
 

  

 
 
Modelling of Atmospheric Icing 
     An Introduction essay 

     Petra Thorsson 

  



 
 

Contents 
Contents .............................................................................................................................. 2 

1 Introduction ............................................................................................................................. 4 

2 Problems caused by Icing ........................................................................................................ 5 

2.1 Loss of aerodynamic balance and loss of Production ...................................................... 5 

2.2 Risks to human life and activities .................................................................................... 5 

3 Types of Icing .......................................................................................................................... 7 

3.1 General Reasons for Icing ................................................................................................ 7 

3.1.1 In-cloud icing ............................................................................................................ 7 

3.1.2 Precipitation icing ..................................................................................................... 7 

3.2 Types of ice ...................................................................................................................... 7 

3.2.1 Glaze .......................................................................................................................... 7 

3.2.2 Wet Snow .................................................................................................................. 8 

3.2.3 Rime .......................................................................................................................... 8 

3.2.4 Other types of ice ...................................................................................................... 8 

3.3 Ice Classes ........................................................................................................................ 9 

3.4 Height and seasonal variance in icing ............................................................................ 10 

3.4.1 Clouds involved in icing ......................................................................................... 13 

4 To Measure Ice ...................................................................................................................... 14 

4.1 Detection of Ice and Icing .............................................................................................. 14 

4.2 ISO 12494 specification (Atmospheric icing of structures) ........................................... 14 

4.2.1 Description of standard instrument  and output ...................................................... 14 

4.3 Ice measuring instruments .............................................................................................. 15 

4.3.1 An assessment of different icing instruments ......................................................... 15 

4.3.1.1 Methods found unsuitable ................................................................................ 15 

4.3.1.2 Methods found suitable .................................................................................... 15 

4.3.2 IceMonitor ............................................................................................................... 16 

4.3.3 HoloOptics .............................................................................................................. 16 

5 Icing in detail ......................................................................................................................... 18 

5.1 The Physics Behind Icing ............................................................................................... 18 

5.1.1 Influential studies in the 1940' ................................................................................ 18 

5.1.2 Droplet size distribution .......................................................................................... 19 

5.1.2.1 Median volume diameter .................................................................................. 19 

5.1.2.2 Other droplet size distributions ........................................................................ 20 

5.1.2.3 Comparison between different droplet size distributions ................................. 20 

5.1.3 The liquid water content .......................................................................................... 21 

5.1.4 The Icing Growth Rate ............................................................................................ 21 



 
 

5.1.4.1 The collision efficiency, α1 .............................................................................. 22 

5.1.4.2 The sticking efficiency, α2 ................................................................................ 24 

5.1.5 Growth regimes ....................................................................................................... 24 

5.1.5.1 Dry Growth Regime ......................................................................................... 24 

5.1.5.2 Wet Growth Regime ......................................................................................... 25 

5.1.6 The heat balance of the icing process ...................................................................... 25 

5.1.7 Density and structure of ice deposits ....................................................................... 26 

6 Modelling Icing ..................................................................................................................... 28 

6.1 Simplifications made to icing models ............................................................................ 28 

6.2 Modelling of rime icing in Bulgaria ............................................................................... 28 

6.3 Makkonen's in-cloud icing model .................................................................................. 30 

6.4 Modelling icing with WRF ............................................................................................ 35 

6.5 The axial-growth model by Lozowski et al. (1983a) ..................................................... 39 

6.6 The TURBICE model ..................................................................................................... 45 

7 Discussion about icing .......................................................................................................... 51 

7.1 Methods used in modelling icing ................................................................................... 51 

7.2 Problems concerning modelling of icing ....................................................................... 51 

8 Planed future work ................................................................................................................ 53 

9 References ............................................................................................................................. 54 

10 List of pictures ..................................................................................................................... 57 

 

  



 
 

1 Introduction 
Atmospheric icing is a phenomenon that have an impact on many aspects of today's world. 

Early influential work on icing was conducted in the 1940' by Langmuir and Blodgett (1946) 

who studied the trajectories of small water droplets. The work was aimed at, among other 

things, understanding icing on airplanes. Since then the need for research on icing have 

grown. Understanding the icing of structures is also an essential part of icing, as icing on 

structures can lead to difficulties in operating them and can be a threat to human life 

(Makkonen, 1981). The main part of icing research was aimed at aircraft icing, structural 

icing and icing on power grids until the early 1990'. Since then icing on wind turbines have 

been a vital part of icing research (Makkonen et al., 2001). 

There are many incentives to study icing on wind turbines, one reason for this is that many 

sites with good wind turbine potential have a high risk of icing. An example of this is the 

current Swedish government have a goal of 2000 new wind turbines till 2020 (Olofsson, 

2010), some of these new turbines will be placed in locations where the icing risk is vast.  



 
 

2 Problems caused by Icing 
There are many problems associated with icing. In the case of icing on wind turbines there are 

three main problems; the risk of harming people nearby when ice falls from the turbines, the 

loss of production and the reduced lifetime of the components (Ronsten, 2008). 

2.1 Loss of aerodynamic balance and loss of Production 
When icing occurs on a wind turbine the aerodynamics of the blades are changed in such a 

degree that there is a loss of production. In a study by Antikainen and Peuranen (cited in 

Dalili et al., 2009) it was shown that imbalance is caused early when the icing is starting. A 

study done by Jasinski et al. 1997 showed that a small increase in surface roughness can cause 

an increase in drag coefficient and can thus reduce the power produced by the wind turbine, a 

small ice accretion at wind speeds close to peak power can lead to a severe loss in production. 

Even light icing events can cause the surface roughness of the blades to increase in such a 

degree that there is a loss of aero dynamical efficiency.  When the icing is more severe it can 

cause the torque to become zero and consequently stop the wind turbine all together. When 

the ice cover is uneven it can cause vibrations, which can lead to a collapse of the turbine. 

These vibrations can also make ice detach itself from the blades (Hochart et al., 2007). 

During severe icing the wind turbine must be shut down, resulting in long losses of 

production. In Sweden during the winter 2002-2003 the wind turbine in Äppelbo was shut 

down for 7 weeks (Dalili et al., 2009). Dalili et al. (2009) have studied data from the Swedish 

statistical incident database which shows that of the 1337 shut downs of wind turbines, 92 

cases (about 7%) were due to cold climate issues, which caused a 5% loss of production. Of 

the 92 full stops related to cold climate 92% were due to icing. 

2.2 Risks to human life and activities 
Icing is also presenting a risk when the ice is thrown from a rotating blade. In some parts of 

the world warning signs are required to warn when icing events are in progress. Also it is not 

always allowed to operate a wind turbine unrestricted during icing events (Ronsten, 2008). 

The shedding of ice from the rotor blades can also be a risk to nearby turbines (Hochart et al., 

2007). When the temperature rises a structure can shed its ice. The ice doesn't melt, but breaks 

off the structure due to vibrations and deviations (Dobesch et al., 2005). There have been 

numerous studies on the subject presenting an equation for calculating the distance ice can be 

thrown from the blades: 

 𝑑𝑑 = 1.5(𝐷𝐷 + 𝐻𝐻)    1 



 
 

where 𝑑𝑑 is the distance the ice can be thrown, 𝐷𝐷 is the diameter of the rotor and 𝐻𝐻 is the 

height if the nacelle (Dalili et al, 2009). 

  



 
 

3 Types of Icing 
There are several types of icing which are caused by the current conditions in the atmosphere. 

The type of icing can be defined by either the way in which the ice is formed or the resulting 

ice. According to Dalili et al. (2009) the two main types of icing is in-cloud icing and 

precipitation icing. According to Dobesch et al. (2005) the type of icing can also be 

determined by the current atmospheric conditions as stated in ISO 12494 (2000). When the 

conditions of the atmosphere is taken into account the resulting icing will vary in appearance. 

3.1 General Reasons for Icing 

3.1.1 In-cloud icing 

In-cloud icing is caused by super-cooled droplets which hits the surface and freezes. 

Depending on the temperature and droplet size different types of ice will be formed (Dalili et 

al, 2009). 

3.1.2 Precipitation icing 

Precipitation icing is formed  when rain or snow freeze upon contact with a surface. Snow 

will stick to a surface if the air temperature is between 0 and 3 °C, when the snow contains 

liquid water. Because of the presence of liquid water the snow crystals can form bonds 

between each other. These bonds are weak when formed, but will become stronger as soon as 

the temperature falls below 0 °C. Precipitation icing can also be formed by rain falling when 

the air temperature is below 0 °C. The most common reason for this is when there is a 

temperature inversion. But it's known to occur when there is a swift temperature rise, leaving 

the objects temperature lower than that of the air (Dalili et al, 2009). 

3.2 Types of ice 
The type of ice caused by icing can be divided into three main types. The characteristics of 

these types is shown in Table 1 after ISO 12494 (2000). Table 2 shows the meteorological 

parameters involved in icing (ISO 12494, 2000). 

3.2.1 Glaze 

Glaze is caused by freezing rain, freezing drizzle or wet in-cloud icing. The resulting ice is 

clear, transparent or opaque and has the highest density, the ice is also very smooth and 

evenly distributed. The ice also have a very high adhesion to the surface. Icicles can be 

formed when rain or drizzle falls when the air temperature is between 0 and -4 °C (Dobesch et 

al., 2005). 



 
 

3.2.2 Wet Snow 

Ice accretion caused by wet snow is a type of precipitation icing (Dalili et al., 2009). The 

water in the snow makes it possible for the crystals to attach themselves to a surface. The 

density of the ice formed depends on the water content of the snow and wind speed and varies 

between 300- 600 kg/ m3. Wet snow icing is most common when temperatures are just above 

freezing (Dobesch et al., 2005). 

3.2.3 Rime 

Rime icing is a type of in-cloud icing and the most common of all icing events. Rime icing is 

formed when super cooled fog or cloud droplets attach themselves on a surface. Usually rime 

ice is very fragile and has a low density, but this varies slightly. The density of rime ice 

depends on the temperature and drop size. Higher temperature and larger drops produce ice 

with higher density than low temperature and small drops. Because of this the rime ice is 

divided into two types, soft and hard rime (Dobesch et al., 2005). 

3.2.4 Other types of ice 

During low temperatures water can sublimate from vapour  to ice on surfaces, forming hoar 

ice. Often this causes only light ice loads and have low strength and density (Dobesch et al., 

2005). 

Table 1: Characteristics of ice types, after ISO 12494 (2000).  

Type of ice Density kg/m3 Adhesion and 

cohesion 

General appearance 

Colour Shape 

Glaze 900 Strong Transparent Evenly 

distributed/ icicles 

Wet Snow 300- 600 Weak (forming) 

Strong (frozen) 

White Evenly 

distributed/ icicles 

Hard Rime 600- 900 Strong Opaque Asymmetrical, 

pointing 

windward 

Soft Rime 200- 600 Low - medium white Asymmetrical, 

pointing 

windward 

 

 



 
 

Table 2: Meteorological parameters involved in the icing process, after ISO 12494 (2000). 

Type of Ice Air 

temperature 

Wind speed Droplet size Water content 

in air 

Typical storm 

duration 

Precipitation icing 

Glaze 

(freezing rain 

or drizzle) 

−10 < 𝑡𝑡𝑎𝑎 < 0 any Large Medium Hours 

Wet snow 0 < 𝑡𝑡𝑎𝑎 < 3 any Flakes Very high Hours 

In-cloud icing 

Glaze See Figure 1 See Figure 1 Medium High Hours 

Hard rime See Figure 1 See Figure 1 Medium Medium Days 

Soft rime See Figure 1 See Figure 1 Small Low Days 

 

 

Figure 1: Type of accreted ice as a function of wind speed and air temperature. After ISO 
12494 (2000) with the permission of SIS Förlag AB, www.sis.se, 08- 555 523 10, who sells 
the complete standard. 

3.3 Ice Classes 
The ISO 12494 (2000) use the term ice class (IC) which are determined by the properties of 

the ice accretion and describes the severity of the icing event. Ice classes can be based on 

either the meteorological data in combination with an ice accretion model or the ice weight 

per meter structural length. The ice classes are defined by the 50 years return period of the ice 

accretion on the reference collector, which is described in 4.2.1 Description of standard 

instrument  and output. The ice classes are divided into two groups, the ice class for rime 



 
 

(ICR) and the ice class for glaze (ICG), wet snow is in the ice class for rime, see Table 3 and 

Table 4 (ISO 12494, 2000). 

Table 3: Ice class for glaze (ICG), after ISO 12494 (2000). 

Ice class ICG Ice thickness 

[mm] 

Masses for glaze, [kg/m] 

Cylinder diameter [mm] 

10 30 100 300 

G1 10 0,6 1,1 3,1 8,8 

G2 20 1,7 2,8 6,8 18,1 

G3 30 3,4 5,1 11,0 28,0 

G4 40 5,7 7,9 15,8 38,5 

G5 50 8,5 11,3 21,1 49,5 

G6 Used for extreme ice accretions 

 

Table 4: Ice class for rime ice (ICR), after ISO 12494 (2000). 

Ice class ICR Ice mass 

[kg/m] 

Rime diameter  [mm] for object diameter (30 mm) 

Density of rime ice [kg/m3] 

300 500 700 900 

R1 0,5 55 47 43 40 

R2 0,9 69 56 50 47 

R3 1,6 88 71 62 56 

R4 2,8 113 90 77 70 

R5 5,0 149 117 100 89 

R6 8,9 197 154 131 116 

R7 16,0 262 204 173 153 

R8 28,0 346 269 228 201 

R9 50,0 462 358 303 268 

R10 Used for extreme ice accretions 

 

3.4 Height and seasonal variance in icing 
In Bernstein et al. (2007) and Bernstein and Le Bot (2009) the icing condition aloft have been 

studied with the focus on Northern America, Europe and Asia. The CIP (Current Icing 

Product) algorithm was used. The CIP algorithm combines satellite, radar, surface, and 

lightning observations with numerical models and creates a 3D diagnosis of icing and super 



 
 

cooled large droplets (SLD). An algorithm develop by Météo France for calculating and 

evaluating the location and severity of in-flight icing called SIGMA (System of Icing 

Geographic Identification in Meteorology for Aviation) was also used (Bernstein and Le Bot, 

2009). Note that the SIGMA algorithm was used only in Bernstein and Le Bot (2009). 

 
Bernstein and Le Bot (2009) found that in locations with high frequency of icing in Europe 

there was also a high frequency of significant cloud cover in the historical surface 

observations from 0000 UTC to 1200 UTC. The parts of Europe that are prone to super 

cooled large droplets are quite cloudy 97% of the occurrences of super cooled large droplets 

that the CIP algorithm recorded was during rain and/ or drizzle with a warm cloud top 

(temperatures above -12 ℃). Only a small amount of freezing rain or freezing drizzle was 

recorded at ground level in Europe and based on this Bernstein and Le Bot (2009) draws the 

conclusion that most of the super cooled large droplet recorded by the CIP algorithm never 

reached ground level. Though there are exceptions, for instance in northeastern Europe and 

stations located above 1 km. Freezing fog is a good indication of icing conditions on the 

ground, but in Europe freezing fog often occurs above the height of 1 km. In Europe the 

height at which icing occurs change during the year. A height - time plot of the risk of icing in 

Europe and Asia can be seen in Figure 2, where a, c and e shows the icing frequency 

calculated with both SIGMA and the CIP algorithms and b, d and f presents the super cooled 

large droplets calculated with the CIP algorithm (Bernstein and Le Bot, 2009).  

