
investigated in a larger project.
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Heat conduction from the wing surface to the water droplets or ice, where the wing surface is heated
either directly or indirectly with microwaves, is less efficient than infrared heating since the cooling by
the flowing air is substantial.
Our pre-study suggests that the solution to avoid icing or de-ice wings of wind turbines most probably
is not one single technology. The form and surface structure of the wings may play important role to
reduce icing. Both variables have to be modified depending on the latitude and atmospheric climate.
The surface structure also has to be designed to vary over the wing, both along and across to be
optimized for the mean conditions at the site. In addition, heating of the impact area, or at least the
possibility to heat this, may be important to avoid loss of energy output due to ice.
Further investigation is necessary to work out what may be a complex technology strategy to avoid
wing icing.
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Conclusion

We conclude that
- The form of the wing, especially on the contact area may be crucial to the icing problem.
- Also the nano-metric structure of the wing surface can probably be designed so that the water
droplets have a minimized contact area to the wing.
Our pilot investigation also suggests the following:
- Microwaves are much too inefficient to heat water or melt ice. Direct microwave devices
should therefore not be developed. Indirect heating with microwaves is possible.
- Millimeter waves are sufficiently efficient, but the generation is most probably too inefficient
to be of any practical use.
- Infrared waves are very efficient to heat water and melt ice and should be investigated.
- Heat conduction is also efficient and should be pursued. Using microwaves to heat the wing
surface which then conduct heat to the water/ice is a very efficient and robust method.
We suggest that a solution to avoid icing and/or de-ice wings may be a combination of radiative heating
and the form and surface structure of the wings. Such combination will be dependent on the climate
region, especially the liquid water content and the size of the super-cooled droplets.
Further research is required. We strongly suggest investigating the water droplet flow over the wing as
function of the cross section form, and the contact with the wing surface as function of the surface
structure (e.g. Lotus effect).
The present report is the result of a pre-study project. We will now continue with a deeper project
which will concentrate on the form and surface structure suggestions which results from our analysis
and flow simulations.
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