In Asia the height at which icing occurs change during the year and to show this more clearly 

Bernstein and Le Bot (2009) have divided the data from Asia into a northern and a southern 

part (north and south of 25° N). The maximum icing frequency was found in October to April 

below 4 km height for the north part of Asia, Bernstein and Le Bot (2009) holds the results to 

be good as both methods show similar patterns (Figure 2). In the southern part of Asia the 

icing mostly takes place above 5 km, which Bernstein and Le Bot (2009) attributes to tropical 

temperatures, monsoonal moisture and clouds in the ITCZ. Though the patterns of icing 

agrees to some extent in southern Asia, the height at which icing occurs differs between the 

CIP and SIGMA method. One reason for this according to Bernstein and Le Bot (2009) could 

be the difference in the temperature ranges for the thresholds used in the different methods. 

Bernstein and Le Bot (2009) notes that the super cooled large droplet frequency was low in 

Asia, thought the authors argue that there still is a pattern of seasonal change (Bernstein and 

Le Bot, 2009). 



 
 

 

Figure 2: In a and b the icing risk in % for all stations in Europe is shown, likewise the risk of 
icing is shown for all stations Asia in c- f. In c and d refers to Asia north of 25° N and  e and f 
to Asia south of 25 °N. The dots are results after SIGMA and the boxes are the results using 
the CIP algorithm. After Bernstein and Le Bot (2009). 

In northern (continental) America a seasonal difference can be seen in the height at which 

icing takes place. The peak frequency of both icing and super cooled large droplet occurred 

during the winter. An important thing to note is that deep convection have been excluded, 

which could cause an underestimation of icing during the spring and winter. A height- time 

plot of the frequency of icing and super cooled large droplets at all stations is presented in 

Figure 3 (Bernstein et al., 2007). 

 



 
 

Figure 3: a shows the icing potential for all stations in Northern America, b shows the 
frequency of super cooled large droplets in Northern America. After Bernstein et al. (2007). 

3.4.1 Clouds involved in icing 

Clouds are often involved in icing of aircrafts and super cooled clouds (temperatures between 

0 and -40 ℃) are a risk to aircrafts. Icing on an airplane can occur both when flying through a 

mixed phase cloud and an area of super cooled liquid water. In Vidaurre and Hallet (2009) 

results from studies on stratiform clouds show that about 40 % are mixed phase, i.e. they 

contain both the liquid and solid phase of water. The so called mixed-phase regions can exist 

in a region with a width of a few microns to several kilometres. Water in both solid and liquid 

phase can coexist due the internal motions inside the cloud. According to Vidaurre and Hallet 

(2009) studies have showed that in North America the number of icing hours are 175 h/year in 

eastern Newfoundland and 75 h/year in the Great Lakes area. Vidaurre and Hallet (2009) 

found that the temperature in mixed-phase cloud often is between 5 and -40℃ and that liquid 

only cloud were more common at high temperatures (~0℃) and ice only clouds were the 

most common when temperatures were below -20℃. The liquid only clouds decreased with 

decreasing temperatures, from 70% at temperatures between 5 to 0 ℃ to 5% for temperatures 

between -35 to -45 ℃. The number of ice only clouds increased with decreasing temperatures, 

from 10 % at temperatures above -5℃ to 80% at -40℃ (Vidaurre and Hallet, 2009). 

  



 
 

4 To Measure Ice 

4.1 Detection of Ice and Icing 
Icing and ice can be detected by an instrument in two different ways, either directly or 

indirectly. Icing can be detected directly by property changes due to the accretion. These 

property changes include weight, reflective properties, electrical and thermal conductivity, 

dielectric coefficient and inductance. The indirect methods include detecting the atmospheric 

conditions that cause icing or detecting the production loss due to icing. The indirect methods 

require the use of a model to estimate when there is icing (Homola et al., 2006). 

Homola et al. (2006) claim that the detection of icing on wind turbines are different form 

detection of icing on airplanes and for meteorological purposes, which according to the 

authors can be seen when icing instruments cannot perform well on wind turbines when they 

worked fine in other circumstances. 

According to Homola et al. (2006) the best placement for an icing instrument on a wind 

turbine is on the blade as close to the tips as possible. This is due to that fact that the icing is 

dependent on the velocity of the particles and this will be the highest at the tips of the blades. 

Another reason for placing the instrument at the tips is because the tips of the blades can 

experience icing even if the nacelle is not. Also the tips of the blades sweeps a greater area of 

air. However there are problems associated with placing the icing instruments on the tips of 

the blades. The problems with placing the instruments on the tip is lightning protection, 

difficulties in repairing a broken instrument and the general problem of the installation of an 

instrument on the blades. Though recently the blades of wind turbines have gotten some 

lightning protection (Homola et al., 2006). 

4.2 ISO 12494 specification (Atmospheric icing of structures) 

4.2.1 Description of standard instrument  and output 

Icing on structures is measured in accordance with the standard formulation in the ISO 12494 

(2000) specification. In the ISO 12494 (2000) a standard measuring device is described. It 

should consist of a rod with a diameter of 30 mm and a height of at least 0.50 m, 1 m if the 

icing conditions are suspected to be severe. The rod should rotate around its axis and be 

placed 10 m above ground level. When placing the instrument in the field one has to take into 

account the height of snow that might be on the ground. If possible the instrument should be 

placed where the snow is blown away. As this might not always be possible the instrument 

should be placed so that the measurements correspond to those at 10 m (ISO 12494, 2000). 



 
 

The measurements might also include the dimensions of the ice accreted on the structure, the 

type of ice, the wind direction during the accretion and samples of the ice to determine the 

density. The ISO 12494 (2000) also recommend that photographs are taken and sketches are 

done of the ice accretion (ISO 12494, 2000). 

The ISO 12494 (2000) recommend that the outputs from the instrument are the ice class, the 

average dimensions of the ice accretion and the ice density. It is also recommended that there 

are measurements of  temperature, humidity and wind speed and direction done in proximity 

of ice measurement site. If it is possible, ISO 12494 (2000) recommends that the existing 

meteorological instruments in the vicinity are used and if that is not possible, to then carry out 

meteorological measurements in connection with the icing measurements. It is recommended 

that the meteorological measurements are carried out in cooperation with the national 

meteorological institute and WMO. Since icing is site dependent the frequency of the 

observations can be adjusted to the local situation. ISO 12494 (2000) recommends weekly or 

monthly observations in cold and stable areas and more often observations in areas where the 

accreted ice might melt or shed hours after the accretion (ISO 12494, 2000). 

4.3 Ice measuring instruments 

4.3.1 An assessment of different icing instruments 

Homola et al. (2006) have compared different icing instruments and evaluated the different 

methods and use for monitoring icing on wind turbines. 

4.3.1.1 Methods found unsuitable 
Homola et al. (2006) found a number of methods unsuitable for icing evaluation on wind 

turbines. One of the main reasons is the lack of sensitivity. Some of the methods cannot detect 

thin layers of ice which have an effect on the turbines. Other systems was found unsuitable 

due to the fact that they have to be installed on the nacelle, and could then miss possible icing, 

see 4.1 Detection of Ice and Icing. This group of instruments include detectors using damping 

of ultrasonic waves in wire, resonant frequency of a probe, ice collecting cylinder, dew point 

and temperature and two anemometers, (Homola et al., 2006). 

4.3.1.2 Methods found suitable 
One of the instruments found suitable was one using infrared spectroscopy. The main parts of 

the instruments can be installed in the nacelle and there is no increased risk of lightning 

strikes on the blades. Though the instrument is not without disadvantage, the instrumentation 

that goes into the blades must be installed beforehand and the point analysis is also a 



 
 

disadvantage, but can be somewhat corrected by adding more point. Ultrasound form within 

the blades has also showed some promise and is installed on the inside of the blade (Homola 

et al., 2006). 

Of the methods in the study Homola et al. (2006) found that the methods using capacitance, 

impedance and inductance the most suitable. One reason for why these methods of detection 

was deemed most suitable is because they can detect ice in an area. Another favorable point is 

that these methods can be applied to wind turbines already in use and when installed the 

detections system can be made very thin. The methods are also well tested previously and the 

electronics involved have a low power consumption. The three methods could also be 

combined to increase the accuracy of the detection system (Homola et al., 2006). 

4.3.2 IceMonitor 

Combitech has developed an instrument to measure ice called IceMonitor. The IceMonitor is 

used primarily for monitoring ice load at for example power lines, masts and towers. The 

IceMonitor consists of a vertical rod with a diameter of 30 mm. This is allowed to rotate with 

the wind when ice accretes on it. The IceMonitor is built in accordance with the ISO 12494 

specification (Combitech). See Figure 4 for picture of an Ice Monitor. 

4.3.3 HoloOptics 

The HoloOptics is an instrument that can detect both rime and glaze ice. The HoloOptics have 

one or four sensors aimed at a probe equipped with an IR emitter and a photo detector. There 

are two different kinds of probes, one that can detect both rime and glaze ice and one that can 

detect rime ice only. According to the manufacturer the HoloOptics is: highly reliable due to 

the lack of movable parts, easy to install and mounted on a cylinder according to the ISO 

12494 standards. The HoloOptics with four detectors can be used independent of the wind 

direction (HoloOptics, 2008). 

The HoloOptics have to be installed on the nacelle of the wind turbine, which is a problem, 

see 4.1 Detection of Ice and Icing, according to Homola et al. (2006), the IceMonitor will 

experience the same problems. See Figure 4 for picture of HoloOptics. 



 
 

 

Figure 4: Two icing instruments, the HoloOptics and the IceMonitor, on the same site. On the 
right hand side there is some glaze ice, but the instruments are ice free. On the left hand side 
there is a substantial amount of rime ice. 

  



 
 

5 Icing in detail 

5.1 The Physics Behind Icing 
According to Dobesch et al. (2005) the icing of an object can be divided into two phases - 

when a liquid particle attaches itself to the structure and when the liquid freezes. It is the aero 

dynamical properties of  the droplets, the object and the air flow that are the important factors 

that decides how much of a liquid particle that will attach itself to the structure and how this 

will be done. How the liquid freezes is decided by the thermodynamics of the liquid, the 

surface of the object and the surroundings. But these two phases are not to be completely 

separated from one another. As an example a change in wind speed can affect the thermal 

conditions of the iced surface, which will have an impact on the number of particles bouncing 

from the surface (Dobesch et al., 2005). 

5.1.1 Influential studies in the 1940' 

An influential study on icing was conducted during the 1940' by Langmuir and Blodgett. In 

1946 Langmuir and Blodgett published a study done on the trajectories of small water 

droplets moving at high speeds. Langmuir and Blodgett (1946) calculate the trajectories of 

water droplets moving at high speeds using the differential analyzer at the General Electric 

Company. There had been studies on small droplets at low wind speeds before, but during 

such conditions the motion of the droplets are in accordance with Stokes' Law, which 

describes the drag force on spherical objects with small Reynolds number in a fluid, however, 

at higher velocities Stokes' Law does not apply. The objective of Langmuir and Blodgett 

(1946) was to find the conditions in which the droplets impinged on the surface of a cylinder 

and the distribution of the water impinged. Langmuir and Blodgett (1946) expected this to 

establish the condition for formation of ice or rime on an airplane. Another objective was to 

get data that would help deciding the radii of droplets by measuring the rate of icing on 

rotating cylinders on an airplane or on a mountain site (Langmuir and Blodgett, 1946). 

The results from Langmuir and Blodgett (1946) are still used today. As an example is the 

exact formula for the total collection efficiency for a circular cylinder which is still used: 

 𝐸𝐸𝑚𝑚 = 0.466(ln 8K)2 𝑖𝑖𝑖𝑖 0.125 < 𝐾𝐾 ≤ 1.1  2 

 𝐸𝐸𝑚𝑚 = 𝐾𝐾

�𝐾𝐾+𝜋𝜋
2� 

 𝑖𝑖𝑖𝑖 𝐾𝐾 > 1.1.   3 

Where 𝐸𝐸𝑚𝑚  is the total collection efficiency for a circular cylinder and 𝐾𝐾 is a dimensionless 

parameter see 5.1.4 The Icing Growth Rate. 



 
 

5.1.2 Droplet size distribution 

To accurately describe icing events it is important to know the size of droplets causing the 

icing. To do this there are several different ways.  According to Dobesch et al. (2005) 

Langmuir and Blodgett (1946) introduced the monodisperse droplets spectrum in which half 

of the droplets have a smaller radius and half a larger radius in the fog. This is a commonly 

used method, but there are other approaches (Dobesch et al., 2005).  

5.1.2.1 Median volume diameter 
Finstad et al. (1988a) used the approach of Lozowski (1978) to calculate the Median Volume 

Diameter, MVD. A uniform distribution of droplet diameters are assumed in 𝑁𝑁 size bins of 

equal width 𝑤𝑤. 𝑣𝑣𝑖𝑖  is the volume of water in the 𝑖𝑖th bin: 

 𝑣𝑣𝑖𝑖 = 𝑛𝑛𝑖𝑖
24
𝜋𝜋𝑤𝑤3(𝑖𝑖4 − (𝑖𝑖 − 1)4)   4 

𝑛𝑛𝑖𝑖  is the number of droplets in the 𝑖𝑖th bin. Then if 𝑉𝑉 is assumed to be the total volume of all 

the droplets in all the bins then the cumulative fractional volume is defined as: 

 𝑢𝑢𝑘𝑘 = 1
𝑉𝑉
∑ 𝑣𝑣𝑖𝑖𝑘𝑘
𝑖𝑖=1     5 

𝑢𝑢𝑘𝑘 = 1
2�  corresponds to the MVD. In practice one finds when 𝑢𝑢𝑘𝑘−1 < 1

2�  and 𝑢𝑢𝑘𝑘 > 1
2�  and 

then interpolates between (𝑢𝑢𝑘𝑘−1)𝑤𝑤 and (𝑢𝑢𝑘𝑘)𝑤𝑤: 

 𝑀𝑀𝑉𝑉𝐷𝐷 = 𝑊𝑊�(0.5−𝑢𝑢𝑘𝑘−1)
(𝑢𝑢𝑘𝑘−𝑢𝑢𝑘𝑘−1)

× [𝑘𝑘4 − (𝑘𝑘 − 1)4] + (𝑘𝑘 − 1)4�
0.25

6 

Finstad et al. (1988a) points out that the equations 4 and 6 must be modified when the 

droplets are distributed in nonuniform size bins. 

The MVD can also be calculated by using the water droplet distribution: 

 1 − 𝐹𝐹 = 𝑒𝑒�
−2𝑟𝑟𝑑𝑑
𝑎𝑎 �

𝑘𝑘

    7 

where 𝐹𝐹 is the fraction of liquid water composed of water with the radius 𝑟𝑟 < 𝑟𝑟𝑑𝑑 . This gives 

the MVD as the radius when 𝐹𝐹(𝑟𝑟𝑑𝑑) = 1
2�  (Dobesch et al., 2005). 

Thompson et al. (2009) use a different approach to calculate the MVD.  The formula for 

calculating the MVD is a result of a calculation of the number of droplets of a certain 

diameter, 𝑁𝑁(𝑑𝑑). 



 
 

 𝑁𝑁(𝑑𝑑) = 𝑁𝑁0𝐷𝐷𝜇𝜇𝑒𝑒−𝜆𝜆𝐷𝐷     8 

where 𝑁𝑁0 is the intercept parameter, 𝐷𝐷 is the diameter, 𝜆𝜆 is the slope of the of the distribution 

and 𝜇𝜇 is the shape parameter. 𝜇𝜇 is calculated by using the pre-specified droplet number 𝑁𝑁𝑐𝑐 : 

 𝜇𝜇 = 𝑚𝑚𝑖𝑖𝑛𝑛 �1000
𝑁𝑁𝑐𝑐

+ 2, 15�   9 

The MVD can then be calculated: 

 𝑀𝑀𝑉𝑉𝐷𝐷 = (3.672+𝜇𝜇 )
𝜆𝜆

    10 

λ here comes from integrating 8 over all droplet diameters with the mass of spherical water 

drops. This gives: 

 𝜆𝜆 = �𝜋𝜋
6
𝜌𝜌𝑤𝑤

Γ(4+μ)
Γ(1+μ) �

𝑁𝑁𝑐𝑐
𝐿𝐿𝑊𝑊𝐿𝐿

��
1

3� .   11 

5.1.2.2 Other droplet size distributions 
Finstad et al.(1988a) used the results of Prodi et al. (1986) to calculate the mean volume 

droplet diameter. The same definitions for 𝑣𝑣𝑖𝑖  and 𝑉𝑉 as above. 𝑁𝑁 is here the total number of 

droplets in all the bins. The mean volume droplet diameter is then: 

 𝐷𝐷𝑚𝑚𝑣𝑣 = �6
𝜋𝜋
𝑉𝑉
𝑁𝑁
�

1
3�

    12 

The mean droplet diameter is according to Finstad et al. (1988a) defined as: 

 𝐷𝐷𝑚𝑚 = ∑ 𝑛𝑛𝑖𝑖𝐷𝐷𝑖𝑖𝑖𝑖
𝑁𝑁

    13 

where 𝐷𝐷𝑖𝑖  is the mean droplet diameter in the 𝑖𝑖th bin (Finstad et al., 1988a). 

5.1.2.3 Comparison between different droplet size distributions 
Finstad et al. (1988a) did a comparison between three different droplet size distributions, the 

median volume droplet diameter (equation 6), mean volume droplet diameter (equation 12) 

and mean droplet diameter (equation 13). To test these approximations the collision 

efficiencies for the different methods were calculated (𝐸𝐸𝑀𝑀𝑉𝑉𝐷𝐷  for the median volume droplet 

diameter, 𝐸𝐸𝑚𝑚𝑣𝑣  for the mean volume droplet diameter and 𝐸𝐸𝑚𝑚  for the mean droplet diameter). 

These were tested against 27 spectra of droplet size diameters, in which the weighted 

averaged collision efficiency (𝐸𝐸𝑠𝑠𝑠𝑠𝑒𝑒𝑐𝑐 ) was calculated using the fractional volume for each bin 

(𝑣𝑣𝑖𝑖 𝑉𝑉⁄ ). All the collision efficiencies were calculated for the same condition: the droplet 



 
 

impinged on a cylinder of infinite length and with a diameter of 0.034 m in a potential cross 

flow of air at 10 𝑚𝑚 𝑠𝑠−1 and a temperature of −10℃ (Finstad et al., 1988a). 

In the comparison with the 27 spectra the MVD showed the best result of the approximated 

droplet distributions. The average absolute error of the MVD was 0.020, the average absolute 

error of the mean volume droplet diameter was 0.1241

5.1.3 The liquid water content 

 and the average error of the mean 

droplet diameter was - 0.229. Finstad et al. (1988a) also conducted a mathematical 

justification for why the MVD preformed better than the other approximations. 

The liquid water content, 𝐿𝐿𝑊𝑊𝐿𝐿 or 𝑤𝑤, is the amount of liquid water per unit volume of air and 

is usually measured in grams per cubic meter, though since the density of air approximately is 

1 𝑘𝑘𝑘𝑘 𝑚𝑚−3, the liquid water content of 1 𝑘𝑘 𝑚𝑚−3 is roughly 1 𝑘𝑘 𝑘𝑘𝑘𝑘−1. The liquid water content 

is to some degree dependent on the droplet concentration, (the total number of droplets per 

unit volume of air), and the droplet spectrum (the size distribution of the cloud droplets). If 

the droplet spectrum is known then the droplet concentration and liquid water content can be 

calculated (Wallace and Hobbs, 1977). 

The icing intensity is held to be proportional to the liquid water content. When the critical 

value of 𝑤𝑤𝑐𝑐𝑟𝑟  is reached the growth switches from dry to wet (Dobesch et al., 2005). The 

critical value can be calculated: 

 𝑤𝑤𝑐𝑐𝑟𝑟 = 𝑘𝑘𝑎𝑎
𝐸𝐸
� 𝜌𝜌𝑎𝑎
𝑣𝑣𝐷𝐷𝜇𝜇𝑎𝑎

�
1

2� −𝑡𝑡𝑎𝑎+ 𝑘𝑘𝐿𝐿𝑒𝑒
𝑐𝑐𝑠𝑠 𝑠𝑠𝑎𝑎

(𝑒𝑒0−𝑒𝑒𝑎𝑎 )−𝑟𝑟𝑣𝑣
2

2𝑐𝑐𝑠𝑠

𝐿𝐿𝑖𝑖+𝑐𝑐𝑤𝑤 𝑡𝑡𝑎𝑎
− 𝜎𝜎𝑛𝑛 𝑡𝑡𝑎𝑎

𝐸𝐸𝑣𝑣�𝐿𝐿𝑖𝑖+𝑐𝑐𝑤𝑤 𝑡𝑡𝑎𝑎�
 14 

Where 𝐸𝐸 is the collision efficiency, 𝑘𝑘𝑎𝑎  is the thermal conductivity of the air stream, 𝜌𝜌𝑎𝑎  is the 

density of air, 𝜇𝜇𝑎𝑎  is the dynamic viscosity of the air, 𝑐𝑐𝑠𝑠  is the specific heat of air at constant 

pressure, 𝑒𝑒𝑎𝑎  is the saturation vapour pressures over water at the temperature 𝑡𝑡𝑎𝑎 , 𝐿𝐿𝑖𝑖  is the latent 

heat of freezing, 𝐿𝐿𝑒𝑒  is the latent heat of evaporation, 𝑐𝑐𝑤𝑤  is the specific heat of water, 𝑒𝑒0 is the 

saturation vapour pressure of air over water at 0℃ , 𝑠𝑠𝑎𝑎  is the air pressure, 𝜎𝜎  is Stefan-

Boltzmann constant, 𝑛𝑛 is the freezing factor, and 𝑟𝑟 is the overall recovery factor. 

5.1.4 The Icing Growth Rate 

The growth rate of ice on an cylindrical object is determined by the following formula: 

                                                 
1 In Finstad et al. (1988a) the average absolute error of the mean volume droplet diameter was -0.124. 



 
 

 
𝑑𝑑𝑀𝑀
𝑑𝑑𝑡𝑡

= 𝐸𝐸𝑤𝑤𝑉𝑉𝐷𝐷    15 

Where 𝑀𝑀 is the ice (kg), 𝑡𝑡 is time (s), 𝐸𝐸 is the correction factor, 𝑤𝑤 is the water liquid content 

(kg/m3), 𝑉𝑉 is the wind speed/ velocity of the particles (m/s) and 𝐷𝐷 is the diameter (m) of the 

cylinder. The correction factor, 𝐸𝐸, takes values between 0 and 1, due to the fact that the actual 

icing might not be the theoretically predicted one. 𝐸𝐸  is determined by how many of the 

particle that are collected on to a surface, if all particle in the objects geometrical shadow hits 

its surface, in that case 𝐸𝐸 is unity (Dobesch et al., 2005). 𝐸𝐸 can be written as: 

 𝐸𝐸 =  𝛼𝛼1𝛼𝛼2𝛼𝛼3    16 

Where 𝛼𝛼1  is the collision efficiency, 𝛼𝛼2  is the sticking efficiency and 𝛼𝛼3  is the accretion 

efficiency. Depending on the size of the liquid particle the different efficiencies will take 

different values. For small droplets (i.e. cloud droplets) 𝛼𝛼2  and 𝛼𝛼3  will be near unity. For 

larger drop size (i.e. rain and drizzle) 𝛼𝛼1 will be close to unity, but 𝛼𝛼3 may be well under unity 

due to the fact that not all water in the drop may freeze. The sticking efficiency 𝛼𝛼2 is almost 

always near unity, except when the particles bounce of the surface, as snow and ice particles 

might do (Thompson et al., 2009). 

5.1.4.1 The collision efficiency, α1 
One way of defining the collision efficiency according to Dobesch et al. (2005) is the ratio 

between the number of droplets that impinge on the surface to the number of droplets on the 

windward side of the object. In the case of a cylindrical object the collision efficiency is 

dependent on two dimensionless parameters, 𝐾𝐾 and 𝜙𝜙. 

 𝐾𝐾 = 𝑉𝑉𝜌𝜌𝑤𝑤𝑑𝑑2

9𝜇𝜇𝐷𝐷
     17 

 𝜙𝜙 = 𝑅𝑅𝑒𝑒 2

𝐾𝐾
     18 

Where 𝜌𝜌𝑤𝑤  is the density of water, 𝑑𝑑 is the diameter of the droplet, 𝜇𝜇 is the absolute viscosity 

of the air, 𝐷𝐷 is the diameter of the cylinder and 𝑅𝑅𝑒𝑒 is the droplet Reynolds number: 

 𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑎𝑎𝑑𝑑𝑉𝑉
𝜇𝜇

     19 

The area onto which ice can be accreted on is dependent on 𝐾𝐾. If 𝐾𝐾 is between 0.125 and 10 

the maximum width, which is determined by 𝜃𝜃𝑚𝑚 , on a cylinder can be written as: 



 
 

 𝑡𝑡𝑎𝑎𝑛𝑛𝜃𝜃𝑚𝑚 = 1.70 �𝐾𝐾 − 1
8
�

0.76
   20 

If 𝐾𝐾 is larger than 10: 

 𝑡𝑡𝑎𝑎𝑛𝑛𝜃𝜃𝑚𝑚 = 𝐾𝐾    21 

Dobesch et al. (2005) refer to the exact formula for the total collection efficiency for a circular 

cylinder after Langmuir and Blodgett (1946). 

 𝐸𝐸𝑚𝑚 = 0.466(ln 8K)2 𝑖𝑖𝑖𝑖 0.125 < 𝐾𝐾 ≤ 1.1  22 

 𝐸𝐸𝑚𝑚 = 𝐾𝐾

�𝐾𝐾+𝜋𝜋
2� 

 𝑖𝑖𝑖𝑖 𝐾𝐾 > 1.1   23 

Dobesch et al. (2005) cite more recent work done by Finstad et al. (1988a) for a numerical 

assessment of the formula for droplet movement: 

 𝛼𝛼1 = 𝐴𝐴 − 0.028− 𝐿𝐿(𝐵𝐵 − 0.0454)  24 

where 

 𝐴𝐴 = 1.066𝐾𝐾−0.00616𝑒𝑒−1.103𝐾𝐾−0.688
, 

 𝐵𝐵 = 3.641𝐾𝐾−0.498𝑒𝑒−1.497𝐾𝐾−0.694
 and 

 𝐿𝐿 = 0.00637(𝜙𝜙 − 100)0.381  

Dobesch et al. (2005) refers to a study that was conducted by Makkonen and Stallabrass 

(1987) to experimentally verify the theoretical results after Langmuir and Blodgett (1946) 

using a wind tunnel. The results show that the experimental results fits the theoretical very 

well, with a linear correlation of 0.99. This result is only valid for a specific droplet radius. 

For the results to be valid for all sizes one must integrate over all droplet sizes. Thus can 

𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑛𝑛  be calculated. 

 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑛𝑛 = 1
𝑤𝑤 ∫

3
4
𝜋𝜋𝑟𝑟3𝑛𝑛(𝑟𝑟)𝐸𝐸(𝑟𝑟)𝜌𝜌𝑤𝑤𝑑𝑑𝑟𝑟

𝑟𝑟𝑚𝑚𝑎𝑎𝑚𝑚
𝑟𝑟𝑚𝑚𝑖𝑖𝑛𝑛𝑟𝑟

  25 

where 𝑛𝑛(𝑟𝑟) is the spectral density of the droplet distribution and 3/4𝜋𝜋𝑟𝑟3𝑛𝑛(𝑟𝑟)𝑑𝑑𝑟𝑟 is the mass 

of water of the droplets with a radius between 𝑟𝑟 and 𝑑𝑑𝑟𝑟. A more simplified approach to the 

mean collision efficiency is to use the median volume diameter (MVD). As stated by Dobesch 

et al. (2005) Langmuir and Blodgett (1946) used this approach after studies at Mt. 



 
 

Washington, where all droplets in a given condition were assumed to be of the same range 

(Dobesch et al., 2005). 

5.1.4.2 The sticking efficiency, α2 
Dobesch et al. (2005) describes the sticking efficiency as the ratio of the number of droplets 

that remains on the surface to number of droplets that strikes the surface. 𝛼𝛼2 is dependent to a 

degree on the phase of the water that strikes the surface, for liquid water 𝛼𝛼2 is unity, but for 

snow and ice particles it is lower. According to Dobesch et al. (2005) this was showed by 

Wakahama et al. (1977). Wakahama et al. (1977) photographed snow and showed that about 

80% of the snow particles bounced on the object. The amount of snow that bounces is 

dependent on the liquid water content of the snow particle. If the snow is wet it is more likely 

to stick. Dry snow is believed to have a sticking efficiency close to 0. The sticking efficiency 

for snow on a cylinder have been studied by Admirat et al. (1988), who found that 𝛼𝛼2 for wet 

snow is dependent on the wind speed only: 

 𝛼𝛼2 = 1
𝑉𝑉

     26 

and if the wind speed is small 𝛼𝛼2 approaches unity (Dobesch et al., 2005). 

5.1.5 Growth regimes 

Ice can accrete on a structure by two processes, dry and wet growth. According to Dobesch et 

al. (2005) there have been numerous theoretical studies on the subject (by Schumann (1938) 

and Ludlam (1950, 1951, 1958)) and many experimental studies verifying those results 

(Melcher (1951) and Macklin (1962)). The theoretical studies showed that the temperature of 

an ice deposit formed by super cooled liquid will be higher than the temperature of the air 

mass around it, which was verified by the experimental studies. The ice surface and the 

impinging droplets will decide the temperature of the ice deposit (Dobesch et al., 2005). 

5.1.5.1 Dry Growth Regime 
During the dry growth regime all of the water that hits the surface freeze. The heat caused by 

the freezing process is released before the next drop hits the surface. Dobesch et al. (2005) 

state that Macklin et al. (1968) defined three phases associated with freezing: the initial 

freezing, the subsequent freezing and the cooling phase. The first phase takes place when the 

drop hits the surface, then the drop is partially frozen. The freezing increases the temperature 

of the water not frozen. When the subsequent freezing takes place the freezing of the water is 

governed by the heat conduction into the surface and the evaporation/ forced convection to 



 
 

the surroundings, after this the cooling takes place. During the dry growth regime all water 

freezes and the accretion efficiency, 𝛼𝛼3, will be unity (Dobesch et al., 2005). 

5.1.5.2 Wet Growth Regime 
When the freezing time is long and the released heat of fusion can't be carried out from the 

surface the wet growth regime takes place. During this process there cannot be any heat flow 

into the deposit and the surface temperature climbs towards 0 °C. Due to the fact that not all 

water freezes quickly, some of it will run off the surface, making the accretion efficiency, 𝛼𝛼3, 

smaller than unity (Dobesch et al., 2005). 

5.1.6 The heat balance of the icing process 

According to Dobesch et al. (2005) the heat balance during icing events have been studied 

often and a formula for the heat balance was presented by Makkonen (2000): 

 𝑞𝑞𝑖𝑖 + 𝑞𝑞𝑣𝑣 = 𝑞𝑞𝑐𝑐 + 𝑞𝑞𝑒𝑒 + 𝑞𝑞𝑙𝑙 + 𝑞𝑞𝑠𝑠    27 

where 𝑞𝑞𝑖𝑖  is the latent heat released during freezing, 𝑞𝑞𝑣𝑣 is the aero dynamical heating of air, 𝑞𝑞𝑐𝑐  

is the heat loss to the air, 𝑞𝑞𝑒𝑒  is the heat loss due of evaporation, 𝑞𝑞𝑙𝑙  is the heat loss due to the 

warming of the deposited liquid water to the freezing temperature and 𝑞𝑞𝑠𝑠 is the heat loss due 

to radiation.  

Depending on if it's a dry or wet growth regime 𝑞𝑞𝑖𝑖  will take on different theoretical 

expressions. For the dry growth regime 𝑞𝑞𝑖𝑖  can be written: 

 𝑞𝑞𝑖𝑖 = 𝐼𝐼𝐿𝐿𝑖𝑖      28 

where 𝐼𝐼 is the intensity of the ice accretion and 𝐿𝐿𝑖𝑖  is the latent heat of fusion. For the wet 

growth regime 

 𝑞𝑞𝑖𝑖 = (1 − 𝜆𝜆)𝛼𝛼3𝐹𝐹𝐿𝐿𝑖𝑖     29 

where 𝜆𝜆 is the liquid fraction of the accretion (0.3 is used in general) and 𝐹𝐹 is the water flux 

density.  

𝑞𝑞𝑐𝑐 , the convective heat transfer can be written as: 

 𝑞𝑞𝑐𝑐 = ℎ(𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑎𝑎)    30 



 
 

where h is the convective heat transfer coefficient, 𝑡𝑡𝑠𝑠 is the temperature of the icing surface 

(which is 0 °C during the wet growth regime) and 𝑡𝑡𝑎𝑎  is the temperature of the air. The 

evaporation heat transfer, 𝑞𝑞𝑒𝑒 , can be written as: 

 𝑞𝑞𝑒𝑒 = 0.622 ℎ 𝐿𝐿𝑒𝑒
(𝑒𝑒𝑠𝑠−𝑒𝑒𝑎𝑎 )
𝑐𝑐𝑠𝑠  𝑠𝑠
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where 𝐿𝐿𝑒𝑒  is the latent heat of vaporization, 𝑒𝑒𝑠𝑠 is the saturation water vapour pressure over the 

accretion surface, 𝑒𝑒𝑎𝑎  is the ambient vapour pressure, 𝑐𝑐𝑠𝑠  is the specific heat of air at constant 

pressure and 𝑠𝑠 is the pressure. 𝑞𝑞𝑙𝑙  is given by: 

 𝑞𝑞𝑙𝑙 = 𝐹𝐹𝑐𝑐𝑤𝑤(𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑑𝑑)    32 

where 𝑐𝑐𝑤𝑤  is the specific heat of water and 𝑡𝑡𝑑𝑑  is the temperature of the droplets at impact with 

the surface. 𝑞𝑞𝑠𝑠 can be written as: 

 𝑞𝑞𝑠𝑠 = 𝜎𝜎𝑛𝑛′(𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑎𝑎)    33 

where 𝜎𝜎 is the Stefan-Boltzman constant and 𝑛𝑛′ is the radiation linearization constant. During 

the wet growth regime the heat conduction into the ice deposit can be neglected as well as the 

kinetic heating of air, 𝑞𝑞𝑣𝑣. 

5.1.7 Density and structure of ice deposits 

The density of an ice deposit varies from 0.1 to 0.9 g/cm3. The density and form of the ice 

accretion will be different due to meteorological conditions, thermal conditions and properties 

of the droplets during the icing event. Dobesch et al. (2005) cites research conducted by 

Langmuir and Blodgett (1946) and Macklin (1962) who found that the density will vary due 

to wind speed, ambient temperature, size of droplets, liquid water content and size of the 

obstacle. Macklin (1962) found that the density of the ice will be dependent on the mean 

temperature, mean droplet size and the impact velocity, and proposed an equation for the 

density of rime ice: 

 𝜌𝜌 = 0.110�− 𝑟𝑟𝑉𝑉0
𝑇𝑇𝑠𝑠
�

0.76
    34 

where 𝜌𝜌 is the density (g/cm3), 𝑟𝑟 is the mean droplet radius, 𝑉𝑉0 is the impact velocity and 𝑇𝑇𝑠𝑠 is 

the mean temperature of the ice accreted surface. The Macklin parameter is defined as: 

 𝑅𝑅 ≡ −�𝑟𝑟𝑉𝑉0
𝑇𝑇𝑠𝑠
�    35 



 
 

Macklin found that when the temperature is below - 20 ℃ the density will only be dependent 

on the  radius and impact velocity. 

 𝜌𝜌 = 110𝑅𝑅0.76 𝑖𝑖𝑖𝑖 𝑅𝑅 ≤ 17   36 

 𝜌𝜌 = 917 𝑖𝑖𝑖𝑖 𝑅𝑅 > 17    37 

In equations 35 and 36 𝜌𝜌 is in kg/m3. According to Dobesch et al. (2005) Macklin (1962) 

studied the internal structures of ice deposits during different conditions. Macklin found that 

at low temperatures (below - 16 °C) the droplets freeze individually regardless of impact 

velocity when they are packed closely. The droplets will freeze individually, keeping their 

spherical shape and forms an open structure when the impact velocity is low and freezing time 

fast.  At higher temperature, closer to 0 °C, the droplets can form a more compact ice deposit. 

The droplets will fuse together and there will be no air trapped within the ice (Dobesch et al., 

2005). 

  



 
 

6 Modelling Icing 
When modelling icing there are several factors that need to be taken into account, such as 

wind speed, temperature, LWC, droplet size, etc. To model icing accurately consideration 

should be given to if it's a wet or dry growth regime. Modelling a dry regime is simpler then a 

wet regime, due to the fact that there is an almost instant freezing process when the impinging 

droplets hits the surface (Dobesch et al., 2005). But modelling the dry growth regime is not 

without  difficulties, since the dry regime is more sensitive to LWC and droplet diameter than 

the wet growth regime, which was shown by Makkonen (1981). The wet growth regime is 

more difficult to model due to the presence of liquid water on the surface. Dobesch et al. 

(2005) cite studies by Lozowski et al. (1983), Makkonen (1985) and Poots, (1996) that state 

that the wet growth process and deposition shape can be determined using the local heat 

balance and the collision, sticking and accretion efficiencies. To precisely calculate the shape 

of the deposition is important for wind turbines, as this will determine the aero dynamical 

properties of the blades (Dobesch et al., 2005). 

6.1 Simplifications made to icing models 
When modelling icing there are a number of simplifications that can be made to the models. A 

good first assumption of the shape of the object undergoing icing is that it has a cylindrical 

form. Another assumptions often made is about the form of the ice deposition, which can be 

said to have a cylindrical geometry, which is said to be a valid assumption. Since the standard 

of ice loads are in terms of the equivalent ice thickness assuming this makes it advantageous 

(Dobesch et al., 2005). 

6.2 Modelling of rime icing in Bulgaria 
According to Dobesch et al. (2005) Stanev and Moraliiski (1987) and Stanev et al. (1987) 

have created a model for rime icing tested for icing events in the mountains of Bulgaria. The 

following simplifications were made: laminar air flow, spherical droplets with constant radius 

which do not interact with each other and a stationary riming process. It should be noted that 

the air flow is assumed laminar except near the object, which in this case is a cylinder with the 

radius 𝑅𝑅0 . From the second assumption follows that no sublimation and coagulation is 

allowed. This is deemed as valid by the authors, who give an example: If the mean liquid 

water content is 1g/m3 and the mean radius of the droplets is 5 μ𝑚𝑚, then the mass of the water 

is 10 times lower than that of the same air volume. This implies that the distance between 

droplets is of the magnitude 10−3, in which case the number of droplets that coagulate is very 



 
 

small. It is also assumed that the deposited ice is uniformly dispersed on the object. The ice 

accretion can be described by the following equation: 

 𝜌𝜌𝑑𝑑𝜌𝜌 = 𝐸𝐸𝑤𝑤𝑉𝑉𝑛𝑛2𝑅𝑅𝑑𝑑𝑡𝑡    38 

where 𝜌𝜌 is the density, 𝑑𝑑𝜌𝜌 is the is the area change of the deposition for time 𝑑𝑑𝑡𝑡, 𝐸𝐸 is the 

collection efficiency, 𝑅𝑅 is the radius of the ice and 𝑉𝑉𝑛𝑛   is the wind velocity normal to the 

cylinder.  

 𝑑𝑑𝜌𝜌 = 2𝜋𝜋𝑅𝑅𝑑𝑑𝑅𝑅    39 

Equation 38 is used to replace 𝜌𝜌 in equation 37: 

 𝜋𝜋𝜌𝜌(𝑅𝑅 − 𝑅𝑅0) = 𝐸𝐸𝑤𝑤𝑉𝑉𝑛𝑛(𝑡𝑡 − 𝑡𝑡0)   40 

The wind direction needs to be taken into account, which is defined by the angle, 𝛽𝛽, which is 

the angle between the wind direction and the axis of the object: 

 𝑉𝑉𝑛𝑛 = 𝑉𝑉 sin𝛽𝛽    41 

Thus the radius on the ice can be written as:  

 𝑅𝑅 = 𝑅𝑅0 + 𝐸𝐸𝑤𝑤𝑉𝑉 sin 𝛽𝛽
𝜋𝜋𝜌𝜌

𝐿𝐿    42 

Here 𝐿𝐿 is the total duration of the icing event and 𝐸𝐸 is taken from Langmuir and Blodgett 

(1946) with 𝐾𝐾 > 1.1 and a cylindrical object, see equation 22 (Dobesch et al., 2005). 

To model icing event the duration of the event, 𝐿𝐿, is divided by 𝑁𝑁 time intervals, 𝛥𝛥𝑡𝑡𝑖𝑖 . 𝛥𝛥𝑡𝑡𝑖𝑖  is 

usually chosen as 3 hours, to correspond with the meteorological observations. In this model 

the first time interval is further divided into smaller intervals of 30 minutes, due to the fact 

that the icing event is more intense in the beginning. For every time step the parameters are 

calculated and the resulting radial growth of the ice can be written as: 

 𝑅𝑅𝑖𝑖 = 𝑅𝑅𝑖𝑖−1 + 𝐸𝐸𝑖𝑖
𝑤𝑤𝑖𝑖𝑉𝑉𝑖𝑖 sin 𝛽𝛽𝑖𝑖

𝜋𝜋𝜌𝜌𝑖𝑖
𝐿𝐿𝑖𝑖    43 

where 𝑖𝑖 =  1, . . . ,𝑁𝑁. The mass of the ice accreted in each time step can be calculated: 

 𝑀𝑀𝑖𝑖 = 𝜋𝜋𝜌𝜌𝑖𝑖�𝑅𝑅𝑖𝑖2 − 𝑅𝑅0
2�    44 

In a similar way the icing of a circular plate can be calculated. Stanev et al. (1987) cited by 

Dobesch et al. (2005) use parameters that normally are not measured at meteorological 

stations and have developed empirical relationships for calculating these parameters that 



 
 

include the liquid water content of fog and the horizontal visibility for example. The empirical 

relationships can be found in Dobesch et al. (2005). 

The model was tested against icing measurement in Cherni Vrach, Vitosha mountain, 

Bulgaria. Dobesch et al. (2005) has put together a table of results between theoretical and 

experimental concerning icing. As can be seen in Table 5 the rime icing can be modelled quite 

accurately (Dobesch et al., 2005). 

Table 5: The theoretical and experimental radius of ice.  

Date Theoretical radius Experimental radius 

cm 

1970-01-03 10.5 9.9 

1970-11-12 6.8 7.2 

1970-12-11 8.3 8.6 

1971-01-02 8.0 8.7 

1971-01-26 6.5 6.9 

1972-01-08 5.6 8.1 

1973-12-17 12.6 11.3 

1976-02-02 5.1 4.8 

1977-01-14 8.2 6.7 

1977-03-17 6.8 6.2 

 

6.3 Makkonen's in-cloud icing model 
The in-cloud icing model set up by Makkonen (1981) was according to Dobesch et al. (2005) 

in the beginning primarily used for calculating the intensity of both wet and dry growth 

regimes on stationary objects of constant size and orientation. It was shown the icing intensity 

of the wet growth regime can be written as independent from the liquid water content and the 

collection efficiency. Makkonen (1984) changed the model to be time dependent for icing on 

cylindrical objects. The later model can be used to calculate the icing intensity on for example 

wires perpendicularly exposed to the wind. The icing intensity, 𝐼𝐼, is written as: 

 𝐼𝐼 = 2
𝜋𝜋
𝐸𝐸𝑛𝑛𝑤𝑤𝑉𝑉    45 

where n is the freezing factor, defined as the ratio of the icing to the mass flow of the 

impinging water droplets, (Makkonen (1984) cited in Dobesch et al. (2005)). The 𝐸𝐸 used by 

Makkonen is: 



 
 

 𝐸𝐸 = 0.69𝐸𝐸𝑚𝑚0.67 + 0.31𝐸𝐸𝑚𝑚1.67    46 

where 𝐸𝐸𝑚𝑚  is the total collection efficiency (calculated using median volume droplet diameter, 

𝑑𝑑𝑚𝑚 ).  

Makkonen (1984) used the results of Langmuir and Blodgett (1946) to calculate 𝐸𝐸𝑚𝑚 . This is 

done by calculating the droplet trajectories from the equation below: 

 𝐾𝐾 𝑑𝑑𝑣𝑣𝑑𝑑
′

𝑑𝑑𝑡𝑡
= 𝑐𝑐𝑑𝑑𝑅𝑅𝑒𝑒𝑟𝑟

24
(𝑣𝑣𝑎𝑎′ − 𝑣𝑣𝑑𝑑′ )   47 

where 𝐾𝐾  is as in equation 16, 𝑐𝑐𝑑𝑑  is the droplet drag coefficient and 𝑅𝑅𝑒𝑒𝑟𝑟  is the Reynolds 

droplet number based on the droplets relative velocity: 

 𝑅𝑅𝑒𝑒𝑟𝑟 = 𝜌𝜌𝑎𝑎𝑑𝑑|𝑣𝑣𝑎𝑎 − 𝑣𝑣𝑑𝑑 |
𝜇𝜇�    48 

where 𝑣𝑣𝑎𝑎′ = 𝑣𝑣𝑎𝑎 𝑣𝑣�  is the dimensionless air velocity and 𝑣𝑣𝑑𝑑′ = 𝑣𝑣𝑑𝑑 𝑣𝑣�  is the dimensionless droplet 

velocity. 𝑑𝑑 is the droplet diameter, 𝐷𝐷 is the cylinder diameter, 𝜇𝜇 is the absolute viscosity of air 

and 𝜌𝜌𝑎𝑎  is the density of air. The drag coefficient 𝑐𝑐𝑑𝑑  as a function of 𝑅𝑅𝑒𝑒𝑟𝑟  is calculated using the 

data from the results of Langmuir and Blodgett (1946). Calculating 𝐸𝐸 for an icing cloud is 

somewhat demanding. This is due to the fact that the droplet size is not monodisperse. To 

calculate the total 𝐸𝐸 Makkonen (1984) calculated an 𝐸𝐸 for each droplet size category and then 

summed this to get the total value of 𝐸𝐸 . It is also interesting to see how well 𝐸𝐸  and 𝐸𝐸𝑚𝑚  

correspond with each other and it is also important to know if one can use 𝐸𝐸𝑚𝑚  as a substitute 

for 𝐸𝐸. Makkonen (1984) did this by calculating different values of 𝐸𝐸 and 𝐸𝐸𝑚𝑚  for three droplet 

size categories. The results showed that 𝐸𝐸 can be substituted by 𝐸𝐸𝑚𝑚  for high/large values of 𝐸𝐸, 

but the errors are greater when 𝐸𝐸 is small (Makkonen, 1984). 

Makkonen (1984) derived the freezing factor, 𝑛𝑛, from the heat balance: 

 𝑛𝑛 = 𝜋𝜋ℎ
2𝐸𝐸𝑤𝑤𝑉𝑉𝐿𝐿𝑖𝑖

�−𝑡𝑡𝑎𝑎 + 𝑘𝑘𝐿𝐿𝑒𝑒
𝑐𝑐𝑠𝑠𝑠𝑠𝑎𝑎

(𝑒𝑒0 − 𝑒𝑒𝑎𝑎) − 𝑟𝑟𝑣𝑣2

2𝑐𝑐𝑠𝑠
� − 𝑡𝑡𝑎𝑎

𝐿𝐿𝑖𝑖
�𝑐𝑐𝑤𝑤 + 𝜋𝜋𝜎𝜎𝑛𝑛′

2𝐸𝐸𝑤𝑤𝑉𝑉
�
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where 𝑛𝑛′ =  8.1 · 107𝐾𝐾3, ℎ is the convective heat-transfer coefficient, 𝐿𝐿𝑖𝑖  is the latent heat of 

freezing, 𝐿𝐿𝑒𝑒  is latent heat of evaporation, 𝑘𝑘 = 0.62, 𝑠𝑠𝑎𝑎  is the air pressure, 𝑒𝑒0  is saturation 

vapour pressure of air over water at 𝑇𝑇 = 0°𝐿𝐿, 𝑒𝑒𝑎𝑎  is saturation vapour pressures over water at 

the temperature 𝑡𝑡𝑎𝑎 , 𝑐𝑐𝑤𝑤  is specific heat of water and 𝑟𝑟 is the overall recovery factor. ℎ can be 

written as: 



 
 

 ℎ =  𝑘𝑘𝑎𝑎𝑁𝑁𝑢𝑢
𝐷𝐷

     50 

Where 𝑘𝑘𝑎𝑎  is the thermal conductivity of the air stream, 𝑁𝑁𝑢𝑢 is the Nusselt number and 𝐷𝐷 is the 

cylinder diameter. 𝑁𝑁𝑢𝑢 can be written as: 

 𝑁𝑁𝑢𝑢 = 0.032𝑅𝑅𝑒𝑒0.85     51 

where 𝑅𝑅𝑒𝑒 is: 

 𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑎𝑎𝐷𝐷𝑣𝑣
𝜇𝜇𝑎𝑎

     52 

The Nusselt number from equation 50, 𝑁𝑁𝑢𝑢, is a linear fit for 7 ⋅ 104 < 𝑅𝑅𝑒𝑒 < 9 ⋅ 105 which 

fits the data of Achenbach (1977). According to Makkonen (1984) the results of Achenbach 

(1977) showed that a for a cylinder the boundary layer is laminar when 𝑅𝑅𝑒𝑒 < 7 ⋅ 104. Which 

will make the Nusselt number small. The transition from turbulent to laminar flow is difficult 

to simulate, due to the fact that 𝑅𝑅𝑒𝑒 is highly dependent on the roughness element height of the 

object which is inadequately known for icing conditions. Though the change to laminar flow 

occurs at lower values of 𝑅𝑅𝑒𝑒 is the cylinder is rough. There have been wind tunnel test done 

on icing, Lozowski et al. (1983b) cited in Makkonen (1984) found that the roughness element 

height for an iced cylinder might be close to 0.9 mm. If this is valid then the error in 𝑁𝑁𝑢𝑢 from 

equation 50 will most likely be small. But the error in 𝑁𝑁𝑢𝑢 might be 70 % at low 𝑅𝑅𝑒𝑒 if the 

roughness element height is smaller than 0.9 mm (Makkonen, 1984). 

The time dependency of the icing intensity can be written as: 

 𝐼𝐼(𝑡𝑡) = 2
𝜋𝜋
𝐸𝐸(𝑡𝑡)𝑛𝑛(𝑡𝑡)𝑤𝑤𝑉𝑉    53 

Here it is assumed that the diameter of the cylinder changed due to the ice accretion and that 

the atmospheric parameters are unchanged. The ice accretion is assumed to be circular, since 

the cylinder (wire) is allowed to rotate. This gives the mass of the ice of unit length at the time 

𝑡𝑡, as: 

 𝑀𝑀 = ∫ 𝐼𝐼(𝑡𝑡)𝜏𝜏
0

𝜋𝜋
2
𝐷𝐷(𝑡𝑡)𝑑𝑑𝑡𝑡 = 𝑤𝑤𝑉𝑉 ∫ 𝐸𝐸(𝑡𝑡)𝑛𝑛(𝑡𝑡)𝜏𝜏

0 𝐷𝐷(𝑡𝑡)𝑑𝑑𝑡𝑡 54 

The ice mass, 𝑀𝑀, the icing intensity, 𝐼𝐼, the diameter of the deposited ice, 𝐷𝐷, the collection 

efficiency, 𝐸𝐸, the freezing factor, 𝑛𝑛, the density of the accreting ice, 𝜌𝜌 and the density of the 

total deposition, 𝜌𝜌 are calculated for each time step. Makkonen (1984) found a number of 

time dependent effects of ice growth, such as an decrease in icing intensity during dry growth 



 
 

due to a decrease in 𝐸𝐸, the total collection efficiency. The icing intensity also decreases during 

wet growth due to and decrease in heat exchange coefficient, ℎ, and the freezing factor, 𝑛𝑛.The 

area of collection and heat exchange increase. Makkonen (1984) also established that the 

density of the accreted ice deceases during dry growth due to a decrease in droplet impact 

velocity and ice surface temperature. This implies that an increase in the diameter of the 

cylinder in relation to the icing intensity (Makkonen, 1984). 

The ice mass and diameter of the deposition at each time step can be calculated by the 

following expressions: 

 𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑖𝑖−1 + 𝐼𝐼𝑖𝑖−1
𝜋𝜋
2
𝐷𝐷𝑖𝑖Δ𝜏𝜏   55 

 𝐷𝐷𝑖𝑖 = �𝐷𝐷𝑖𝑖−1
2 + 4(𝑀𝑀𝑖𝑖−𝑀𝑀𝑖𝑖−1)

𝜋𝜋𝜌𝜌𝑖𝑖
�

1
2�
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To calculate the density the Macklin parameter, R, is used, see equations 33 and 34. 

Makkonen (1984) used Δ𝜏𝜏 = 10 𝑚𝑚𝑖𝑖𝑛𝑛 . The difference between using Δ𝜏𝜏 = 10 𝑚𝑚𝑖𝑖𝑛𝑛  and 

Δ𝜏𝜏 = 1 ℎ was less than 3 % for a 10 h period of modelling. Using equation 55 Makkonen 

(1984) claims that the cylinder is allowed to rotate more than 360°, this follows from the fact 

that the ice is distributed smoothly around the cylinder. Though, Makkonen (1984) points out, 

this is often not the case in nature over a short time period. During longer time periods a study 

by Dranevič (1971) cited in Makkonen (1984) shows that the ice accretion is smoother. The 

density of the accreted ice is calculated using the Macklin (1962) density parameter: 

 𝑅𝑅 = −𝑣𝑣0dm
2𝑡𝑡𝑠𝑠

     57 

where 𝑑𝑑𝑚𝑚  is the median volume diameter of the droplets, 𝑣𝑣0 is the droplet impact speed at the 

stagnation region (after Langmuir and Blodgett (1946), can be calculated from equation 46), 

𝑡𝑡𝑠𝑠 is the surface temperature of the accreted ice. 𝑡𝑡𝑠𝑠 can be calculate numerically from the heat 

balance equation for a dry growth process. 

 
2
𝜋𝜋
𝐸𝐸𝑣𝑣𝑤𝑤�𝐿𝐿𝑖𝑖 + 𝑐𝑐𝑤𝑤𝑡𝑡𝑎𝑎 − 𝑐𝑐𝑖𝑖𝑡𝑡𝑠𝑠� = ℎ �(𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑎𝑎) + 𝑘𝑘𝐿𝐿𝑠𝑠

𝑐𝑐𝑠𝑠𝑠𝑠𝑎𝑎
(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎) − 𝑟𝑟𝑣𝑣2

2𝑐𝑐𝑠𝑠
� +

𝜎𝜎𝑎𝑎(𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑎𝑎)     58 

where 𝑐𝑐𝑖𝑖  is the specific heat of ice, 𝐿𝐿𝑠𝑠  is the latent heat of sublimation at 𝑡𝑡𝑠𝑠  and 𝑒𝑒𝑠𝑠  is the 

saturation water vapour pressure with respect to ice at the temperature 𝑡𝑡𝑠𝑠. Makkonen (1984) 



 
 

used the results of Macklin (1962) and Bain and Gayet (1982) to calculate the ice density 

(𝑘𝑘 𝑐𝑐𝑚𝑚−3): 

 𝜌𝜌 = �
0.11𝑅𝑅0.76                  𝑖𝑖𝑓𝑓𝑟𝑟 𝑅𝑅 ≤ 10             
𝑅𝑅(𝑅𝑅 + 5.61)−1     𝑖𝑖𝑓𝑓𝑟𝑟 10 < 𝑅𝑅 ≤ 60
0.92                        𝑖𝑖𝑓𝑓𝑟𝑟 𝑅𝑅 > 60           

�  59 

In the model the density of the ice is not allowed to be lower than 0.10 𝑘𝑘 𝑐𝑐𝑚𝑚−3 , if this 

happens in the model the density is set to a constant value of 0.10 𝑘𝑘 𝑐𝑐𝑚𝑚−3. This is according 

to Makkonen (1984) a reasonable assumption, since the density of accreted ice in nature 

rarely is bellow 0.1 𝑘𝑘 𝑐𝑐𝑚𝑚−3. The total density of the accreted ice at the time step 𝑖𝑖 is given by: 

 𝜌𝜌𝑖𝑖 = 4𝑀𝑀𝑖𝑖
𝜋𝜋�𝐷𝐷𝑖𝑖

2−𝐷𝐷0
2�
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where 𝐷𝐷0 is the initial diameter of the cylinder (Makkonen, 1984). 

The modelled results from Makkonen (1984) show that there often is a decrease in icing 

intensity with time. This is attributed to the increase in cylinder diameter due to deposition. 

The decrease in icing intensity is most intense in the beginning of the process, which is due to 

the fast relative growth of the cylinder diameter early on during the icing event. Makkonen 

(1984) also found that the mass of the ice, 𝑀𝑀, increases in the beginning of the process to later 

on become almost constant. The so called limiting value is determined by the diameter and 

the ultimate ice deposit density, 𝜌𝜌 (Makkonen, 1984). 

Makkonen (1984) used parameters that would be representative of severe icing events. 

Makkonen's model showed that the icing of wires is more complex than previous models have 

shown. Makkonen's model showed that the icing accretion can change from wet to dry growth 

without any change of the atmospheric parameters. The model also showed that the density of 

the deposition decreases with time which have been observed in nature. The icing intensity is 

proportional to −𝑡𝑡𝑎𝑎  during wet growth, but during dry growth no correlation between the 

icing intensity and air temperature was found. The model shows that the connection between 

the ice mass, 𝑀𝑀, and the atmospheric parameters is complex. The ice mass might increase or 

decrease with decreasing 𝑡𝑡𝑎𝑎  depending on the other parameters: 𝑣𝑣 , 𝑤𝑤  and 𝑑𝑑𝑚𝑚 . Makkonen 

(1984) believes that this can be an explanation to why the correlations between 𝑀𝑀 and 𝑡𝑡𝑎𝑎  

previously found have been low or inconsequential. The model showed that the increase of ice 

loads was non linear. This Makkonen (1984) takes as an explanation as to why the ice loads at 

different locations with the same atmospheric parameters are slightly different from each 



 
 

other. Another modelling result is that the continuous increase in growth rate of the ice load 

only is possible when the deposit diameter is small. For extreme icing events the increase in 

ice growth comes to its maximum value and then starts to decease. Makkonen (1984) 

formulates  this as "in given atmospheric conditions there is a cylinder diameter 𝐷𝐷𝑚𝑚  which 

corresponds to the maximum icing rate" (Makkonen, 1984). 

A conclusion from the study is that the growth rate of the icing intensity first increases and 

then decreases for rime growth. During glaze growth the icing intensity increases with time. 

The density of the accretion seems to be affected by the growth type. The density will 

decrease when dry growth starts. Makkonen (1984) also found that the icing intensity and the 

atmospheric conditions will depend on the duration of the icing event. An important 

conclusion drawn by Makkonen (1984) is that the ice load is responsive to the droplet size, 

most easily noticed during long icing events. The effect of this is that the regular parameters, 

for example temperature and humidity, will not be able to fully predict icing. Another 

important conclusion is that an icing event might start as a dry growth and later become wet 

growth (Makkonen, 1984). 

6.4 Modelling icing with WRF 
The so called "Makkonen model" described above is often used to calculate the ice accretion. 

Nygaard (2009) has evaluated the simulation of icing using the WRF (Weather Research and 

Forecasting) model and Mokkonen's model for the COST 727 sites. The COST 727 sites 

(Luosto (Finland), Sveg (Sweden), Deadwater Fell (UK), Zinnwald (Germany), Studnice 

(Czech Republic) and Guetsch (Switzerland), a site in the Swiss pre-Alps is also included, 

Schwyberg) are located in Europe and measures icing with a Saab Security (former 

Combitech) IceMonitor. The sites also have heated anemometers and temperature sensors. All 

the sites are on hill or mountain tops at which in-cloud icing is common. The numerous sites 

makes this study different from previous work on icing, which often only uses one site or a 

very limited area (Nygaard, 2009). 

To evaluate the icing simulation 9 icing events during the winter 2007/2008 from the COST 

727 sites were chosen. During the winter 2007/2008 the only icing event not to take place 

during an inversion in the lower atmosphere was that in Deadwater Fell. This is important to 

consider according to Nygaard (2009), since NWP models have problems with modelling 

those situations accurately. An example of why this is a problem for icing modelling is that 

the LWC is sensitive to errors in the relative humidity. When there is an inversion in the 



 
 

lower atmosphere the large scale forcing in the lower atmosphere of relative humidity is 

weak. Nygaard (2009) claim that this can be seen in the results as the model did a good 

prediction of the icing in Deadwater Fell. Another occurrence during this winter was that the 

only recorded icing event in Sveg was smaller than the uncertainty of the IceMonitor. This 

was considered unfortunately by Nygaard (2009), since Sveg is the only site in which icing is 

measured at several levels in a 300 m high mast. Due to the lack of icing in Sveg the site was 

not used (Nygaard, 2009). 

Nygaard (2009) believes that there is a great potential in using a Numerical Weather 

Prediction (NWP) to model icing events, one of the reasons mentioned is that during the last 

decade there have been great development in the models and in computer power. Due to the 

increase in computer power the current NWP models can have a higher resolution than before. 

The increase in computer power has also meant that the need for simplifications in the models 

are not needed in as great extent as before. The more resent versions of NWP can often handle 

microphysical processes much better than their predecessors, more “physics” can be included 

into the models (Nygaard, 2009). 

The WRF model is a mesoscale non-hydrostatic NWP. Nygaard (2009) describes the benefits 

of the WRF being that the model can be adapted after the needs of the processes modelled and 

it is straightforward to use in different situations. It is also possible to use different schemes 

for parameterization of cloud microphysics, which according to Nygaard (2009) is one of the 

main reasons for using it. To model the ice accretion Makkonen's model was used. The input 

parameters to the model, (temperature, wind speed, super cooled liquid water content in the 

atmosphere and MVD), can directly come from the WRF, with the exception of MVD which 

can be calculated with equation 10 (Nygaard, 2009). 

One problem with a NWP scheme is that the model almost always "smoothes" the surface 

because of the limitations in the resolution of the model. Because of the "smoothing" the 

terrain can't be modelled accurately. Nygaard (2009) gives Luosto in Finland as an example. 

Luosto is located on a ridge and the real height of the site is 515 m, but in the model the 

height is 370 m. Due to this there are some problems with which height is best to use: the 

lowest model layer or the layer that represents the real height of the site. Nygaard (2009) 

solved this by modelling 5 combinations (cases) of the parameters where different layers in 

the model were used, see Table 6. 



 
 

Table 6: The 5 possible combinations. V is horizontal wind speed, T is temperature and LWC 

is liquid water content. After Nygaard (2009). 

 WRF lowest level WRF real height Measured 

Case 1 V, T, LWC   

Case 2  V, T, LWC  

Case 3 V T, LWC  

Case 4 LWC  V, T 

Case 5  LWC V, T 

 

The results from 9 icing events were used and compared with the modelled results. Table 7 

shows the observed ice load (kg/m) and the results from the modelling of the 5 different cases. 

Nygaard (2009) points out that the difference between the modelled and the measured result 

can be attributed to the difference in the layer height of the model and the real height of the 

site. From Table 7 Nygaard (2009) draws the conclusion that while the model does predict 

icing there is some problems with predicting the actual load. A reason for this according to 

Nygaard (2009) might be the difference in height between the model layers and the site. In 

Luosto, where the height different is the greatest, the model showed the greatest deviation 

from the observed data. Nygaard (2009) stresses that the reason for this is that the height 

difference might lead to an underestimation of the LWC. Nygaard (2009) also points out that 

the best model results are form when the LWC is calculated from the real height. The best 

results come from Case 5 where the LWC is taken from the real height and V and T are 

measured. 

In Table 8 the duration of the icing events are presented. The duration of the icing events was 

calculated by summarizing the number of hours when more than 20 g was accumulated. 

Nygaard (2009) points out that the observed icing comes from an instrument (the IceMonitor) 

which primary function is to measure accumulated ice loads, not instantaneous icing intensity. 

This means that the observed icing duration is only an estimation and this can explain some of 

the difference between the observed and modelled results (Nygaard, 2009). 

Table 7: Ice loads, a comparison between measured and calculated ice loads. After Nygaard (2009). 

Site Date Observed 

(kg/m) 

Case 1 

(kg/m) 

Case 2 

(kg/m) 

Case 3 

(kg/m) 

Case 4 

(kg/m) 

Case 5 

(kg/m) 

Luosto 2008-12-22 8.8 0.8 5 2.2 2.5 7.1 



 
 

Luosto 2008-01-02 7.9 0.1 2.2 0.7 0.1 2.8 

Zinnwald 2008-01-11 6.6 8.0 9.5 8.1 10.7 10.4 

Zinnwald 2008-02-18 0.9 2.6 3.4 3.0 1.3 1.4 

Studnice 2008-01-10 3.8 5.0 4.0 3.4 3.0 2.0 

Studnice 2007-12-28 2.7 3.4 1.9 1.7 2.3 1.2 

Deadwater 2008-01-03 0.8 0.3 0.8 0.5 0.9 1.2 

Guetsch 2007-11-22 1.8 2.1 2.9 2.2 2.3 2.2 

Schwyberg 2007-10-30 2.0 - 5.2 - - 1.9 

Mean Error -1.38 -0.04 -1.44 -1.28 -0.57 

Mean Absolute Error 2.57 2.24 2.44 2.55 1.70 

 

Table 8: Duration of icing events. After Nygaard (2009). 

Site Date Observed 

(h) 

Case 1 Case 2 Case 3 Case 4 Case 5 

Luosto 2008-12-22 69 14 32 28 22 42 

Luosto 2008-01-02 66 0 39 23 0 41 

Zinnwald 2008-01-11 65 63 58 57 55 51 

Zinnwald 2008-02-18 24 22 21 21 19 20 

Studnice 2008-01-10 35 38 35 33 35 26 

Studnice 2007-12-28 58 37 30 28 36 24 

Deadwater 2008-01-03 19 8 11 11 12 13 

Guetsch 2007-11-22 20 18 18 18 18 18 

Schwyberg 2007-10-30 22 - 25 - - 18 

Mean Error -19.5 -12.1 -17.1 -19.9 -13.9 

 

Nygaard also stresses the difference between in-cloud icing that takes place at a marine or at a 

continental site. In the simulations the 𝑁𝑁𝑐𝑐 , the volume number concentration of cloud droplets, 

is kept constant. First 𝑁𝑁𝑐𝑐  =  100 𝑐𝑐𝑚𝑚−1 was used, which is the default value. This made the 

icing more intense and the duration of the icing was underestimated. When 𝑁𝑁𝑐𝑐  =  300 𝑐𝑐𝑚𝑚−1 

was used, which can be seen as a better value of 𝑁𝑁𝑐𝑐  for continental sites, the results are better. 

This value for 𝑁𝑁𝑐𝑐  increased the number of smaller droplets and the collision efficiency was 

reduced. The reduction of the collision efficiency made the icing less intense. The change in 



 
 

𝑁𝑁𝑐𝑐  made the ice load simulation more realistic, but the modelled icing duration was 

unchanged (Nygaard, 2009). 

6.5 The axial-growth model by Lozowski et al. (1983a) 
The axial-growth model can be applied to both wet and dry growth regimes (Dobesch et al., 

2005). This model by Lozowski et al. (1983a) is applied to a horizontal unheated non-rotating 

cylinder,  which is perpendicular to the air flow. The air flow is said to have the wind speed 𝑈𝑈 

at a distance from the cylinder. The air stream which contains super cooled liquid droplets 

which are in thermodynamic and mechanical equilibrium to the air stream, thus the droplets 

have the same temperature as the surrounding air. The model is set up in two steps, the first in 

which the impingement flux of droplets are considered and the second in which the steady-

state heat equation is solved (Lozowski et al., 1983a). 

The model first calculated the flux of impinging super cooled droplets as a function of where 

the impingement takes place on the cylinder. This is done by dividing the upwind part of the 

cylinder into angular segments. The segments are composed of 𝑖𝑖 =  0,1,1. . . 18  angular 

sectors with 5° width each and are centred on the angles 5𝑖𝑖°. The droplets that impinge on the 

surface are divided into 𝑗𝑗 =  1, . . .9 categories, on the base of their diameter, the categories 

are 5 μ𝑚𝑚 wide. In each category the droplets are assumed to have the same diameter, centred 

on 5𝑗𝑗 μ𝑚𝑚. The model does not allow larger droplets than 45 μ𝑚𝑚, but this can be altered 

(Lozowski et al., 1983a). 

The collision efficiency is calculated for each angular sector and droplets width category, 

𝛽𝛽𝑖𝑖 = 𝛽𝛽(𝜃𝜃𝑖𝑖) is the local collision efficiency. For each sector the collision efficiency can be 

calculated form a mass-weighted mean for all droplets size categories: 

 𝛽𝛽𝑖𝑖 = 𝛽𝛽(𝜃𝜃𝑖𝑖) = ∑ 𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖𝑗𝑗𝑗𝑗     61 

Where 𝑖𝑖𝑖𝑖  is part of the total water mass flux composed of droplets in the 𝑗𝑗th category. The 

liquid water mass flux is given by: 

 𝑅𝑅𝑤𝑤𝑖𝑖 = 𝛽𝛽𝑖𝑖𝑈𝑈𝑤𝑤    62 

In the model it is assumed that there is no splashing and that the coalescence efficiency for the 

droplets is unity. The authors claim that all impinging water thus will stay on the surface, 

even if not on the point of impact, and that the effects at high liquid water contents from List 

(1977) are not included (Lozowski et al., 1983a). 



 
 

According to Dobesch et al. (2005) Lozowski et al. (1983a) reviewed previous work by 

Langmuir and Blodgett (1946) and Oleskiw (1981) to calculate the droplet motion enabling 

them to calculate 𝛽𝛽𝑗𝑗 (𝜃𝜃𝑖𝑖) . To calculate the total collision efficiency for the cylinder 𝛽𝛽𝑖𝑖  is 

integrated for all angular sectors (Dobesch et al., 2005).  

Lozowski et al. (1983a) used a modified version of the Langmuir inertia parameter 𝐾𝐾 , 

calculated for each droplet group 𝑗𝑗 (Dobesch et al., 2005). 

For the stagnation line 𝜃𝜃 =  0 𝐾𝐾 is: 

 𝐾𝐾0𝑗𝑗 = 0.125 + �𝐾𝐾𝑗𝑗−0.125�
1+0.0967𝑅𝑅𝑒𝑒𝑗𝑗

0.6367     63 

Where 𝑅𝑅𝑒𝑒𝑗𝑗  is the Reynolds number and 𝐾𝐾𝑗𝑗  is the Langmuir inertial parameter for the droplets 

in the 𝑗𝑗th category. After this the values of the stagnation line collision efficiency, 𝛽𝛽0𝑗𝑗 , the 

total collection efficiency, 𝐸𝐸𝑗𝑗 , and the maximum impingement angle, 𝜃𝜃𝑚𝑚𝑗𝑗 , can be calculated 

for the 𝑗𝑗th droplet size categories: 

 𝛽𝛽0𝑗𝑗 =

⎩
⎪
⎨

⎪
⎧

𝐸𝐸𝑗𝑗 = 𝜃𝜃𝑚𝑚𝑗𝑗 , 𝑖𝑖𝑖𝑖 𝐾𝐾0𝑗𝑗 < 0.125
1.4�𝐾𝐾0𝑗𝑗−0.125�0.84

1+1.4�𝐾𝐾0𝑗𝑗−0.125�
0.84 , 𝑖𝑖𝑖𝑖 0.125 ≤ 𝐾𝐾0𝑗𝑗 ≤ 7.5
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1+𝐾𝐾0𝑗𝑗
, 𝑖𝑖𝑖𝑖 7.5 ≤ 𝐾𝐾0𝑗𝑗

� 64 

 𝐸𝐸𝑗𝑗 = �
0.489(log10 8𝐾𝐾0𝑗𝑗 )1.978, 𝑖𝑖𝑖𝑖 0.125 ≤ 𝐾𝐾0𝑗𝑗 ≤ 0.9

𝐾𝐾0𝑗𝑗
𝜋𝜋
2+𝐾𝐾0𝑗𝑗

, 𝑖𝑖𝑖𝑖 0.9 ≤ 𝐾𝐾0𝑗𝑗
� 65 

 𝜃𝜃𝑚𝑚𝑗𝑗 = �
tan−1 �1.7�𝐾𝐾0𝑗𝑗 − 0.125�

0.76� , 𝑖𝑖𝑖𝑖 0.125 ≤ 𝐾𝐾0𝑗𝑗 ≤ 10

tan−1�𝐾𝐾0𝑗𝑗 � , 𝑖𝑖𝑖𝑖 10 ≤ 𝐾𝐾0𝑗𝑗

�
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Lozowski et al. (1983a) have fitted these formulas empirically to the numerical and graphical 

data of Langmuir and Blodgett (1946). Dobesch et al. (2005) assert that the empirical results 

of this procedure correspond well with those of Langmuir and Blodgett (1946). 

To calculate 𝛽𝛽𝑗𝑗 (𝜃𝜃𝑖𝑖) the following empirical formula was used: 



 
 

 𝛽𝛽𝑗𝑗 (𝜃𝜃𝑖𝑖) = 𝛽𝛽𝑖𝑖𝑗𝑗 =

cos �𝜋𝜋
2
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� + 𝜋𝜋3
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3 (𝜋𝜋2−4) �𝐸𝐸𝑗𝑗 −

2𝜃𝜃𝑚𝑚𝑗𝑗 𝛽𝛽0𝑗𝑗

𝜋𝜋
� 𝜃𝜃𝑖𝑖2 sin �𝜋𝜋 𝜃𝜃𝑖𝑖

𝑚𝑚𝑗𝑗
� , 𝑖𝑖𝑖𝑖 𝜃𝜃𝑖𝑖 < 𝜃𝜃𝑚𝑚𝑗𝑗  67 

 𝛽𝛽𝑗𝑗 (𝜃𝜃𝑖𝑖) = 𝛽𝛽𝑖𝑖𝑗𝑗 = 0, 𝑖𝑖𝑖𝑖 𝜃𝜃𝑖𝑖 > 𝜃𝜃𝑚𝑚𝑗𝑗    68 

Which satisfy the following physical restrainments (Lozowski et al., 1983a):   

 𝛽𝛽𝑗𝑗 (0°) = 𝛽𝛽0𝑗𝑗     69 

 𝛽𝛽𝑗𝑗 (𝜃𝜃𝑚𝑚𝑖𝑖 ) = 0    70 

 ∫ 𝛽𝛽𝑗𝑗 (𝜃𝜃)𝑑𝑑𝜃𝜃𝜃𝜃𝑚𝑚𝑗𝑗
0 = 𝐸𝐸𝑗𝑗      71 

Due to the new approach the moving unfrozen water can be allowed to influence the model. 

This is done by considering the steady-state heat balance equation of the icing surface. 

 𝑞𝑞𝑐𝑐 + 𝑞𝑞𝑒𝑒 + 𝑞𝑞𝑣𝑣 + 𝑞𝑞𝑘𝑘 + 𝑞𝑞𝑖𝑖 + 𝑞𝑞𝑤𝑤 + 𝑞𝑞𝑖𝑖 + 𝑞𝑞𝑟𝑟 + 𝑞𝑞𝑤𝑤∗ + 𝑞𝑞𝑖𝑖∗ = 0 72 

where 𝑞𝑞𝑐𝑐 is the sensible heat flux between the accretion and the airstream by conduction and 

convection, 𝑞𝑞𝑒𝑒  is the evaporative heat flux, 𝑞𝑞𝑣𝑣 is the heat flux due to aerodynamic heating, 𝑞𝑞𝑘𝑘  

is the heat flux due to conversion of droplet kinetic energy to heat, 𝑞𝑞𝑖𝑖  is the latent heat flux to 

the accretion due to freezing of some/ or all of the directly impinging water, 𝑞𝑞𝑤𝑤  is the sensible 

heat flux between the directly impinging water and the underlying accretion, 𝑞𝑞𝑖𝑖  is the heat 

flux between the accretion and underlying surface, 𝑞𝑞𝑟𝑟  is the radiative heat flux between the 

accretion and the airstream, 𝑞𝑞𝑤𝑤∗  is the heat flux between the unfrozen water and the underlying 

accretion and 𝑞𝑞𝑖𝑖∗  is the latent heat of flux liberated by freezing a part of or all the runback 

unfrozen water. If all the heat fluxes are assumed to be positive if the add heat to the 

accretion. If the reverse is true then they are said to be negative. The two terms 𝑞𝑞𝑖𝑖  and 𝑞𝑞𝑟𝑟  can 

be neglected, they are small in comparison to the other terms. Though Lozowski et al. (1983a) 

recommend that this is verified before applying the model to a particular situation. To assure 

this is especially important for the tangential heat conduction along the surface of the 

cylinder. This is done based on the previous work by Lozowski and d'Amours (1980) and 

Makkonen (1981) (Lozowski, Stallabras and Hearty, 1983). 

𝑞𝑞𝑐𝑐  is given by the following expression: 

 𝑞𝑞𝑐𝑐 = ℎ(𝑡𝑡𝑎𝑎 − 𝑡𝑡𝑠𝑠)    73 



 
 

Where ℎ  is the heat transfer coefficient and the other parameters are as in equation 29. 

Lozowski et al. (1983a) claim that there unfortunately is little literature about h for icing 

cylinders. The existing expressions for h on a smooth and rough cylinder in a cloud free air 

stream has been used in this model. The authors justify this by saying that the model should 

be used for the initial rate of icing on a smooth cylinder. And since the cylinder in the initial 

stage is free of ice it can be seen as justifiable. ℎ is the same as in equation 49. Lozowski et al. 

(1983a) have based the Nusselt number on the results in Achenbach (1977). The Nusselt 

number for a smooth cylinder is: 

 𝑁𝑁𝑢𝑢(𝜃𝜃) = 𝑅𝑅𝑒𝑒𝑐𝑐0.5 �1 − �2𝜃𝜃
𝜋𝜋
�

3
�   74 

The Nusselt number for a rough cylinder is: 

 𝑁𝑁𝑢𝑢(𝜃𝜃) = 𝑅𝑅𝑒𝑒𝑐𝑐0.5{2.4 + 1.2 sin[3.6(𝜃𝜃 − 0.44)]} 75 

Where 𝑅𝑅𝑒𝑒𝑐𝑐 = 𝑈𝑈𝐷𝐷𝑐𝑐𝜌𝜌𝑎𝑎
𝜇𝜇𝑎𝑎

. Lozowski et al. (1983a) points out that the Nusselt number for the rough 

cylinder from the results of Achenbach (1977) might not be completely applicable for an icing 

cylinder. Firstly the roughness is not the same for an iced cylinder as the ones used by 

Achenbach (1977). Secondly few measurements were made with the cylinder Reynolds 

number. Another thing worth noting is that the smooth Nusselt number have a maximum at 

𝜃𝜃 = 0° and the rough Nusselt number have a maximum at 𝜃𝜃 = 50°. This, Lozowski et al. 

(1983a) claims, will influence the accretion during wet growth. 

𝑞𝑞𝑒𝑒  is here: 

 𝑞𝑞𝑒𝑒 = ℎ �𝑃𝑃𝑟𝑟
𝜌𝜌𝑐𝑐
�

0.63 𝜖𝜖𝑙𝑙𝑣𝑣
𝑠𝑠𝑐𝑐𝑠𝑠

(𝑒𝑒𝑎𝑎 − 𝑒𝑒𝑠𝑠)   76 

Where 𝑃𝑃𝑟𝑟 and 𝜌𝜌𝑐𝑐 are the Prandtl and Schmidt numbers, 𝜖𝜖 is the ratio of the molecular weights 

of water vapour and dry air, 𝑠𝑠 is the static pressure in the free stream, 𝑐𝑐𝑠𝑠  is the specific heat 

capacity at constant pressure for dry air, 𝑒𝑒𝑎𝑎  and 𝑒𝑒𝑠𝑠 are the saturation vapour pressure of moist 

air at the temperatures 𝑡𝑡𝑎𝑎  and 𝑡𝑡𝑠𝑠 , and 𝑙𝑙𝑣𝑣  is the latent heat of vaporization. Lozowski et al. 

(1983a) argues that during dry accretion (𝑡𝑡𝑠𝑠 < 0℃) using the latent heat of sublimation would 

be more fitting. But the conclusion reached is that due to the fact the there in some extent may 

exist a film of liquid water on the cylinder the latent heat of vaporization is more appropriate 

(Lozowski et al., 1983a). 



 
 

𝑞𝑞𝑣𝑣 can be written as: 

 𝑞𝑞𝑣𝑣 = ℎ𝑟𝑟𝑐𝑐𝑈𝑈2

2𝑐𝑐𝑠𝑠
     77 

where 𝑟𝑟𝑐𝑐  is the local recovery factor: 

 𝑟𝑟𝑐𝑐 = 0.75 + 0.25 cos 2𝜃𝜃   78 

Lozowski et al. (1983a) have used the results in Seban (1960) to calculate the local recovery 

factor. This takes into account the adiabatic heating caused by a compression of air as it is 

decelerated as it passes the cylinder. This term also takes consideration to frictional heating in 

the boundary layer, though it is often only significant at high wind speeds (Lozowski et al., 

1983a). 

𝑞𝑞𝑘𝑘  can be written as: 

 𝑞𝑞𝑘𝑘 = 1
2
𝑅𝑅𝑤𝑤𝑈𝑈2    79 

where 𝑅𝑅𝑤𝑤  is the mass flux of droplets, defined as: 

 𝑅𝑅𝑤𝑤 = 𝛽𝛽𝑤𝑤𝑈𝑈     80 

In equation 78 Lozowski et al. (1983a) assume that the droplets impinge on the surface at the 

free stream airspeed and that all of the droplets kinetic energy is converted into heat. The 

authors say that while this may be an overestimation, the term is small and thus the error 

introduced will be small (Lozowski et al., 1983a). 

𝑞𝑞𝑖𝑖 , the latent heat flux due to freezing of the impinging water can be written as: 

 𝑞𝑞𝑖𝑖 = 𝑅𝑅𝑤𝑤𝑙𝑙𝑖𝑖𝑠𝑠𝑛𝑛    81 

where 𝑙𝑙𝑖𝑖𝑠𝑠  is the latent heat of freezing at the temperature 𝑡𝑡𝑠𝑠 and 𝑛𝑛 is the fraction of accreted 

mass which freezes. Thus 𝑛𝑛 =  1 when 𝑡𝑡𝑠𝑠 < 0℃ and 𝑛𝑛 < 1 when 𝑡𝑡𝑠𝑠 = 0℃ (Lozowski et al., 

1983a). 

The sensible heat flux between the accretion and the impinging droplets is described by 

Lozowski et al. (1983a) as the heat required to heat the droplets from the temperature of the 

air stream, 𝑡𝑡𝑎𝑎 , to that of the surface, 𝑡𝑡𝑠𝑠: 

 𝑞𝑞𝑤𝑤 = 𝑅𝑅𝑤𝑤𝑐𝑐𝑤𝑤(𝑡𝑡𝑎𝑎 − 𝑡𝑡𝑠𝑠)    82 



 
 

where 𝑐𝑐𝑤𝑤  is the average specific heat of water between 𝑡𝑡𝑎𝑎  and 𝑡𝑡𝑠𝑠. Though, in most cases, the 

value used for 𝑐𝑐𝑤𝑤  is equal to its value at -10 °C, 4.27 × 103 𝐽𝐽 𝑘𝑘𝑘𝑘−1 𝐾𝐾−1, and held constant 

(Lozowski et al., 1983a). 

Sometimes the liquid water does not freeze in the sector onto which it impinged. This runoff 

water does not affect the heat balance of the sector which it is leaving, but influences the 

sector which it flows to. This is given by: 

 𝑞𝑞𝑤𝑤∗ = 𝑅𝑅𝑤𝑤∗ 𝑐𝑐𝑤𝑤(𝑡𝑡𝑠𝑠∗ − 𝑡𝑡𝑠𝑠)    83 

Where 𝑅𝑅𝑤𝑤∗  is the runoff mass flux into a sector and 𝑡𝑡𝑠𝑠∗ is the temperature of the incoming 

runoff water, which is assumed to have the same temperature as the surface of the 

immediately upstream sector. But since steady-state heat balance is assumed the fact that 

there is runoff water implies that 𝑡𝑡𝑠𝑠∗ = 0℃. This implicates that 𝑞𝑞𝑤𝑤∗ ≠ 0 only in the switch 

from wet to dry growth conditions. 𝑅𝑅𝑤𝑤∗  can be calculated from: 

 𝑅𝑅𝑤𝑤∗ (𝜃𝜃𝑖𝑖) = (1 − 𝑛𝑛𝑖𝑖−𝑛𝑛)[𝑅𝑅𝑤𝑤(𝜃𝜃𝑖𝑖−1) + 𝑅𝑅𝑤𝑤∗ (𝜃𝜃𝑖𝑖−1)]  84 

This formula is valid for all but the first and second sectors. The first sector does not have 

runoff due to the fact that it is centred on the stagnation line. To calculate the runoff water that 

comes into the second sector it is important to take into account that half of the runoff water 

from the first sector goes upward on the cylinder and the other half goes downwards. The 

latent heat caused by freezing of the runoff water, 𝑞𝑞𝑖𝑖∗ , is calclulated with the following 

formula: 

 𝑞𝑞𝑖𝑖∗ = 𝑅𝑅𝑤𝑤∗ 𝑙𝑙𝑖𝑖𝑠𝑠𝑛𝑛    85 

here 𝑛𝑛 is the same as in equation 80 (Lozowski et al., 1983a). 

Thus, equation 71, becomes non-linear and can be solved for 𝑡𝑡𝑠𝑠 in dry conditions and for 𝑛𝑛 

during wet conditions. This is done by expressing 𝑒𝑒𝑠𝑠 as a function of temperature. Lozowski 

et al. (1983a) used the formulation for the vapour pressure presented by Lowe (1977). This 

was applied to all angular sectors, from the stagnation line outward on each side to 𝜃𝜃 =  90°. 

At 90° from the stagnation line the runoff water is assumed to be shed into the air stream. In 

the model it is assumed that the air flow is more dominating that gravitation, i.e. the ice will 

accrete symmetrically, and the model does not deal with asymmetrical accretion like freezing 

rain for example (Lozowski et al., 1983a). 



 
 

The icing flux in the sector 𝑖𝑖, 𝑅𝑅𝑖𝑖 , can be calculated using directly impinging water flux, 𝑅𝑅𝑤𝑤𝑖𝑖 , 

the runoff flux, 𝑅𝑅𝑤𝑤𝑖𝑖∗  and the freezing fraction, 𝑛𝑛𝑖𝑖 : 

 𝑅𝑅𝑖𝑖 = 𝑛𝑛𝑖𝑖(𝑅𝑅𝑤𝑤𝑖𝑖 + 𝑅𝑅𝑤𝑤𝑖𝑖∗ ).    86 

The local thickness of ice, ℎ𝑖𝑖 , can be calculated if it is assumed that the deposit follow radial 

growth in each sector, an ice density of 𝜌𝜌𝐼𝐼 , here 𝜌𝜌𝐼𝐼 = 890 𝑘𝑘𝑘𝑘 𝑚𝑚−3 , and allowing that the 

surface and deposit is curved during after an accretion time, 𝛿𝛿𝑡𝑡: 

 ℎ𝑖𝑖 =
2𝑅𝑅𝑖𝑖𝛿𝛿𝑡𝑡 𝜌𝜌𝐼𝐼�

1+�1+4𝑅𝑅𝑖𝑖𝛿𝛿𝑡𝑡
𝜌𝜌 𝐼𝐼𝐷𝐷𝑐𝑐

�
0.5    87 

The equation above assumes that the icing flux, 𝑅𝑅𝑖𝑖 , does not change notably during the 

accretion time 𝛿𝛿𝑡𝑡. Lozowski et al. (1983a) claim that for the results to be practical then the 

accretion time must be small enough that there is no considerable change in the air flow, 

droplet trajectories or heat exchange around the cylinder. Lozowski et al. (1983a) have used 

several minutes for the accretion time, 𝛿𝛿𝑡𝑡. Though the authors assures that this is not because 

there is an insignificant change in the previous mentioned parameters, but because the authors 

were unable to take these effects into account. Work done by Oleskiw and Lozowski (1982) 

and by McComber (1982) have shown that these effects can be taken into account (Lozowski 

et al., 1983a). 

The model then plots ℎ𝑖𝑖  as a function of 𝜃𝜃𝑖𝑖  and interpolates to create a smooth shape of the 

accretion. The model can also be used to sum the local icing fluxes to determine the total ice 

accreted during the time 𝛿𝛿𝑡𝑡 (Lozowski et al., 1983a). 

A comparison of the model results with the results of tests conducted in an icing wind tunnel 

were presented in Lozowski et al. (1983b). The main objective of the wind tunnel experiments 

was to examine icing on rotor blades of helicopters, the wind speeds used was 30, 61 and 122 

𝑚𝑚 𝑠𝑠−1. During dry growth the model gave good results compared to the wind tunnel test. The 

model did however not model the accretion shapes during wet growth accurately. Though 

Lozowski et al. (1983b) deemed that the overall results of the model compared to the icing 

wind tunnel experiments were relatively correct. 

6.6 The TURBICE model 
The TURBICE model numerically models the amount and shape of the accreted ice on a wind 

turbine blade. The model can be used to model both glaze icing and rime icing and can 



 
 

simulate wind turbine blades that have anti icing systems (heated blades). The first TURBICE 

model was presented by Finstad and Makkonen in 1992 according to Makkonen et al. (2001), 

when knowledge concerning ice accretion on wind turbine blades was inadequate. The 

TURBICE model has since then been updated (Makkonen et al., 2001). 

The droplet trajectories are calculated by integrating the steady-state drag coefficients of 

Langmuir and Blodgett (1946) and Beard and Pruppacher (1969). This integration begins 10 

chord lengths upstream from the airfoil. The method used is a fifth order Runge-Kutta scheme 

which has a adaptive droplet size control. The point of impact is determined by a linear 

interpolation between 600 points which defines the airfoil (Makkonen et al., 2001). 

The airflow is calculated using the so called "panel method". The number of panels used can 

in part be used to determine the accuracy of the solution, and the number of panels depends 

on the attack angle varying between 40 and 120. According to Makkonen et al. (2001) 40 

panels was used initially following the recommendations in Kennedy and Marsden (1976). 

Though this study found that using 40 panels was too little for modelling large angles of 

attack. The resulting numerical droplet collision efficiency distribution showed peaks and 

valleys which were considered irregular (Makkonen et al., 2001). 

The local droplet collection efficiency at the point of impact is the ratio between the initial 

perpendicular separation between two closely located droplet trajectories to the final parting 

of their respective impact points along the airfoil surface. The local droplet collection 

efficiency is determined by first numerically integrating a number of droplet trajectories thus 

finding the grazing trajectories. The upper and lower grazing trajectories are stored and these 

pairs of droplet trajectories are integrated with starting positions spaced by regular intervals 

between the two grazing limits. The errors of the local droplet collection efficiency 

distribution is reduced by smoothing and if needed points are added by linear interpolation 

(Makkonen et al., 2001). 

The density of the accreted ice is calculated using the median volume droplet diameter. It has 

been shown in empirical studies that the density of the accreted rime ice and atmospheric 

parameters in the Macklin parameter, see equation 34. Makkonen et al. (2001) argues that 

since that the impact velocity shows the greatest variability across the surface this should be 

used as the major variable in determining the local density distribution. To calculate the local 

density distribution the maximum density of the accretion. For rime ice the maximum is held 

to be located at the stagnation line. According to Makkonen et al. (2001) this has been 



 
 

confirmed in empirical studies, Makkonen and Stallabrass (1984) showed that the density at 

the stagnation line is 1.2 times the mean density of the accretion on a circular cylinder as a 

function of the Macklin parameter. The local density distribution is scaled from the maximum 

density (Makkonen et al., 2001). 

The calculation of the surface roughness of ice is important as it effects the heat transfer from 

the blades, it also decides the location for the change form laminar to turbulent flow. First the 

sand grain roughness, 𝑘𝑘𝑠𝑠, is calculated. Makkonen et al. (2001) based these calculations for 

the ice upon empirical sand grain roughness models for ice developed by Shin (1994). 

 𝑘𝑘𝑠𝑠 = � 𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝐿𝐿𝑊𝑊𝐿𝐿

� � 𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑇𝑇∞

� � 𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑉𝑉∞

� � 𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑀𝑀𝑉𝑉𝐷𝐷

� 𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒∗ 𝑐𝑐
      88 

where 𝑐𝑐 is the chord length in m and the empirical roughness parameters are 

 
𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝐿𝐿𝑊𝑊𝐿𝐿

= 0.5714 + 0.2457(𝐿𝐿𝑊𝑊𝐿𝐿) + 1.2571(𝐿𝐿𝑊𝑊𝐿𝐿)2 89 

 
𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑇𝑇∞

= 0.047𝑇𝑇∞ − 11.27   90 

 
𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑉𝑉∞

= 0.4286 + 0.0044139𝑉𝑉∞   91 

 
𝑘𝑘𝑠𝑠∗

𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒
∗ 𝑀𝑀𝑉𝑉𝐷𝐷

= �1                                           𝑀𝑀𝑉𝑉𝐷𝐷 ≤ 20
1.667 − 0.0333(𝑀𝑀𝑉𝑉𝐷𝐷),𝑀𝑀𝑉𝑉𝐷𝐷 > 20

� 92 

 𝑘𝑘𝑠𝑠∗ = 𝑘𝑘𝑠𝑠
𝑐𝑐

     93 

 𝑘𝑘𝑠𝑠𝐵𝐵𝑎𝑎𝑠𝑠𝑒𝑒∗ = 0.001177    94 

Here 𝑇𝑇∞  is the temperature of the surrounding air [𝐾𝐾] and 𝑉𝑉∞  is the free stream velocity. 

Makkonen et al. (2001) points out that the time dependence of icing is not taken into account 

in the model described above. The model is made time dependent by multiplying it with a 

factor dependent on the freezing fraction and the number of ice layers. The freezing fraction is 

here defined as: 

 𝑖𝑖 = �̇�𝑚 𝑖𝑖𝑐𝑐𝑒𝑒
�̇�𝑚 𝑖𝑖𝑛𝑛 +�̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 −�̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠

    95 

Where the masses with subscripts describe the water flux in a control area. The icing time can 

then be considered as the number of ice layers. The time needed to form each ice layer can be 



 
 

calculated from the stagnation line collision efficiency, liquid water content, chord length, 

maximum ice density and free stream velocity (Makkonen et al., 2001). 

The heat transfer calculations in the TURBICE model are based upon energy and mass 

balance calculations on the blade profile. The freezing fraction and surface temperature are 

calculated from the mass and energy balance from the blade sections which have been divided 

into smaller areas. The mass balance can be written as: 

 �̇�𝑚𝑖𝑖𝑛𝑛 + �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 = �̇�𝑚𝑖𝑖𝑐𝑐𝑒𝑒 + �̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 + �̇�𝑚𝑓𝑓𝑢𝑢𝑡𝑡   96 

Where the subscripts are the same as in equation 94 and the energy balance can be written as 

in equation 94. During wet growth the liquid water is taken into account in both the mass and 

heat balance equation, the water is held to pass through a liquid film on the surface of the 

blade. The thickness of the liquid film is assumed to be small and thus the temperature of the 

water is considered being the same as that of the blade. When modelling the heating of the 

anti icing system the stored heat in the liquid film is also taken into account (Makkonen et al., 

2001). 

The TURBICE can model three scenarios, or surface states; rime (f=1, 𝑇𝑇𝑠𝑠 < 0℃), glaze 

(0 < 𝑖𝑖 < 1, 𝑇𝑇𝑠𝑠 = 0℃) and no ice (f=0, 𝑇𝑇𝑠𝑠 > 0℃) where 𝑇𝑇𝑠𝑠 is the surface temperature of the 

blade. The TURBICE model as described by Makkonen et al. (2001) takes convection, 

evaporation, droplet heating, IR radiation, friction caused by the airflow and heat contained in 

the liquid water on the blade into account. For the three surface states the energy balance can 

be written as: 

(�̇�𝑚𝑖𝑖𝑛𝑛 + �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 )�𝐿𝐿𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑒𝑒 𝑇𝑇𝑠𝑠� + 𝑄𝑄ℎ𝑒𝑒𝑎𝑎𝑡𝑡 𝐴𝐴 + ℎ𝑚𝑚𝑟𝑟𝑈𝑈∞2 𝐴𝐴
2𝑐𝑐𝑠𝑠

+ �̇�𝑚𝑖𝑖𝑛𝑛 𝑐𝑐𝑤𝑤𝑇𝑇𝑠𝑠 = ℎ𝑚𝑚(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐴𝐴 +

�̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 𝐿𝐿𝑠𝑠 + 𝛿𝛿𝛼𝛼(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐴𝐴 − �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 𝑐𝑐𝑤𝑤𝑇𝑇∞    97 

for rime growth. 

𝑖𝑖(1 − 𝜆𝜆)��̇�𝑚𝑖𝑖𝑛𝑛 + �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 − �̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 ��𝐿𝐿𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑒𝑒 𝑇𝑇𝑠𝑠� + �̇�𝑚𝑖𝑖𝑛𝑛 𝑐𝑐𝑤𝑤𝑇𝑇𝑠𝑠 + 𝑄𝑄ℎ𝑒𝑒𝑎𝑎𝑡𝑡 𝐴𝐴 +
ℎ𝑚𝑚𝑟𝑟𝑈𝑈∞2 𝐴𝐴

2𝑐𝑐𝑠𝑠
= ℎ𝑚𝑚(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐴𝐴 + �̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 𝐿𝐿𝑒𝑒 + 𝛿𝛿𝛼𝛼(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐴𝐴 − �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 𝑐𝑐𝑤𝑤𝑇𝑇∞  98 

where 𝑇𝑇𝑠𝑠 for wet growth is 0℃ and 𝜆𝜆 is the liquid water fraction of the spongy ice matrix, 

which has the empirical value 0.26 for this model. 



 
 

𝑄𝑄ℎ𝑒𝑒𝑎𝑎𝑡𝑡 𝐴𝐴 +
ℎ𝑚𝑚𝑟𝑟𝑈𝑈𝜙𝜙

2𝐴𝐴

2𝑐𝑐𝑠𝑠
+ �̇�𝑚𝑖𝑖𝑛𝑛 𝑐𝑐𝑤𝑤𝑇𝑇𝑠𝑠 = ℎ𝑚𝑚�𝑇𝑇𝑠𝑠 − 𝑇𝑇𝜙𝜙�𝐴𝐴 + �̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 (𝐿𝐿𝑒𝑒 − 𝑐𝑐𝑤𝑤𝑇𝑇𝑠𝑠) +

��̇�𝑚𝑖𝑖𝑛𝑛 + �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 − �̇�𝑚𝑒𝑒𝑣𝑣𝑎𝑎𝑠𝑠 �𝑐𝑐𝑤𝑤𝑇𝑇𝑠𝑠 + 𝛿𝛿𝛼𝛼�𝑇𝑇𝑠𝑠 − 𝑇𝑇𝜙𝜙�𝐴𝐴 − �̇�𝑚𝑐𝑐𝑓𝑓𝑙𝑙𝑙𝑙 𝑐𝑐𝑤𝑤𝑇𝑇𝜙𝜙  99 

ℎ𝑚𝑚  is the local heat transfer coefficient calculated using the heat transfer model developed by 

Makkonen (1985) (Makkonen et al., 2001). 

Makkonen et al. (2001) compared the results from the TURBICE simulations with wind 

tunnel icing studies done by Wright (1993) and Shin (1994). Makkonen et al. (2001) also 

compared the TURBICE results to NASA's LEWICE model for airplane wing icing from 

studies conducted by Shaw et al. (1989) and Wright (1993). In the studies a NASA 0012 

airfoil was used with a chord length of 0.53 m. Though these experiments were conducted to 

test icing on the airfoils of airplanes and not wind turbine airfoils Makkonen et al. (2001) 

argues that the studies grant a good base of comparison for the TURBICE model. The 

TURBICE shows a good agreement with the wind tunnel studies for dry growth. For wet 

growth conditions both the TURBICE and LEWICE simulations showed poor agreement with 

the wind tunnel studies. A reason for the poor agreement can be that it is difficult to decide 

the conditions in the wind tunnel, making it appear like a wet growth when it is in fact dry 

growth. Another possible explanation is that there is a problem with the heat balance 

calculations caused by an underestimation of the ice roughness and/ or the effect of it on the 

model heat balance in the early stages of the icing. Makkonen et al. (2001) reached the 

conclusion that the TURBICE can very well model the shape of the ice accretion (Makkonen 

et al., 2001). 

The TURBICE simulations were also compared with field tests from Pyhätunturi in northern 

Finland. On the 25th of April 2000 data was collected from the test site and photographs were 

taken of the ice accretion to be compared to the simulated ice shape. The results from the 

TURBICE simulation showed some differences from the results from the test site. One 

example of this is that the shape of the accretion differs from model to reality. Makkonen et 

al. (2001) conjectures that this can be the caused by the significant stratification of the air at 

the test site. This stratification could cause the tips of the blades to experience temperature 

differences. Another explanation is that temperature inversions are regular at the site during 

winter. Then the temperature at the hub of the turbine would not be the same as the 

temperature at the ground level. The TURBICE model takes none of this into account. The 

importance of the air temperature was examined by modelling the same conditions with small 



 
 

differences in air temperature. The results showed that a temperature difference of 0.5℃ 

would change the shape of the ice accretion (Makkonen et al., 2001). 

Makkonen et al. (2001) found that the TURBICE model gives realistic results with the 

possible exception of temperature close to 0℃. The authors also concludes that there in a need 

to conduct further tests in wind tunnels (Makkonen et al., 2001). 

  



 
 

7 Discussion about icing 

7.1 Methods used in modelling icing 
It would seem as most models are moderately good at describing atmospheric icing. Though 

most of the models have some problems with modelling the ice accretions well for all 

circumstances. The TURBICE model have problems with temperatures close o 0℃ 

(Makkonen et al., 2001), the model of Lozowski et al. (1983 a and b) have a problem with 

accretion shape during wet growth. 

The Makkonen model first described by Makkonen in 1981 (Dobech et al., 2005) seems to 

have gained many users. Nygaard (2009) used this model to compare with the data from the 6 

European test sites. 

An interesting follow up would be to use another icing model for the same sites, like 

Lozowski et al. (1983 a and b). The only objection to this can be that the model Lozowski et 

al. (1983 a and b) described is that it was primarily set up to model high wind speeds 

associated with the helicopter rotor blades, this model also lacked the influence of gravity. 

The TURBICE model has the advantage over the other model set ups as it was developed for 

modelling icing on wind turbines. A clear disadvantage for the model described in Makkonen 

et al., (2001) is the problem with modelling icing at temperatures near 0℃  and the low 

accuracy in modelling wet growth. 

7.2 Problems concerning modelling of icing 
Modelling icing can present many challenges. The author believe that one of the greatest 

challenges is the lack of available data. As stated in Nygaard (2009) the measurements of 

icing often focus on one location or a local region. The author also believes that a major 

problem concerning measurements of icing in relation to wind turbines is that the wind power 

community are reluctant to release data for research. While this is understandable from a 

competition perspective, data from the wind turbines will most likely prove very useful. 

Another problem with modelling icing concerns the problem of simplifications made in the 

computer models. As was shown in Nygaard (2009) the fact that the real height is not used 

creates some errors in the models of icing. While the author understands that it is not always 

practical to run a model with a very high resolution, due to the costs in computer time, it 

would be helpful to be able to evaluate the models for the real height of the site. 



 
 

An important problem that focus should be put on is the problem of accurately modelling wet 

growth. Many of the models described in this paper have a problem with modelling wet 

growth conditions, for example the TURBICE and the Lozowski et al. (1983 a and b) model 

set up. To deal with the problem of wet growth is held as important by the author, who 

believes that a good start to better understand the process is the examine the microphysics 

involved better. 

  



 
 

8 Planed future work 
The next work planed by the author is to examine the data from some of the sites available. 

The site at Sveg, Sweden, will be one of the most interesting to study further, due to the 

presence of several IceMonitors at different levels. Hopefully the study will lead to a 

verification of the data, i.e. that there is icing when the IceMonitors record it for example. The 

main objective would be the verification, but the author hopes to do some modelling of icing 

also for the Sveg site. 

Further the author plans to examine the microphysics of icing more thoroughly. The work of 

Finstad et al. (1988a) was found to be very interesting and also the work of Nygaard (2009). 

In Finstad et al. (1988a) different droplet size distributions were compared and the results 

showed that the MVD was the best approximation. The author was very interested in the 

microphysics and would like to work further with the MVD. Nygaard (2009) also presented 

some interesting results, in which a numerical weather prediction scheme was used to 

calculate the icing in European sites. The results were good, though the model did have some 

problems with icing duration. This could be explained by the fact that the icing duration was 

estimated and not measured. But the author finds this an interesting feature to examine 

further. 

The author would also like to further study the difference between the dry and wet growth and 

the influence of the temperature on icing shape. This would tie in nicely with into a study of 

the microphysics of icing as there is a problem with accurately modelling the wet growth.  
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